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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’-FIU), 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’-FIU mitigated lethal infection with

pandemic human and highly pathogenic avian influenza. 4’-FIU 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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PREFACE

| was born and raised in Germany where | had the perfect childhood, growing up
without any concerns. | had the great honor of attending the University of Tuebingen for my
bachelor’s and master’s degrees, during which | had an opportunity to study abroad at
Newcastle University. Throughout the years spent completing my undergraduate and graduate
education, | realized that | 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, | recall that when | was five years of age my
parents asked me what | wished for my birthday and | replied: “Mum, can you buy me a
microscope — you know, the thing which magnifies all objects!” After receiving my birthday
present, | 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.

| believe that my dissertation is contributing to the general field of virology, and | hope
that future students and scientists will read my work and believe in themselves despite the

difficult times experienced throughout a PhD.
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1. 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 (RARP) 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 RARP 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).
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;
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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).

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
1 WH
interpandemic No data yet 64,000,000 (NIH, 2022a) ,OOO,O(;%,;)ZO)O (WHO,
years
Casesina close to 800 million . 1.9.18 Spanish flu: 500
andemic (WHO, 2023) Not applicable million (Taubenberger &
P ’ Morens, 2006)
Deaths
interpandemic No data yet 160,000 650,0000
year
Deathsin a . 1918 Spanish flu: 20-
pandemic 7,000,000 Not applicable 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 (Gl) upset, and shortness of breath (Hui & Zumla, 2019; Keilman, 2019;

Nypaver, Dehlinger, & Carter, 2021). Because of overlapping, ambiguous disease manifestation,
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the most accurate way to determine the causative agent is through appropriate testing (Meletis

et al., 2022; Mostafa et al., 2021).

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, & Vagar, 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).
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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).

? Y spike glycoprotein
q.1.p
&3% 7 JL membrane protein
« ‘
<

N W i envelope small
. a1 membrane protein

A ‘

A\ &

viral envelope
( s =& \

( e ‘%@ \ gﬁgﬁ RNA
Figure 1 SARS-CoV-2 Schematic

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).
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Table 2 Characteristics of Different Animal Models for In Vivo SARS-CoV-2 Studies

Animal Respiratory Clinical Transmission | Details or Reference
model infection disease examples
Nonhuman | Robust virus Mild to Efficient Rhesus (H. Chu et al.,
primates replication in moderate Macaques, 2022; Lu et al.,
the upper and Cynomolgus | 2020)
lower Macaques,
respiratory Common
tracts Marmosets,
Baboons
Ferrets Robust virus Mild Efficient (Cox, Wolf, Lieber,
replication in et al., 2021; Cox,
the upper Wolf, & Plemper,
respiratory 2021; Lieber et al.,
tract 2022)
Wild-type | Robust virus Mild No C57BL/6, (Brown et al.,
mice replication in transmission | BALB/c 2022; Uraki et al.,
the lower and 2022)
upper
respiratory
tracts, rapid
viral clearance
Transgenic | Robust virus Mild to Not efficient | Heterozygous | (Oladunni et al.,
mice replication in lethal K18-hACE2 2020; Ulbegi Polat
the upper and C57BL/6) et al., 2023; Uraki
lower mice et al., 2022; Zheng
respiratory et al., 2021)
tracts, brain
and other
organs
Syrian Robust virus Mild to Efficient (Blaurock et al.,
Golden replication in moderate 2022; Sia et al.,
hamsters | the upper and 2020; Uraki et al.,
lower 2022)
respiratory
tracts
Transgenic | Robust virus Mild to Not tested — | K18-hACE2 (Golden et al.,
Syrian replication in lethal most likely transgenic 2022; Uraki et al.,
Golden the upper and efficient hamster lines | 2022)
hamsters lower transmission | (line M51
respiratory and line

tracts

M41)
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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, Dokel, et
al., 2020)

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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Figure 2 Influenza Virus Schematic
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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
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carefully combined when building and rescuing influenza viruses with various reporter

functions through reverse genetics (Nogales, Baker, & Martinez-Sobrido, 2015).

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 RARP, 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 (Steinbruick,

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).
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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 20" and the 21
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 & Gozel, 2020). HIN1 caused an additional pandemic in 1977 and more recently in 2009
(Akin & Gozel, 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).
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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, & Martinez-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).

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 3" 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
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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 hew
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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Figure 3 Respiratory Syncytial Virus Schematic

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.
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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
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(Olivier, Gallup, de Macedo, Varga, & Ackermann, 2009; Taylor, 2017). In this dissertation, mice
were used as an experimental model of RSV disease.
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.
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 Combination of two | Oral SARS-CoV-2; Yes (Cao et al,,
(nirmatrelvir/ | drugs: 3- ritonavir: 2023; J. Liu
ritonavir) chymotrypsin-like discovered and et al.,
cysteine protease used for HIV 2023;
(3CLP™) inhibitor Owen et
nirmatrelvir and the al., 2021)
antiretroviral drug
ritonavir
Molnupiravir | Ester prodrug of N* | Oral Broad-spectrum: | Yes (con- | (Cox et al.,
hydroxycitidine influenza ditionally | 2022; Cox,
(NHC), NHC-TP (TP: viruses, for SARS- | Wolf, &
triphosphate) is paramyxoviruses | CoV-2) Plemper,
incorporated by the and 2021;
viral polymerase into pneumoviruses, Lieber et
progeny viral alphaviruses and al., 2022;
antigenomes and beta- Toots et
genomes and coronaviruses al., 2020;
induces viral error Yoon et al.,
catastrophe 2018)
Remdesivir Mono- Intra- Developed Yes (Gottlieb
(GS-441524) | phosphoramidate venously | against RSV, first et al,,
prodrug of a approved small 2022;
ribonucleoside molecule drug Kokic et
analog for treatment of al., 2021;
CovID-19 Pruijssers
et al.,
2020)
GS-621763 Oral prodrug of Oral SARS-CoV-2 No (Cox, Wolf,
remdesivir parent Lieber, et
al., 2021)
4'- 4’-FIU induces Oral Paramyxovirus No (Lieber et
Fluorouridine | delayed/immediate and rhabdovirus al., 2023;
(4’-FIU) chain termination families, beta- Sourimant,
after incorporation coronavirus Lieber,
into the nascent RNA SARS-CoV-2 and Aggarwal,
strand of RSV and orthomyxo- etal.,
SARS-CoV-2/ viruses 2022)
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AVG inhibitor | Allosteric inhibitors Oral RSV No (Cox et al.,
series of RSV RNA synthesis 2018;
Sourimant,
Lieber,
Yoon, et
al., 2022)

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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Figure 4 The Microbiome Plays an Important Role in a Variety of Diseases
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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).
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2. 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’-FIU), 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’-
FIU 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.
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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

guantitative raw data, and large genomics and proteomics datasets.

2.1 Research Topic: SARS-CoV-2
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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 (BL1.529
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 VeroE6 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 1x 10° 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, f), 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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median survival of infected animals was shortened to 5.75 (WAIL), 6
(omicron), 3.5 (beta, gamma), and 3 (delta) days after infection (Fig. 3d;
Table 1). Approximately 80% of animals inoculated with VOC alpha
survived the infection, making alpha the least lethal of the VOC tested.

We intended to determine viral tissue tropism and gross lung
pathology three days after infection of subsets of dwarf hamsters
with WAL or the VOC associated with the overall highest mortality
rate, gamma, delta, and omicron. However, animals infected with

delta succumbed to infection before the predefined endpoint, pre-
venting analysis. Animals infected with WA1, gamma, or omicron
consistently showed the highest viral RNA load in the lung, followed
by the small and large intestine and spleen (Fig. 3e). Macroscopic
analysis of extracted lungs showed substantial gross tissue damage
involving large surface areas (Fig. 3f, Supplementary Fig. 7) and
titration of lung homogenates confirmed fulminant viral pneumonia
with median virus load of 1 x 10° pfu/g lung tissue or greater (Fig. 3g).
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A follow-up study with VOC delta at reduced inoculum amount Effect of VOC type and biological sex on prevention of lethal
(1x10* pfu intranasally) and shortened time to analysis (Fig. 3h) viral pneumonia

demonstrated the onset of lung tissue damage (Fig. 3i, Supplemen- VOC gamma, delta, and omicron were selected for an efficacy study
tary Fig. 8) and presence of high lung virus loads (Fig. 3j) only assessing mitigation of viral pneumonia and acute lung injury with
12 hours after infection. Comparison analysis of VOC gamma molnupiravir. Animals were inoculated with 1 x 10* pfu intranasally to
24 hours after infection confirmed that rapid viral invasion of the prevent premature death, followed by initiation of treatment
dwarf hamsters was not limited to VOC delta. (250 mg/kg orally b.i.d.) 12 hours after infection (Fig. 4a), when lung
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Fig. 2| Therapeutic molnupiravir is efficacious against a panel of VOC in ferrets.
a Treatment and monitoring schematic. Ferrets (n = 6 total per VOC tested) were
infected intranasally with 1x 10° pfu of VOC and treated orally with vehicle or
molnupiravir (5 mg/kg b.i.d.), starting 12 hours after infection. b Infectious SARS-
CoV-2titers in nasal lavages of vehicle or molnupiravir-treated animals. ¢ Schematic
of transmission studies with VOC alpha, gamma, and omicron. For VOC alpha, fresh
source ferrets (n = 6) were used, for VOC gamma and omicron, transmission arms
were added to b. Source animals were co-housed at a 1:1-ratio with uninfected and
untreated contacts starting 42 hours after the beginning of treatment. Nasal lavages
were obtained twice daily in the first 48 hours after infection, thereafter once daily.
Nasal turbinates were extracted from source animals 4 days after infection and

untreated sentinels continued for an additional 4 days. d-f Transmission study with
VOC alpha (d), gamma (e), and omicron (f). Shown are infectious titers in nasal
lavages (left), viral RNA copies in the lavages (center), and nasal turbinate titers
(right). Symbols in b, d-f represent independent biological repeats (virus load of
individual animals), lines (b, d-f) intersect group medians, and columns (c, e-g)
show group medians +95% confidence intervals. Statistical analysis with one-way
(d-f turbinate titers) or two-way (b, d-f lavage titers) ANOVA with Tukey’s

(d-f turbinate titers) or Sidak’s (b, d-f lavage titers) posthoc multiple comparison
tests; P values are shown, NS not significant, LoD limit of detection. Source data are
provided as a Source Data file.
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Fig. 3 | VOC pathogenesis in Roborovski dwarf hamsters. a Schematic of the
dwarf hamster pathogenesis study. Animals were monitored for up to 14 days after
intranasal infection with 1 x 10° pfu each (VOC delta 3 x 10* pfu per animal). Clinical
signs were assessed once daily (red triangles). b, ¢ Body weight (b) and temperature
(c) of infected dwarf hamsters. d Survival curves of infected dwarf hamsters from a.
e Viral RNA copies in select organs extracted from infected dwarf hamsters 3 days
after infection. f Images of lungs from dwarf hamsters mock infected or inoculated
with 1x10° pfu of WAL, VOC omicron, or VOC gamma 3 days after infection.

g Infectious titers from the lungs of dwarf hamsters shown in f. h Schematic of the

VOCd

VoCy

dwarf hamster pathogenesis study utilizing 1x 10* pfu of VOC delta and gamma.

i Images of lungs extracted from dwarf hamsters mock infected or inoculated with
1x10* pfu of VOC omicron or VOC gamma 0.5 (delta) and 1 day (delta and gamma)
after infection. j Infectious titers from the lungs of dwarf hamsters shown in i.
Symbols represent independent biological repeats (e, g, j), lines intersect group
medians (b, ¢), columns show group medians (e, g, j), and error bars represent 95%
confidence intervals. LoD limit of detection, LoQ limit of quantitation. Source data
are provided as a Source Data file.

virus load was high and first lung lesions became detectable (Fig. 3i, j).
The higher molnupiravir dose compared to that administered to
ferrets was used to compensate for the high metabolic activity of the
dwarf hamsters™ and is consistent with the dose level administered to
other rodent species®®?. Oral molnupiravir alleviated clinical signs
(Supplementary Fig. 9) and ensured complete survival of all treated
animals independent of VOC type, whereas approximately 50%
(gamma) and 90% (delta, omicron) of animals in the vehicle groups
succumbed to the infection within 2 to 7 days (Fig. 4b). Lung virus
load assessed three days after infection was consistently high
(approximately 10’-10° pfu/g lung tissue) in all vehicle-treated
groups (Fig. 4c). Treatment significantly lowered lung titers

independent of VOC type, but effect size varied greatly from
approximately 1 (delta) to over 4 (gamma) orders of magnitude.
Although likewise statistically significant compared to vehicle-treated
animals, the impact of molnupiravir on omicron lung load showed
major variation between individual animals, creating low, high, and
super responder groups characterized by lung titer reductions of -1,
4, and >5 orders of magnitude, respectively (Fig. 4c). Infectious titers
in the lung were closely mirrored by viral RNA copies present in lung
and tracheas (Supplementary Fig. 10).

Having powered this study with approximately equal numbers of
male and female animals in each group, we queried the dataset for a
possible impact of biological sex on outcome (Fig. 4d). No significant
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Table 1| Analysis of dwarf hamster survival after infection
with different VOC

ID Median Survival (%) Animal Comparison P value
survival (d) number
(n)
WA1 5575 28.571 14 - n.a.
VOC o 0.0873
VOC B 0.6119
VOCy 0.0031
VOC & <0.0001
VOC o 0.9988
VOCa nd. 80 3 - n.a.
VOC B 0.1591
VOCy 0.0032
VOC & 0.0031
VOC o on77
vVOCB 3 40 5 - n.a.
VOCy 0.3278
VOC & 0.1729
VOC o 0.8741
VOCy 3 7.143 14 - n.a.
VOC & 0.0505
VOC o 0.0555
VOCsd 3 0 3 - n.a.
VOC o 0.0031
VOCo 6 20 5 - n.a.

Significance of differences in survival curves was determined with a two-sided Log-rank
(Mantel-Cox) test. Source data are provided as a Source Data file.

differences in lung virus load between males and females were
detected in any of the three vehicle groups, which was consistent with
the absence of a correlation between biological sex and probability of
survival of the vehicle-treated animals in our survival study (Supple-
mentary Fig. 11). Comparison of lung virus burden of males and
females in the molnupiravir-treated groups revealed no statistically
significant differences in effect size in animals infected with VOC
gamma or delta, but biological sex had a statistically significant influ-
ence on molnupiravir benefit of animals infected with omicron (Fig. 4d,
Table 2). Whereas lung titer reductions in treated males were highly
significant compared to vehicle-treated males, females, or all vehicle-
treated animals combined, no significant change in lung virus load
against any of these vehicle groups was detected in females treated
with molnupiravir.

Pharmacokinetic (PK) properties of molnupiravir in dwarf
hamsters

To explore whether in the dwarf hamster model PK properties of
molnupiravir are unexpectedly affected by biological sex of the
animals, we determined plasma profiles and tissue distribution
after a single oral molnupiravir dose of 250 mg/kg body weight,
administered to groups of males and females. As observed in other
species®, the ester prodrug was rapidly hydrolyzed at intestinal
absorption, leaving essentially only the molnupiravir parent NHC
detectable in plasma samples (Fig. 5a). No major differences in PK
parameters were observed between male and female dwarf ham-
sters (Fig. 5b, Supplementary Table 2). Tissue exposure of the
corresponding bioactive anabolite NHC triphosphate (NHC-TP)
was highest in spleen and lung, sustained in respiratory tissues at
levels exceeding 10 nmol NHC-TP/g tissue over a >8-hour period
after dosing, and consistent between male and female ani-
mals (Fig. 5c).

VOC-specific adaptation of SARS-CoV-2 in dwarf hamsters

In earlier studies with SARS-CoV-2 in the ferret model’, we noted the
rapid appearance of characteristic host adaptation mutations such as
an L260F substitution in nspé and a Y453F mutation in spike” in virus
populations extracted from ferret nasal turbinates. To probe for pos-
sible virus adaptations to the dwarf hamsters, we sequenced whole
genomes of virus populations recovered from the different vehicle or
molnupiravir treatment groups. No dwarf hamster-typical mutations
were detected that were dominant across all VOC populations, but we
detected several VOC type-specific substitutions with >20% allele fre-
quency compared to the respective virus inoculum. Irrespective of
treatment status, a spike D142G substitution was present in nearly all
VOC delta populations, but no dominating mutations emerged in spike
proteins of the different VOC gamma and omicron dwarf hamster
reisolates (Supplementary Table 1). All recovered VOC gamma popu-
lations harbored an nsp6é VISIF substitution and all VOC omicron
populations contained the nsp6 L260F mutation that was originally
considered to be characteristic for adaptation to weasels'®. However,
none of the recovered VOC delta populations contained substitutions
in nsp6. We found isolated additional substitutions in some virus
populations recovered from individual animals in the respective
infection and treatment groups (Supplementary Table 1), but detected
no correlation to relative viral fitness in vehicle-treated dwarf hamsters
or link to molnupiravir treatment success.

Molnupiravir-mediated mitigation of lung histopathology
Macroscopic assessment of the lungs extracted three days after
infection revealed severe tissue damage with large lesions covering
~-30% (omicron) to 50% (gamma, delta) of the lung surface area of
vehicle-treated animals (Fig. 6a, Supplementary Fig. 12). Molnupiravir
treatment significantly reduced macroscopic tissue damage indepen-
dent of VOC type (Fig. 6a, Supplementary Fig. 13). Histological exam-
ination of lungs extracted from animals infected with VOC gamma and
delta revealed markers of severe viral infection in vehicle-treated ani-
mals, including perivascular cuffing, alveolitis, hyalinization of blood
vessels, interstitial pneumonia, and leucocyte infiltration (Fig. 6b,
Supplementary Fig. 14). One of the VOC gamma-infected animals
developed pronounced peribronchiolar metaplasia. Due to the high
lethality of VOC delta, only one animal of the vehicle group reached the
predefined endpoint for tissue harvest in this study, whereas the oth-
ers died prematurely and could not be examined. Molnupiravir alle-
viated histopathology associated with either VOC, decreasing immune
cell infiltration and reducing signs of inflammation. Greater residual
damage was detected in treated animals infected with VOC delta
compared to gamma, which was consistent with the significantly
greater molnupiravir-mediated reduction in gamma lung load detec-
ted in the efficacy study (Fig. 4c).

Immunohistochemistry analysis of the lung sections identified
abundant viral antigen in animals of the vehicle-treated groups
(Fig. 6¢). Lung sections of molnupiravir-treated animals returned
variable results depending on VOC, ranging from strong staining after
infection with delta to complete absence of viral antigen after VOC
gamma. This differential staining intensity recapitulated the differ-
ences observed in lung virus load and viral RNA copies after treatment
of animals infected with VOC delta versus gamma (Fig. 4c, Supple-
mentary Fig. 9). When we examined lung sections of molnupiravir-
treated animals and surviving members of the vehicle groups two
weeks after infection, no viral antigen was detectable and only minor
signs of infection were visible (Supplementary Fig. 15), indicating that
histopathological damage was transient in survivors.

These results demonstrate that acute lung injury occurs rapidly in
the dwarf hamster model. Molnupiravir consistently improves clinical
signs and overall disease outcomes independent of infecting VOC.
However, the degree of lung virus load reduction is greatly affected by
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VOC type and, in the case of infection with VOC omicron, influenced by
the biological sex of the treated animal.

Discussion

This study demonstrates efficacy of molnupiravir against relevant
SARS-CoV-2 VOC alpha, gamma, delta, and omicron in human airway
organoids, the ferret transmission model, and the Roborovski dwarf
hamster model of life-threatening viral pneumonia. We show that the
dwarf hamsters provide a robust experimental system to explore
degrees of pathogenicity of different VOC***. The implications of
these efficacy models for the anticipated pharmacological impact of
molnupiravir are four-fold:

i. Direct antiviral potency of the molnupiravir parent NHC against
all VOC including delta and omicron was virtually identical in
cultured cells and human organoids, and closely resembled that
reported for the original WAL isolate'®. We consider this outcome
unsurprising since extensive past attempts to induce resistance to
molnupiravir through adaptation of different viral targets had
remained unsuccessful’*****. Based on a high genetic barrier
preventing viral escape and the broad antiviral indication spec-
trum of molnupiravir'®***, there is no molecular rationale why
genetically closely related SARS-CoV-2 VOC that has no history of
prior molnupiravir exposure should be inherently less sensitive to
the drug.

ii. Treatment with molnupiravir significantly reduced VOC shedding
from the upper respiratory tract of ferrets, shortening the time in
which a host is infectious. Accordingly, molnupiravir suppressed
transmission to untreated sentinels. No VOC-specific differences
in drug efficacy were apparent. However, all VOC, but gamma,

also grew to lower titers in the ferret upper respiratory tract than
WAL and omicron did not transmit at all. By contrast, original
SARS-CoV-2 isolates spread readily between ferrets through
contact and airborne transmission’”’ and direct and reverse
zoonotic transmission in the field have been reported for closely
related minks®. Presumably reflecting increasing SARS-CoV-2
adaptation to the human host, this reduced ferret permissiveness
for SARS-CoV-2 VOC interfered with a meaningful comparison
analysis of treatment efficacy.

iii. It was speculated that the variable clinical performance of mol-
nupiravir in the interim versus complete trial analysis could be
attributable to lower effectiveness of the drug against VOC delta®.
Delta indeed surged only when the trial was underway and a large
subgroup of trial participants was enrolled from the South
American region", in which gamma happened to be dominant
until Fall 2021. By revealing a strong correlation between effect
size of molnupiravir efficacy and VOC type under controlled
experimental conditions, the dwarf hamster model suggests VOC-
dependent therapeutic benefit as a tangible explanation for the
clinical conundrum. At present we cannot conclusively address,
however, whether the difference in virus load reduction between
VOC gamma and delta in dwarf hamsters recapitulates the
variable clinical success of molnupiravir because of a common
mechanism or due to a phenocopy effect. Although VOC delta and
gamma replicated to similar lung titers in vehicle-treated animals,
delta was associated with the shortest time-to-death. Individual
VOC could indirectly modulate molnupiravir PK properties
differentially by spreading to organs other than lung with distinct
kinetics. However, our analysis of viral organ distribution in the
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Table 2 | Analysis of biological sex as a variable in molnupir-
avir efficacy in dwarf hamsters

VOC delta
molnupiravir
all male  female
St
B all n.a
£
& male n.a.
£
g female n.a.
) all 0.0003 0.0126 § 0.0003
% male 0.0011 0.0272 § 0.0007
" female n.d. n.d. n.d.
VOC gamma
molnupiravir
all male  female
—
S all n.a.
£
g male
£
g female n.a.
° all 0.0001 0.0001 § 0.0001
% male  0.0001 0.0001 § 0.0001
>
female 0.0006 0.0021 § 0.0056
VOC omicron
molnupiravir
all male  female
‘§ all n.a.
.g 1
g male
£
g female

all 0.0002 0.0001
0.0067 0.0012

0.0063 0.0012

male

vehicle

female

Significance was determined using two-way ANOVA with Sidak’s multiple comparisons post-hoc
test without further adjustments. Numbers specify P values; dark grey shading, P values >0.05;
light grey shading, P values <0.05. Source data are provided as a Source Data file.

dwarf hamsters revealed very low viral RNA burden in liver, the
primary site of drug metabolism*’, and sustained antiviral NHC-TP
exposure levels were reached in all tissues but brain. Alternatively,
the rapid-onset lung histopathology seen with VOC delta may
directly contribute to lower effect size of therapy.

iv. Unexpectedly, molnupiravir efficacy against VOC omicron was
variable between individual dwarf hamsters. Biological sex of the
animals emerged as a correlate for therapeutic benefit of mol-
nupiravir use against omicron, with treated males faring better
overall than females. By contrast, biological sex had no effect on
treatment benefit when dwarf hamsters were infected with VOC
gamma or delta, which matched human trial data reported for

these VOC". Dwarf hamsters are outbred and animals used in this
study were not raised under controlled conditions, introducing
individual differences in body weight, age, microbiome, drug
metabolism, and/or prior disease history as additional variables,
which certainly are all equally present also in human patients.
However, dwarf hamsters were randomly assigned to the different
study groups and these factors, if indeed of importance, should
have resulted in equal individual variation in viral load in the
vehicle group or in animals infected with VOC gamma or delta.
Whole genome sequence analysis of VOC omicron populations
recovered from the dwarf hamsters at the end of infection
revealed furthermore no correlation between potential differ-
ential VOC omicron adaptation to the dwarf hamster host and
effect size of molnupiravir therapy, pointing overall to high
variability of omicron disease dynamics in treated dwarf
hamsters.

In the absence of controlled clinical data assessing molnupiravir
efficacy against omicron, it is currently unclear to what degree the
dwarf hamster-derived results extend to human therapy. Our study
demonstrates, however, that pharmacological mitigation of severe
COVID-19 is complex and that attempts to predict drug efficacy based
on unchanged ex vivo inhibitory concentrations alone'® may be pre-
mature. The dwarf hamster-based results illuminates that VOC-specific
differences in treatment effect size may be present in vivo, alerting to
the need to continuously reassess therapeutic benefit of approved
antivirals for individual patient subgroups as SARS-CoV-2 evolves and
potential future VOC may emerge.

Methods
Ethics statement
All experiments involving infectious SARS-CoV-2 were approved by the
Georgia State Institutional Biosafety Committee under protocol B20016
and performed in BSL-3/ABSL-3 facilities at the Georgia State University.
All animal studies were performed in compliance with the Guide
for the Care and Use of Laboratory Animals of the National Institutes of
Health and the Animal Welfare Act Code of Federal Regulations.
Experiments with SARS-CoV-2 involving ferrets and dwarf hamsters
were approved by the Georgia State Institutional Animal Care and Use
Committee under protocols A20031 and A21019, respectively.

Study design

This study used female ferrets (Mustela putorius furo) family mustelids,
genus mustela, 6-10 months of age, and male and female Roborovski
dwarf hamsters (Phodopus roborouskii), family cricetidae, genus pho-
dopus, 3-10 months of age as in vivo models to assess the therapeutic
efficacy of orally administered molnupiravir against infections with
different SARS-CoV-2 VOC. Ferrets were used to examine the effect of
molnupiravir on upper respiratory infection and transmission.
Roborovski dwarf hamsters were used to study the effects of molnu-
piravir treatment on severe disease associated with lower respiratory
tract infection and acute lung injury. VOC were administered to ani-
mals through intranasal inoculation. For ferrets, upper respiratory
tract viral titers were assessed routinely through nasal lavages and
upper respiratory tract tissues. For dwarf hamsters, animals were
monitored twice daily for clinical signs, and viral loads were deter-
mined in respiratory tract tissues at endpoint. Virus loads were
determined by plaque assays and RT-qPCR quantitation.

Cells

African green monkey kidney cells VeroE6 (ATCC CRL-1586™), Calu-3
(ATCC HB-55™), and VeroE6-TMPRSS2 (BPS Bioscience #78081) were
cultivated at 37 °C with 5% CO, in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 7.5% heat-inactivated fetal bovine serum
(FBS). Normal human bronchial/tracheal epithelial cells (NHBE) (Lonza
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Fig. 5 | Single oral dose PK properties of molnupiravir in Roborovski dwarf
hamsters. Male and female dwarf hamsters were gavaged with molnupiravir at
(250 mg/kg body weight). a Plasma concentrations of molnupiravir and NHC,
determined over a 24-hour period after dosing. b Plasma concentrations from
a, showing male and female subgroups; LoD level of detection (0.0193 uM for

? NHC-TP - female

NHC (shown); 0.0152 pM for molnupiravir). ¢ Tissue distribution of NHC-TP 1-, 8-,
and 24-hours after dosing in male and female dwarf hamsters. Symbols show
results for individual animals (a-c), columns represent group means (c); n=4
each per biological sex and time point (a-c). Source data are provided as a Source
Data file.

Bioscience, cat# CC-2540S, lot# 0000646466, passage 3, donor M4)
from a 38-year-old male were expanded in PneumaCult-Ex Plus
(Stemcell Technologies cat# 05040) and differentiated in
PneumacCult-ALI (Stemcell Technologies cat# 05001) for 8 weeks fol-
lowing the manufacturer’s instructions. To protect the privacy of
donors and tissue suppliers, Lonza Bioscience does not provide copies
of donor records or tissue source agreements to customers. Lonza
holds donor consent and legal authorizations that give permission for
all research use. These consent and authorization documents do not
identify specific types of research testing. If used for research purposes
only, the donor consent applies. All cells were authenticated and
checked for mycoplasma prior to use.

Antibodies

SARS-CoV-2 N and goblet cells were co-stained using rabbit anti-SARS-
CoV-2 Nucleocapsid monoclonal antibody (HL453) (Invitrogen, cat#
MAS-36272; validation datasheet at https://www.thermofisher.com/
antibody/product/SARS-CoV-2-Nucleocapsid-Antibody-clone-HL453-
Monoclonal/MA5-36272) (1:100 dilution) and mouse anti-MUC5AC
(45M1) (ThermoFisher, cat# MAS-12175; validation datasheet at https://
www.thermofisher.com/antibody/product/MUCS5AC-Antibody-clone-
45M1-Monoclonal/MA5-12175) (1:200 dilution) as primary antibodies,
respectively. Donkey anti-goat (Alexa Fluor® 568 (ThermoFisher Sci-
entific, cat# A-11057; validation datasheet at https://www.
thermofisher.com/antibody/product/Donkey-anti-Goat-IgG-H-L-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11057) and rabbit
anti-mouse IgG (H+L) cross-adsorbed secondary antibody (Alexa
Fluor® 488) (ThermoFisher Scientific, cat# A-11059; validation data-
sheet at https://www.thermofisher.com/antibody/product/Rabbit-
anti-Mouse-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11059) (1:500 dilution) were used as secondary antibodies. For
staining of SARS-CoV-2 S, mouse anti-SARS-CoV-1 and 2 Spike protein
monoclonal antibody (1A9) (Abcam, cat# ab273433; validation data-
sheet at https://www.abcam.com/sars-spike-glycoprotein-antibody-
1a9-ab273433.html) (1:200 dilution) and goat anti-mouse IgG (H +L)
highly cross-adsorbed secondary antibody (Alexa Fluor® 488)

(Invitrogen, cat# A-11029; validation datasheet at https://www.
thermofisher.com/antibody/product/Goat-anti-Mouse-1gG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11029)
(1:500 dilution), were used as primary and secondary antibodies,
respectively. For staining of ciliated cells, rabbit anti-beta IV tubulin
recombinant antibody conjugated with Alexa Fluor® 647 (EPR16775)
(Abcam, cat# ab204034; validation datasheet at https://www.abcam.
comy/alexa-fluor-647-beta-iv-tubulin-antibody-epr16775-ab204034.
html) (1:100 dilution) was used.

Viruses

The following SARS-CoV-2 isolates were obtained from BEI resources,
amplified on Calu-3 cells. SARS-CoV-2 (WAL, lineage A, isolate USA-
WA1/2020, BEI cat# NR-52281), VOC alpha (lineage B.1.1.7, isolate USA/
CA_CDC_5574/2020, BEI cat# NR-54011), VOC beta (lineage B.1.351,
isolate hCoV-19/South Africa/KRISP-K005325/2020, BEI cat# NR-
54009), and VOC gamma (lineage P.1., isolate hCoV-19/Japan/TY7-503/
2021 (Brazil P.1), BEI cat# NR-54982). VOC delta (lineage B.1.617.2,
clinical isolate #2333067) and VOC omicron (lineage B.1.1.529, WA-UW-
21120120771) were obtained from the Northwestern Reference
laboratory and amplified on Calu-3 cells. All viruses were authenticated
by whole genome next-generation sequencing prior to use.

Virus yield reduction

12-well plates were seeded with 2 x10° cells per well the day before
infection. Each isolate was diluted in DMEM to achieve a multiplicity of
infection of 0.1 pfu/cell, adsorbed on cells for 1 hour at 37 °C followings
which the inoculum was removed and replaced with DMEM with 2%
heat-inactivated FBS. The media contained additionally 0.1% DMSO
(vehicle) and the indicated concentration of NHC (EIDD-1931). After
48 hours at 37 °C, the cell supernatant was harvested aliquoted, and
frozen at —80 °C before titration by standard plaque assay. Log viral
titers were normalized using the average top plateau of viral titers to
define 100% and were analyzed through 4-parameter variable slope
non-linear regression modeling slope to determine ECso and 95%
confidence intervals (Prism; GraphPad).
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Fig. 6 | Molnupiravir mitigates lung histopathology in VOC-infected dwarf
hamsters. a Images of lungs from dwarf hamsters mock infected or inoculated with
1x10* pfu of VOC delta, gamma, or omicron, treated with vehicle or molnupiravir,
and harvested 3 days after infection. b Quantitation of macroscopic lesions as a
percent of total visible lung surface area for infected dwarf hamsters treated with
vehicle or molnupiravir; n values are shown. Mock infected lungs (n =4) were
included as a reference. Symbols represent independent biological repeats,

columns show group medians. Significance was determined using unpaired two-
tailed ¢ tests; P values are shown. ¢, d Histopathology (c) and immunohistochem-
istry (d) of dwarf hamster lung slices from groups harvested 3 days after infection.
Staining with hematoxylin and eosin (c) or a-SARS-CoV-2 S (d). Br bronchioles, Bl
blood vessel, scale bar 50 pm. Each image represents tissue from an individual
animal, all individual animals analyzed are shown in Supplementary Fig. 14. Source
data are provided as a Source Data file.

Confocal microscopy

Eight-week differentiated HAE cells were infected (or mock-infec-
ted) with 3 x10* pfu of SARS-CoV-2 VOC and fixed on day 3 after
infection. For co-staining of SARS-CoV-2 N and goblet cells, cells
were permeabilized for 30 minutes with a 200 pl apical overlay of
PBS with 0.1% Triton X-100 and 3% bovine serum albumin (BSA),
then the overlay was removed and cells were apically incubated with
100 ul of primary antibodies in wash buffer (PBS with 0.05%
Tween20 and 0.3% BSA) for 1 hour at RT. After three S-minute 200 pl-
washes with wash buffer, cells were incubated with secondary anti-
bodies in wash buffer for 1hour at RT. Cells were subsequently
incubated with Hoechst 34580 (1:1000 dilution in wash buffer) for
5minutes and washed three times. Membranes were then excised

and mounted using Prolong Diamond antifade mountant overnight
at RT (ThermoFisher Scientific). For co-staining of SARS-CoV-2 S and
ciliated cells, the same method was used with a saturation step with
PBS with 0.05% Tween20 and 3% BSA in lieu of a permeabilization
step. Image captures were performed with a Zeiss Axio Observer Z.1
and an LSM 800 confocal microscope with AiryScan, controlled with
the Zeiss Zen 3.1 Blue software package (Windows 10). Representa-
tive pictures were taken with a x63 Plan-Apochromat (NA: 1.40, oil)
objective. Digital pictures are pseudocolored for optimal presenta-
tion. For clarity of presentation, the intensity of staining was digi-
tally balanced in between different virus isolates with Zeiss Zen 3.1
Blue, while keeping the same processing for the conditions that are
directly compared (vehicle vs treatment).
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Plaque assay

Samples were serially diluted (tenfold dilutions starting at a 1:10 initial
dilution) in DMEM medium supplemented with 2% FBS containing
Antibiotic-Antimycotic (Gibco). The serial dilutions were added to
Vero E6 cells seeded in 12-well plates at 3 x 10° cells per well 24 hours
before. The virus was allowed to adsorb for 1hour at 37 °C. Subse-
quently, the inoculum was removed, and the cells were overlaid with
1.2% Avicel (FMC BioPolymer) in DMEM and incubated for 3 days at
37 °C with 5% CO,. After three days, the Avicel was removed, cells were
washed once with PBS, fixed with 10% neutral buffered formalin, and
plaques were visualized using 1% crystal violet. For dwarf hamsters
infected with VOC gamma, delta, and omicron, plaque assays were
performed with VeroE6-TMPRSS2 cells.

In vivo efficacy of molnupiravir in ferrets against VOC

Ferrets were purchased fromTriple F Farms, PA. Groups of ferrets were
inoculated with 1 x 10° pfu of VOC alpha or delta (1 ml; 0.5 ml per nare).
Twelve hours after infection, groups of ferrets were treated twice daily
(b.i.d.) with vehicle (1% methylcellulose) or molnupiravir at a dose of
5mg/kg in 1% methylcellulose. Treatments were administered by oral
gavage and continued every 12 hours until 4 days after infection. All
ferrets were euthanized 4 days after infection and tissues were har-
vested to determine SARS-CoV-2 titers and the presence of viral RNA.

Efficacy and contact transmission of VOC in ferrets

Two groups of six source ferrets were inoculated intranasally with
1x10° pfu of VOC alpha, gamma, or omicron. After 12 hours, groups of
source ferrets were further divided into two groups, receiving vehicle
(n=3 for VOC alpha; n =4 for VOC gamma) or molnupiravir treatment
(5 mg/kg b.i.d.) administered by oral gavage. At 54 hours after infec-
tion, each source ferret was co-housed with uninfected and untreated
contacts. Ferrets were co-housed until 96 hours after infection, when
source ferrets were euthanized and contact ferrets were housed indi-
vidually. All contact ferrets were monitored for 4 days after separation
from source ferrets and then euthanized. Nasal lavages were per-
formed on source ferrets twice daily until cohousing started. After
cohousing started, nasal lavages were performed on all ferrets every
24 hours. Nasal turbinates were harvested for all ferrets after eutha-
nization to determine infectious titers and the presence of viral RNA.

In vivo pathogenicity of VOC in dwarf hamsters

Female and male dwarf hamsters (2-4 months of age) were purchased
from Dierengroothandel Ron Van Der Vliet, Netherlands. The dwarf
hamsters were permanently quarantine-housed under ABSL-2 condi-
tions until study start. After a minimum resting period of 2 weeks after
arrival, animals were randomly assigned to groups for individual stu-
dies, transferred into an ABSL-3 facility immediately prior to study
start, and housed singly in ventilated negative-pressure cages during
the studies. To establish a pathogenicity profile, dwarf hamsters were
inoculated intranasally with 1x10° pfu in 50 pl (25 ul per nare), unless
otherwise stated (VOC delta 3 x 10%). The dwarf hamsters were anaes-
thetized with dexmedetomidine/ketamine before inoculation. Groups
of dwarf hamsters were euthanized 14 days after infection and their
organs were harvested to determine the presence of viral RNA in dif-
ferent tissues (WAL and VOC gamma only).

In vivo efficacy of molnupiravir in dwarf hamsters

Groups of dwarf hamsters were inoculated with 1x10* pfu in 50 ul
(25 ul per nare). At 12 hours after infection, the dwarf hamsters were
treated b.i.d. with vehicle (1% methylcellulose) or molnupiravir at a
dosage of 250 mg/kg body weight, respectively. The compound was
administered via oral gavage in 1% methylcellulose. After the start of
treatment, b.i.d. dosing was continued until 12 days after infection.
Subgroups of dwarf hamsters were euthanized 3 days after infection.
All studies were terminated 14 days after infection. Organs were

harvested to determine virus titers and the presence of viral RNA in
different tissues. For PK studies, dwarf hamsters received a single oral
dose of 250 mg/kg body weight molnupiravir. Blood was sampled at
0.5,1, 2, 4, 8, and 24 hours after dosing from four animals per biolo-
gical sex and plasma extracts prepared. Individual dwarf hamsters
were sampled not more than twice. Organ samples were extracted 1, 8,
and 24 hours after dosing. Molnupiravir, and NHC and its anabolites
were analyzed using a qualified LC/MS/MS method?®, calculations with
WinNonlin 8.3.3.33.

Titration of SARS-CoV-2 in tissue extracts

For virus titration, the organs were weighed and homogenized in PBS.
The homogenates were centrifuged at 2000 x g for 5 minutes at 4 °C.
The clarified supernatants were harvested, frozen, and used in sub-
sequent plaque assays. For detection of viral RNA, the harvested
organs were stored in RNAlater at —80 °C. The tissues were homo-
genized, and the total RNA was extracted using a RNeasy mini kit
(Qiagen).

Quantitation of SARS-CoV-2 RNA copy numbers

SARS-CoV-2 RNA was detected using the nCoV_IP2 primer-probe set
(National Reference Center for Respiratory Viruses, Institute Pasteur)
which targets the SARS-CoV-2 RdRP gene. RT-qPCR reactions were
performed using an Applied Biosystems 7500 real-time PCR system
using the StepOnePlus 2.1 real-time PCR package. The nCoV_IP2 primer-
probe set (nCoV_IP2-12669Fw ATGAGCTTAGTCCTGTTG; nCoV_IP2-
12759Rv CTCCCTTTGTTGTGTTGT; nCoV_IP2-12696bProbe(+) 5FAM-
AGATGTCTTGTGCTGCCGGTA-3'BHQ-1) was used in combination with
TagMan fast virus 1-step master mix (ThermoFisher Scientific) to detect
viral RNA. A standard curve was created using a PCR fragment (nt
12669-14146 of the SARS-CoV-2 genome) generated from viral com-
plementary DNA using the nCoV_IP2 forward primer and the nCoV_IP4
reverse primer to quantitate the RNA copy numbers. RNA copy num-
bers were normalized to the weight of tissues used.

SARS-CoV-2 genome sequencing

SARS-CoV-2 positive specimens were sequenced using metage-
nomic next-generation sequencing’, Swift Biosciences SNAP
panel*, and/or Illumina COVIDSeq following the manufacturer’s
protocol. Sequencing reads were analyzed and visualized using
cutadapt 1.9, bwa version 0.7.17, Picard 2.18.15, VarScan 2.3, Annovar
2018Aprl6 version for the Longitudinal Analysis of Viral Alleles
(LAVA; available at https://github.com/michellejlin/lava) pipeline
with references MZ433225.1 for VOC gamma, NC_045512.2 for VOC
delta, and 0L965129.1 for VOC omicron*’. Sequencing reads are
available in NCBI BioProject PRINA803552 (https://www.ncbi.nlm.
nih.gov/bioproject/?term=PRJNA803552).

Statistics and reproducibility
The Microsoft Excel (versions 16.52) and Numbers (version 10.1) soft-
ware packages were used for most data collection. The GraphPad
Prism (version 9.1.0) software package was used for data analysis.
Reverse transcription RT-qPCR data were collected and analyzed using
the StepOnePlus (version 2.1; Applied Biosystems) software package.
Figures were assembled using Adobe Illustrator (version CS6). Power
analyses were carried out using GPower 3.1. T-tests were used to
evaluate statistical significance between experiments with two sets of
data. One- and two-way ANOVAs with Dunnett’s, Tukey’s, or Sidak’s
comparisons post-hoc tests without further modifications were used
to evaluate statistical significance when more than two groups were
compared or datasets contained two independent variables, respec-
tively. Specific statistical tests are specified in the figure legends for
individual studies. The Supplementary Dataset 1 summarize all statis-
tical analyses (effect sized, P values, and degrees of freedom),
respectively. Effect sizes between groups were calculated as n2 = %

total
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for one-way ANOVA and w? = %:W for two-way ANOVA;
dfefrect, degrees of freedom for the eé?’fect?%smm, sum of squares for
total; SSefrect, SUM oOf squares for the effect; MSe,or, mean square error.
Effective concentrations for antiviral potency were calculated from
dose-response datasets through four-parameter variable slope
regression modelling. A biological repeat refers to measurements
taken from distinct samples, and the results obtained for each indivi-
dual biological repeat are shown in the figures along with the exact size
(n, number) of biologically independent samples, animals, or inde-
pendent experiments. The measure of the center (connecting lines and
columns) is the mean throughout unless otherwise specified. The
statistical significance level (a) was set to <0.05 for all experiments.
Exact P values are shown in Supplementary Dataset 1 and in individual
graphs when possible.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The metagenomic sequencing reads generated in this study have been
deposited in the NCBI BioProject database under accession code
PRJNA803552. All other data generated in this study are provided in
this published article and the Supplementary Information/Source Data
file. Source data are provided in this paper.

Code availability

Metagenomic sequencing reads were analyzed and visualized using
the LAVA pipeline* (available at https://github.com/michellejlin/lava).
All commercial computer codes and algorithms used are specified in
the Methods section.
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Therapeutic options against SARS-CoV-2 are underutilized. Two oral drugs,
molnupiravir and paxlovid (nirmatrelvir/ritonavir), have received emergency
use authorization. Initial trials suggested greater efficacy of paxlovid, but
recent studies indicated comparable potency in older adults. Here, we com-
pare both drugs in two animal models; the Roborovski dwarf hamster model
for severe COVID-19-like lung infection and the ferret SARS-CoV-2 transmis-
sion model. Dwarf hamsters treated with either drug survive VOC omicron
infection with equivalent lung titer reduction. Viral RNA copies in the upper
respiratory tract of female ferrets receiving 1.25 mg/kg molnupiravir twice-
daily are not significantly reduced, but infectious titers are lowered by >2 log
orders and direct-contact transmission is stopped. Female ferrets dosed with
20 or 100 mg/kg nirmatrelvir/ritonavir twice-daily show 1-2 log order reduc-
tion of viral RNA copies and infectious titers, which correlates with low nir-
matrelvir exposure in nasal turbinates. Virus replication resurges towards
nirmatrelvir/ritonavir treatment end and virus transmits efficiently (20 mg/kg
group) or partially (100 mg/kg group). Prophylactic treatment with 20 mg/kg
nirmatrelvir/ritonavir does not prevent spread from infected ferrets, but
prophylactic 5 mg/kg molnupiravir or 100 mg/kg nirmatrelvir/ritonavir block
productive transmission. These data confirm reports of similar efficacy in
older adults and inform on possible epidemiologic benefit of antiviral
treatment.

Vaccines and antivirals have helped to limit disease severity in the (VOC) capable of escaping preexisting immunity has undermined the
coronavirus disease 2019 (COVID-19) pandemic. However, extensive hope of rapidly ending the pandemic through large-scale vaccination
viral spread continues, affecting even those with vaccine or naturally-  campaigns***, and indirect immune imprinting may never allow vac-
acquired immunity' . The rise of new SARS-CoV-2 variants of concern  cine boosters to be successful against future viral evolution. In 2021,
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the FDA granted emergency use authorizations for two orally available
antivirals, molnupiravir and paxlovid®’. Molnupiravir, a prodrug of the
broad-spectrum nucleoside analog N*hydroxycytidine®, targets the
viral RNA polymerase, triggering lethal viral mutagenesis”™'°. Paxlovid
consists of two components, the peptidomimetic viral main protease
(MP) inhibitor nirmatrelvir and the cytochrome P450 enzyme inhi-
bitor ritonavir", which is required to improve pharmacokinetic prop-
erties of nirmatrelvir. Having formed covalent dead-end complexes
with nirmatrelvir, MP* is unable to process the viral polyprotein,
interrupting the viral replication cycle. Initial phase II/Ill clinical trials
suggested superior efficacy of paxlovid compared to molnupiravir,
reporting 89% versus 30% reduction in patient hospitalization and
death'*",

These initial data and extensive public discussion of possible
carcinogenic potential of molnupiravir triggered elevation of paxlovid
to standard-of-care (SOC)-like status for treatment of vulnerable
patient populations in the United States'*. However, a carcinogenicity
study in the Tg.rasH2 mouse model to assess carcinogenic potential of
molnupiravir demonstrated that continuous dosing for 6 months was
not carcinogenic®, addressing speculations about drug safety. Recent
large-scale clinical trials and retrospective assessments of therapeutic
benefit have revealed that efficacy of paxlovid is substantially lower
than initially seen against VOC delta'>'*", whereas therapeutic benefit
of molnupiravir in older adults was underestimated”"” and molnupir-
avir treatment reduced the time to first recovery of high-risk vacci-
nated adults by -4 days™. In these studies, neither drug provided
significant therapeutic benefit to younger adults below 65 years of
agelz,w.

Assessing the effect of post-exposure prophylactic treatment of
household contacts of a confirmed SARS-CoV-2 case with paxlovid, the
Evaluation of Protease Inhibition for COVID-19 in Post-Exposure Pro-
phylaxis (EPIC-PEP) trial showed a slight reduction of preventing
transmission, but benefit was not statistically significant’®?. Pre-
liminary results of the comparable prevention of household trans-
mission MOVe-AHEAD trial with molnupiravir revealed a similarly
reduced likelihood of contacts to turn SARS-CoV-2 PCR test positive
post-baseline, which was also not statistically significant™. Both pro-
phylactic trials monitored viral RNA copy numbers as a primary end-
point. Clinical reports demonstrated rebounding virus replication in
patients who have received paxlovid***** or molnupiravir” and anec-
dotal cases of SARS-CoV-2 transmission at rebound have further
questioned whether treatment may provide epidemiologic benefit
through reducing the risk of SARS-CoV-2 spread. Mustelids such as
mink and ferret are highly permissive for SARS-CoV-2, experiencing
high virus loads predominantly in the upper respiratory tract and
supporting efficient virus spread” . Using the ferret SARS-CoV-2
transmission model, we have established in previous work that oral
molnupiravir blocks productive, direct-contact transmission of
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Fig. 1| In vitro antiviral activity of nirmatrelvir. a Structure of nirmatrelvir.

b Nirmatrelvir dose-response assays against SARS-CoV-2 WAL, and lineages B.1.1.7
(VOC o), B.1.351 (VOC B), P.1(VOCY), B.1.617.2 (VOC §), B.1.1.529, BA.2, B1.2.12.1, and
BA.4 on VeroE6-TMPRSS2 cells. The number of independent repeats (n) used in
each experiment is shown (n = numbers of biologically independent samples).

10°

infectious particles to untreated sentinel ferrets within 18 h of treat-
ment start”’?’, but paxlovid has not been tested in the
transmission model.

In this work, we compare efficacy of molnupiravir and nirma-
trelvir/ritonavir in the Roborovski dwarf hamster model of severe
COVID-19-like viral pneumonia and the ferret transmission model.
Results demonstrate that both drugs provide significant therapeutic
benefit against SARS-CoV-2 pneumonia when administered early after
infection. Both the rodent and non-rodent animal model reveal a non-
linear correlation of viral RNA copy number and infectious viral titer
reduction after treatment with molnupiravir, whereas reductions by
nirmatrelvir/ritonavir are directly proportional. Infectious virus load in
the upper respiratory tract emerges as a correlate for SARS-CoV-2
transmission success in ferrets, and molnupiravir treatment com-
pletely suppresses transmission at all dose levels tested, including
those not associated with a significant reduction of viral RNA copy
numbers in the upper respiratory tract.

Results

To validate sourced nirmatrelvir stocks (Fig. 1a), we determined
antiviral potency on cultured VeroE6-TMPRSS2 cells against SARS-
CoV-2 isolates representing lineage A (USA-WA1/2020), lineage
B.1.1.7 (VOC alpha; hCoV-19/USA/CA/UCSD_5574/2020), lineage
B.1.351 (VOC beta; hCoV-19/South Africa/KRISP-K005325/2020),
lineage P.1 (VOC gamma; hCoV-19/Japan/TY7-503/2021), lineage
B.1.617.2 (VOC delta; clinical isolate #233067), lineage B.1.1.529 (VOC
omicron; hCoV-19/USA/WA-UW-21120120771/2021) lineage BA.2
(clinical isolate 22012361822A), lineage BA.2.12.1 (hCoV-19/USA/WA-
CDC-UW22050170242/2022), and linage BA.4 (hCoV-19/USA/WA-
CDC-UW22051283052/2022) (Fig. 1b).

In vitro efficacy of nirmatrelvir against current VOC

Infected cells were incubated with serial dilutions of nirmatrelvir in
media containing 2 uM CP-100356, a P-glycoprotein inhibitor added to
limit rapid compound efflux’®. Nirmatrelvir exhibited nanomolar
potency against all VOCs tested, returning half-maximal (ECso) and
90% maximal (ECo0) concentrations ranging from 21.1 to 327.6 nM and
32.8 to 421.4 nM, respectively, which recapitulated results of previous
in vitro dose-response studies®*%

Prevention of severe SARS-CoV-2 disease in Roborovski dwarf
hamsters

We determined single-oral dose pharmacokinetics (PK) properties of
nirmatrelvir delivered alone or in combination with ritonavir. Ham-
sters were administered 250 mg/kg nirmatrelvir with or without
83.3 mg/kg ritonavir. In the absence of ritonavir, 250 mg/kg nirma-
trelvir delivered a plasma exposure level of 22,400 h x ng/ml (Fig. 2a,
Table 1). When combined with ritonavir, nirmatrelvir plasma exposure

—@— USA-WA1 - EC,, - 252.8 nM; ECg, - 287.7 nM

—#- lineage B.1.1.7 - ECy - 280.1 nM; ECy, - 328 nM

—4— lineage P.1- ECy, - 292.4 nM; ECgy, - 329 nM

—¥— lineage B.1.617.2 - ECy, - 34.32 nM; ECy, - 42.6 nM
lineage B.1.1.529 - ECy - 21.13 nM; ECy, - 38.6 nM

—8— lineage B.1.351 - EC5, - 327.6 nM; ECy, - 421.4 nM

—£& lineage BA.4 - ECy, - 34.43 nM; ECy - 44.0 nM

—A— lineage BA.2.12.1 - EC;, - 28.8 nM; ECgy - 32.8 nM

—V— lineage BA.2 - ECy, - 37.1 nM; ECgy, - 43.2 nM

181 Z-\0D-SHVYS

Symbols represent, and lines intersect, group geometric means + SD; numbers
denote 50 and 90% inhibitory concentrations (ECso and ECyo, respectively),
determined through non-linear 4-parameter variable slope regression modeling.
Source data are provided as a Source data file.
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Fig. 2 | Efficacy of paxlovid and molnupiravir in Roborovski dwarf hamsters.
a Plasma concentration of nirmatrelvir over 24-h after dosing. Single oral dose of
nirmatrelvir (250 mg/kg), with (red circles) or without (black circles) ritonavir
(83.4 mg/kg). Symbols show group geometric means + SD and lines intersect
means. Dotted line indicates 2 x mean ECq, against different VOC, determined in
cell culture in Fig. 1b. b Antiviral efficacy study schematic. Animals were infected
intranasally with 1x 10* pfu of VOC delta or omicron and monitored for 14 days
after infection. Clinical signs were assessed once daily (blue triangles). Viral load
was determined in a duplicate set of animals 3 days after infection. The numbers of
animals (n = number of independent animals) used in the efficacy (left) and survival

< molnupiravir (250 mg/kg)

(right) studies are shown. ¢, d Survival curves of VOC delta (c) or omicron (d)
infected dwarf hamsters from (b) Log-rank (Mantel-Cox) test, median survival (med
survival) is shown. e, f Lung virus titers 3 days after infection with VOC delta (e) or
omicron (f) as shown in (b); dotted lines denote limit of detection. g-j Lung (g, i)
and trachea (h, j) viral RNA copies after infection with VOC delta (e) or omicron (f)
as shown in (b). Symbols represent independent biological repeats; columns show
group geometric means + SD. Significance was determined using unpaired 2-sided t
tests (e, g, h) or one-way ANOVA Tukey’s post hoc test (i, j) or Kruskal-Wallis test
and Dunn'’s post hoc test (f); P values are shown. Source data are provided as a
Source data file.

was 215,000 h x ng/ml, confirming that ritonavir, equivalent to its
effect in human patients, efficiently slows nirmatrelvir metabolism in
the dwarf hamsters. Previously, we have demonstrated that 250 mg/kg
molnupiravir yields plasma exposure of N*-hydroxycytidine, the sys-
temic metabolite of molnupiravir®, of 376 hxng/ml in dwarf
hamsters”. Human patients taking paxlovid or molnupiravir show

nirmatrelvir exposure of 28,220 h x ng/mP**** and N*-hydroxycytidine
exposure of 8200 h x ng/mP*, respectively.

Matching the design of our previous molnupiravir dwarf hamster
efficacy studies”, we initiated oral treatment with paxlovid 12 h after
intranasal infection of the dwarf hamsters with 1 x 10* pfu of VOC delta
or omicron (lineage B.1.1.529), and continued treatment in a twice-daily

Nature Communications | (2023)14:4731
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Table 1] Single dose pharmacokinetics of nirmatrelvir or nirmatrelvir/ritonavir in Roborovski dwarf hamster and human plasma

Drug Species Dose (mg/kg) Tmax (h) Cpnax (ng/ml) AUC;¢ (hours x ng/ml) ty/2 (h) Reference
Nirmatrelvir/ ritonavir Roborovski dwarf hamster 250/83 1 34,200 215,000 2.21 This study
Nirmatrelvir Roborovski dwarf hamster 250 1 5320 22,400 1.36 This study
Nirmatrelvir/ ritonavir Human 250/100° 2.75 2882 28,220 6.94 34
Molnupiravir Human 800° 1.75 2770 8200 118 36
Molnupiravir Roborovski dwarf hamster 250 0.5 251 376 1.62 29

“Human doses are expressed as absolute amount, not mg/kg.

(b.i.d.) regimen (Fig. 2b). In the VOC omicron infection group, we
included molnupiravir, dosed at 250 mg/kg b.i.d., and low-dose pax-
lovid (125 mg/kg nirmatrelvir and 83.3 mg/kg ritonavir) arms for
comparison of effect size and/or dose-dependency of potency. The 12-
h time-to-treatment-onset was chosen due to rapid disease progres-
sion in the dwarf hamster model®, which mimics human patients at
transition stage to complicated COVID-19. As we have reported for
molnupiravir treatment after VOC delta infection”, all treated dwarf
hamsters met the primary efficacy endpoint and survived infection
independent of VOC used, meeting the primary efficacy endpoint
(Fig. 2¢, d). By contrast, 83% and 50% of vehicle-treated animals had
succumbed to the disease 6 days after infection with VOC delta and
omicron, respectively. Drug-treated animals displayed minimal, if any,
clinical signs, whereas dwarf hamsters in vehicle groups experienced
hypothermia and body weight loss (Supplementary Fig. 1).

Virus burden in lungs of duplicate sets of equally infected and
treated dwarf hamsters was determined 3 days after infection to
determine effect size of treatment. Both VOC delta and omicron
replicated efficiently in the dwarf hamsters, each reaching peak lung
virus loads of ~107 pfu/g lung tissue (Fig. 2e, f). Treatment of VOC delta-
infected dwarf hamsters with paxlovid significantly lowered virus
burden, resembling the reduction in VOC delta lung titer that we had
previously observed after treatment with molnupiravir®®. However,
effect size of treatment varied by several orders of magnitude between
individual animals. We had noticed variation in effect size in
molnupiravir-treated dwarf hamsters infected with VOC omicron
before, but not VOC delta”. Head-to-head comparison of paxlovid and
molnupiravir under identical experimental conditions in dwarf ham-
sters infected with VOC omicron demonstrated statistically significant
reduction in lung virus load by either drug compared to vehicle-
treated hamsters, but no statistically significant differences in effect
size between both drugs or between the paxlovid dose groups (Fig. 2f).

Assessment of viral RNA copies in the lung and, in addition, tra-
chea samples after infection with VOC delta (Fig. 2g, h) and omicron
(Fig. 2i-k) revealed proportional reduction of viral RNA and infectious
particles in lung samples of paxlovid-treated animals. However, no
statistically significant reduction in lung viral RNA copies was detected
in animals of the molnupiravir group, despite the highly significant
reduction in infectious virus titer in these samples. Viral RNA copies in
trachea samples of the respective paxlovid and molnupiravir groups
mirrored the lung data. These results reveal similar efficacy of paxlovid
and molnupiravir in reducing infectious virus titers in lung and pre-
venting lethal disease in the dwarf hamster model. The non-linear
correlation between reduction of infectious viral titers and viral RNA
copy numbers in molnupiravir recipients suggested that a large pro-
portion of viral RNA synthesized in molnupiravir-experienced animals
may be bio-inactive.

To assess possible virus rebound after treatment, we discontinued
treatment with either paxlovid (250 mg/kg nirmatrelvir/ritonavir,
b.i.d.) or molnupiravir (250 mg/kg b.i.d.) five days after infection with
VOC omicron and determined lung virus load on days 5 and 9 (Fig. 3a).
All treated animals survived without developing clinical signs, whereas
vehicle-treated animals experienced severe weight loss and hypo-
thermia, and -50% succumbed to infection by day 5 (Fig. 3b, c).

Infectious VOC omicron titers in lungs were reduced equally by pax-
lovid and molnupiravir compared to peak titers (day 3) in vehicle-
treated animals (Fig. 3d). On day 5, no statistically significant differ-
ences between either treatment group and vehicle-treated animals
were detectable. Lung virus load in all groups approached the limit of
detection by day 9 without signs of virus rebound in the treatment
groups.

Paxlovid treatment of SARS-CoV-2 infection in ferrets

To assess the impact of nirmatrelvir treatment on upper respiratory
disease, we employed the SARS-CoV-2 ferret infection model”**",
To ensure cross-species consistency of nirmatrelvir PK, we again
administered the compound first in a single oral dose at two levels,
20 mg/kg and 100 mg/kg, each in combination with 6 mg/kg ritonavir.
Overall nirmatrelvir plasma exposure in ferrets was 32,700 h x ng/ml
and 49,500 h x ng/ml for the 20 and 100 mg/kg groups, respectively
(Fig. 4a; Table 2), indicating a dose-dependent, but not dose-propor-
tional, PK profile of paxlovid.

Both dose levels were advanced to efficacy testing after intranasal
infection of ferrets with 1x10° pfu of SARS-CoV-2 isolate USA-WA1/
2020 (lineage A), which most efficiently replicates and spreads in
ferrets”**¥**#% and other members of the Mustela genus**2. Treat-
ment was initiated 12 h after infection and continued b.i.d., and nasal
lavages collected twice daily to determine shed virus load (Fig. 4b).
Characteristic for this model””**’*%, SARS-CoV-2-infected ferrets dis-
played no overt clinical signs (Supplementary Fig. 2). Virus replicated
efficiently in vehicle-treated animals, reaching plateau titers of ~10°
pfu/ml shed virus and 10° RNA copies/ul nasal lavage 48 h after infec-
tion, which were maintained until study day 4 (Fig. 4c, d). By study end,
both infectious viral titers and viral RNA copies in lavages of the 20 mg/
kg nirmatrelvir/ritonavir group were reduced by -1.4 log orders.

Ferrets receiving 100 mg/kg nirmatrelvir/ritonavir experienced a
significant titer reduction in nasal lavages, but did not fully clear the
infection. Rather, we noted a slight increase of virus replication in both
nirmatrelvir/ritonavir dose groups 3.5 days after treatment start.
Whole genome sequencing of virus populations in nasal lavage and
turbinate samples taken from these animals revealed that most had
acquired an N501T or Y453F substitution in the spike protein, which
are characteristic for SARS-CoV-2 adaptation to replication in
mustelids*” (Supplementary Fig. 3), but no signature resistance muta-
tion to nirmatrelvir in nsp5*>~** emerged as allele-dominant (uploaded
as NCBI BioProject PRJNA894555). At study end, infectious titers and
viral RNA copies in nasal turbinate tissues were statistically sig-
nificantly reduced in nirmatrelvir/ritonavir-treated animals compared
to the vehicle group (Fig. 4e, f).

Effect of paxlovid treatment on transmission from SARS-CoV-2-
infected ferrets

To examine the effect of nirmatrelvir/ritonavir treatment on SARS-
CoV-2 spread, we subjected treated ferrets to a direct-contact trans-
mission study, first co-housing infected and treated source ferrets with
untreated contact animals 42 h after treatment initiation (Fig. 5a).
Source animals were infected intranasally with SARS-CoV-2 WAL as
before, followed by nirmatrelvir/ritonavir treatment in a b.i.d. regimen
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at 20 or 100 mg/kg. For comparison with the only drug in clinical
use that reportedly suppresses viral transmission in this model”*’,
we added molnupiravir treatment groups, dosed orally b.i.d. at
1.25 mg/kg, 2.5 mg/kg, or 5mg/kg. All treatments were initiated 12 h
after infection. Equivalent amounts of shed infectious viral particles
were detected in all source animal groups at the time of treatment
start, confirming productive infection of all animals (Fig. 5b, ¢, Sup-
plementary Fig. 4). None of the animals developed clinical signs
(Supplementary Fig. 5). Shed virus and RNA copy numbers of vehicle
and nirmatrelvir/ritonavir-treated sources resembled that of the initial
efficacy study (Supplementary Fig. 6), whereas shed infectious titers in
two of the three molnupiravir arms rapidly declined, reaching detec-
tion level -3 days after treatment start (Fig. Sb—d). Recapitulating the
dwarf hamster results, viral RNA copy numbers and infectious viral
titers in lavages of molnupiravir-treated ferrets followed a non-linear
correlation, amounting only to an -0.5 log order difference to vehicle-
treated animals in the 1.25 mg/kg molnupiravir group by study end
(Fig. 5e), but a statistically highly significant reduction in infectious
titers of approximately two orders of magnitude (Fig. 5c).
SARS-CoV-2 spread rapidly to sentinels of vehicle-treated source
animals. As noted before*?’, molnupiravir treatment of source animals
rapidly reduced infectious viral titers, suppressing all transmission to
untreated naive contacts in all molnupiravir dose groups including the
1.25 mg/kg group (Fig. 5¢c, e). By contrast, viral spread to sentinels of
ferrets receiving 20 mg/kg b.i.d. nirmatrelvir/ritonavir was delayed,
but ultimately all contacts were infected and viral titers in nasal lavages
were virtually identical to those of sentinels of vehicle-treated animals,

indicating uninterrupted transmission. Treating source ferrets with
100 mg/kg nirmatrelvir/ritonavir reduced transmission rates, but
productive viral transfer still occurred in one of the three contact pairs
examined (Fig. 5b, d). Again, virus populations in lavage and turbinate
samples of these animals had acquired mustelid-characteristic species
adaptation mutations in the spike protein in most cases (Supplemen-
tary Fig. 7), but whole genome sequencing did not reveal any allele-
dominant resistance mutation to nirmatrelvir in nsp5 (uploaded as
NCBI BioProject PRINA894555).

Viral titers and RNA copies in nasal turbinates determined 4 days
after infection in source animals and 4 days after the end of co-housing
in contact animals (study day 8) revealed turbinate titers and viral RNA
copies in sentinels of sources that had received 20 mg/kg nirmatrelvir/
ritonavir indistinguishable from those of animals that had been co-
housed with vehicle-treated sources (Fig. 5d, e). One of three contacts
of the 100 mg/kg nirmatrelvir/ritonavir recipients showed vehicle-
equivalent viral burden in upper respiratory tissues at study end. No
infectious particles or viral RNA was detectable in nasal turbinates
extracted from contacts of all molnupiravir treatment groups (Fig. 5h,
i), confirmed a sterilizing effect of molnupiravir on transmission in all
dose groups. Comparison of infectious titers (Fig. Sh) versus viral RNA
copies (Fig. 5i) in turbinates of the different molnupiravir dose level
source animals underscored the notion that a large proportion of viral
RNA synthesized in the presence of molnupiravir was bio-inactive.

We hypothesized that the discrepancy between comparable per-
formance of nirmatrelvir/ritonavir and molnupiravir in dwarf hamster
lung tissue and differential effect on viral spread may be due to poor
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Fig. 4 | Efficacy of paxlovid in ferrets. a Plasma concentration of nirmatrelvir
determined over a 12-h period after a single oral dose. Nirmatrelvir was dosed at
20 mg/kg (black diamonds) or 100 mg/kg (red squares), each in combination with
6 mg/kg ritonavir. Symbols represent group means + SD and lines intersect means.
Dotted line indicates 2 x mean ECq against different VOC, determined in cell cul-
ture in Fig. 1b. b Antiviral efficacy study schematic. Ferrets (n =15 total) were
infected intranasally with 1x 10° pfu of SARS-CoV-2 USA/WA-1. After 12 h, groups of
ferrets were treated orally with vehicle or 20 mg/kg or 100 mg/kg nirmatrelvir/
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Table 2 | Single dose pharmacokinetics of nirmatrelvir/ritonavir in ferret and human plasma

Drug Species Dose (mg/kg) Tmax (h) Cpnax (ng/ml) AUC;¢ (hours x ng/ml) ty/2 (h) Reference
Nirmatrelvir/ritonavir Ferret 20/6 2.33 8990 32,700 1.05 This study
Nirmatrelvir/ritonavir Ferret 100/6 4 11,800 49,500 0.74 This study
Nirmatrelvir/ritonavir Human 250/100° 275 2882 28,220 6.94 34
Molnupiravir Human 800° 1.75 2770 8200 1.18 36
Molnupiravir Ferret 4 1.7 907 3421 8.2 33
Molnupiravir Ferret 7 1.5 2851 7569 9.2 33
Molnupiravir Ferret 20 1.8 3992 18,793 4.7 33
Molnupiravir Macaque 130 1.62 2644 25,299 1.77 33

®Human doses are expressed as absolute amount, not mg/kg.

nirmatrelvir exposure in upper respiratory tract tissues. Assessing
drug levels at anticipated peak (3 h after dosing, ~30 min after plasma
Cmax) and trough (12 h after dosing) revealed statistically significantly
lower nirmatrelvir levels in nasal turbinates compared to all other soft
tissues but brain (Fig. 5j).

Prophylactic treatment of uninfected direct contact ferrets

In the EPIC-PEP and MOVe-AHEAD trials, prophylactic administration
of paxlovid or molnupiravir, respectively, to adults exposed to
household members did not significantly reduce the risk of
infection®?%. We prophylactically treated uninfected ferrets with
20 mg/kg or 100 mg/kg nirmatrelvir/ritonavir or 5mg/kg molnupir-
avir, all in b.i.d. regimen, followed by co-housing with infected, but
untreated, source animals 12h later (Fig. 6a). Treatment of the

sentinels was continued b.i.d. for 5.5 days, shed virus in nasal lavages of
source and sentinels monitored daily, and virus load in the upper
respiratory tract determined 6 days after infection.

We detected shed virus in lavages of all contacts receiving vehicle
within 24 h of co-housing, indicating productive transmission (Fig. 6b).
Again, none of the animals developed clinical signs (Supplementary
Fig. 8). Prophylactic 20 mg/kg nirmatrelvir/ritonavir delayed trans-
mission by ~-48 h, but ultimately all sentinels were productively infec-
ted and shed virus titers reached by study end were indistinguishable
from those of the vehicle group. In contrast, no infectious SARS-CoV-2
particles emerged in lavages of sentinels prophylactically treated with
100 mg/kg nirmatrelvir/ritonavir or 5 mg/kg molnupiravir. Quantita-
tion of viral RNA in lavage samples groups largely mirrored the virus
titer profiles (Fig. 6¢). However, low amounts (<10°> RNA copies/ul) of
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Fig. 5 | Effect of treatment with paxlovid or molnupiravir on SARS-CoV-2
transmission. a Transmission study schematic. b-i Direct-contact transmission
study. Results are disaggregated into nirmatrelvir/ritonavir (b-e) and molnupiravir
(f-i) treatment groups; vehicle-treated animals are shown in both sets. Infectious
titers (b, ¢) and RNA copies (d, e) of SARS-CoV-2 present in nasal lavages of source
and contact ferrets. Nasal turbinate titers (f, g) and RNA copies (h, i) in nasal
turbinates extracted from source and contact animals on study days 4 and 8,
respectively. Symbols (b-e) represent, and lines intersect, geometric means + SD;
x-axes denote level of detection. Symbols (f-i) represent independent biological

repeats (results from individual animals); columns denote geometric means + SD;
dotted lines specify level of detection. j nirmatrelvir exposure in selected ferret
organs at anticipated peak and trough after single-dose administration of nirma-
trelvir + ritonavir. The number of animals (n = independent animals) used in each
experiment is specified. Symbols represent independent biological repeats (results
from individual animals); columns denote means + SD. Statistical analysis with one-
way (f-i) or two-way (b-e) ANOVA with Dunnett’s post hoc tests (b-e),
Kruskal-Wallis test with Dunn’s post hoc tests (f-i), or ratio paired two-sided t test
(§); P values are shown. Source data are provided as a Source data file.

SARS-CoV-2 RNA were present also in lavages of the 5 mg/kg molnu-
piravir and 100 mg/kg nirmatrelvir/ritonavir groups, demonstrating
that co-housing with untreated source animals efficiently exposed
sentinels of all four study arms to SARS-CoV-2. Infectious virus load in
nasal turbinates of animals treated with 20 mg/kg nirmatrelvir/

ritonavir was statistically indistinguishable from that found in the
vehicle group (Fig. 6d). Turbinates of one of the contacts treated with
100 mg/kg nirmatrelvir/ritonavir harbored some infectious particles,
whereas turbinates of all sentinels receiving 5 mg/kg molnupiravir did
not contain infectious SARS-CoV-2 at study end. We detected high RNA
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Fig. 6 | Prophylactic treatment of close contacts with paxlovid or molnupir-
avir. a Prophylaxis study schematic. b, ¢ Infectious titers (b) and RNA copies (c) of
SARS-CoV-2 present in nasal lavages of source and contact ferrets. The number of
animals (n = independent animals) used in each experiment is specified. d, e Nasal
turbinate titers (d) and RNA copies (e) in nasal turbinates extracted from source
and contact animals on study day 6. Symbols (b, c) represent, and lines intersect,
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geometric means + SD; x-axes denote level of detection. Symbols (d, e) represent
independent biological repeats (results from individual animals); columns denote
geometric means + SD; dotted lines specify level of detection. Statistical analysis
with one-way (d, e) or two-way (b, ¢) ANOVA with Dunnett’s (b-e) post hoc tests;
P values are shown. Source data are provided as a Source data file.

copy numbers in all 20 mg/kg nirmatrelvir/ritonavir recipients, which
were statistically equivalent to those derived from vehicle-treated
animals (Fig. 6e). Low levels of viral RNA were furthermore observed in
the turbinates of two animals of the 100 mg/kg nirmatrelvir/ritonavir
group and one animal in the 5mg/kg molnupiravir group. One
100 mg/kg nirmatrelvir/ritonavir animal and the other two 5mg/kg
molnupiravir recipients remained viral RNA free.

Discussion

The retrospective analyses of members of Clalit Health Services'*"” and
aretrospective cohort study from the Hong Kong VOC omicron wave'”
demonstrated that both paxlovid'® and molnupiravir’ significantly
lowered the risk of progression to severe disease and deaths in older

16,19

adults. However, a direct comparison of drug efficacy was not possible
due to imbalances in baseline characteristics of the study groups such
as patient comorbidities, age, and vaccine status*. To assess efficacy
of both drugs against COVID-19 of different severity under equivalent
experimental conditions, we employed the Roborovski dwarf hamster
and ferret models of SARS-CoV-2 infection.

Establishing a correlation between animal and human dose levels
is complex. Interspecies allometric scaling to convert dose-based
systemic exposure from animals to humans can confound predictive
power of animal models*. Although no scaling was required for our
study since plasma exposure levels of both nirmatrelvir’* and N*
hydroxycytidine®, the systemic metabolite of molnupiravir”® were
known (included in Tables 1, 2), comparison dose selections can still be
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undermined by, for instance, host species-specific differences in drug
plasma binding, tissue penetration, viral replication kinetics, and drug
half-life.

To place ferret dose levels in context to clinical data, we therefore
evaluated for each drug individually treatment effect size in the animal
model and human patients. Since accurate and reproducible quanti-
tation of infectious viral titers in human nasopharyngeal swabs is
difficult'®, viral RNA copies have become the clinical standard and RNA
copy number reduction in the upper respiratory tract represents the
sole quantitative biomarker that is available across multiple species
including humans. Clinical trials reported an ~-0.5 log order reduction
of viral RNA copies by molnupiravir*’, and 0.89-0.93 log orders by
paxlovid'*”, An equivalent effect size was achieved in the ferret upper
respiratory tract by 1.25 mg/kg molnupiravir (-0.5 log order reduction)
and 20 mg/kg nirmatrelvir/ritonavir (1.4 log order reduction), each
administered in b.i.d. regimen.

In the case of paxlovid, the correlation between viral RNA copy
and infectious titer reductions was approximately linear in the models.
A viral mutagen such as molnupiravir, however, once incorporated into
viral RNA, can destroy bioactivity of this RNA without proportionally
reducing the number of physical RNA copies, which may result in
underappreciation of its antiviral effect based on RNA copy numbers
alone. Both the dwarf hamster and ferret model illustrate that this
difference between reduction of infectious virus titer and viral RNA
molecules becomes most pronounced at low molnupiravir exposure,
veering in some cases from statistically insignificant (RNA copies) to
several orders of magnitude (infectious titer) in the same sample.

It is undocumented at present whether a similar discrepancy
between viral RNA copy number and infectious viral titer reduction
applies to clinical samples. Since the effect is consistent across rodent
and non-rodent host models and appears to be directly linked to the
mechanism of action of molnupiravir, quantitating viral RNA copies
without assessing RNA bioactivity may be at risk of being misleading in
the case of viral mutagens such as molnupiravir and may, therefore,
not represent an informative primary endpoint for clinical trials. Sup-
port for this notion comes from qualitative infectious viral load data
determined in the phase 2a clinical trial of molnupiravir*’. After a 5-day
treatment course, infectious virus particles could be isolated from
patients in the placebo group, but not from patients receiving mol-
nupiravir, although these patients experienced only an -0.5 log order
decrease in viral RNA copies in the upper respiratory tract.

An antiviral effect size-based approach could not be applied to the
dwarf hamster model of acute SARS-CoV-2 pneumonia, since viral RNA
copy number reductions in the human lower respiratory tract are
unknown. Based on our PK information, N*-hydroxycytidine* plasma
exposure in dwarf hamsters was over 20-fold lower than that in
humans, whereas nirmatrelvir exposure exceeded that achieved in
humans by over 7.5-fold, suggesting that the dwarf hamster model may
overestimate efficacy of nirmatrelvir/ritonavir against acute lung
disease.

Acknowledging this caveat, the dwarf hamster model supported
three major conclusions: (i) both drugs met the primary efficacy end-
point, ensuring complete survival of treated animals; (ii) both drugs
statistically significantly reduced lung virus burden compared to
vehicle-treated animals; and (iii) treatment benefit provided by either
drug showed variations between individual animals when dwarf ham-
sters were infected with VOC omicron. We have recently reported that
in the case of molnupiravir, biological sex of the treated dwarf ham-
sters contributes to effect”. Although not powered for a full statistical
analysis, nirmatrelvir/ritonavir performance in dwarf hamsters did not
suggest an equivalent role of biological sex on effect size against VOC
omicron. We hypothesize that differences in the kinetics of viral host
invasion between individual dwarf hamsters may contribute to this
variation of effect size. In toto, the dwarf hamster model recapitulated
the main conclusions of retrospective clinical studies in older adults”;

both drugs mitigated advance to severe disease, preventing acute lung
injury and death.

Prolonged self-isolation periods after a positive SARS-CoV-2 test
impose considerable social hardship on the individual patient and
economic burden on societies™ >, which has resulted in eroding
public compliance with self-quarantine during the course of the
pandemic®. In addition to direct therapeutic benefit, pharmacologi-
cally shortening the duration of the infectious period will improve
patient quality of life and may provide epidemiologic benefit through
interruption of viral transmission chains®**°, We have established effi-
cient suppression of SARS-CoV-2 transmission in the ferret model by
molnupiravir dosed at 5 mg/kg b.i.d.”** and experimental nucleoside
analog antivirals® in previous work, and demonstrated in this study
that therapeutic administration of 1.25 mg/kg molnupiravir or 100 mg/
kg nirmatrelvir/ritonavir to ferrets fully or partially, respectively, sup-
pressed transmission to untreated direct contacts. At these dose
levels, either drug reduced shed infectious viral titers to ~10°> TCIDsq
units/ml nasal lavage fluid, which appears to represent a threshold for
productive direct-contact SARS-CoV-2 transmission in the ferret
model. SARS-CoV-2 transmitted in all pairs of the 20 mg/kg nirma-
trelvir/ritonavir group, which reduced viral titers to ~10* TCIDsq units/
ml nasal lavage fluid, indicating that infectious viral titer in the ferret
upper respiratory tract is a correlate for transmission success.

Whole genome sequencing of virus populations isolated from
paxlovid-experienced ferrets provided no evidence that replication
resurgence and transmission both from and to paxlovid-treated ani-
mals in our study were supported by emerging resistance to
nirmatrelvir**, Rather, poor control of SARS-CoV-2 spread in ferrets
coincided with significantly lower nirmatrelvir levels in the upper
respiratory tract than lung and other soft tissues but brain, identifying
nasal turbinates as a privileged organ of low nirmatrelvir exposure.
This effect could be ferret-specific, since tissue drug exposure levels
cannot be readily determined in humans. However, rebounding virus
replication in paxlovid recipients*** and the lack of efficacy in
patients <65 years of age, in which SARS-CoV-2 infection resides pri-
marily in the upper respiratory tract, are consistent with low nirma-
trelvir exposure also in human upper respiratory tissues.

Prophylactic dosing of contact ferrets with 20 mg/kg paxlovid did
not prevent transmission from infected animals, recapitulating the
outcome of the failed EPIC-PEP trial’®*' trial. Interestingly, 20 mg/kg
nirmatrelvir/ritonavir was also the ferret dose that mediated a similar
viral RNA copy number reduction to that seen in humans receiving
paxlovid. Since also prophylactic molnupiravir did not prevent infec-
tion in the MOVe-AHEAD trial”?, an equally negative outcome of pro-
phylactic 1.25 mg/kg molnupiravir was likely, prompting us not to
commit additional animals for an experimental confirmation. How-
ever, 5mg/kg prophylactic molnupiravir fully, and 100 mg/kg pro-
phylactic nirmatrelvir/ritonavir partially, suppressed infection,
indicating that higher dose levels, as long as compatible with safety
margins, provide prophylactic efficacy in ferrets.

Trials with appropriately selected endpoints will be required to
determine whether molnupiravir over-proportionally reduces infec-
tious SARS-CoV-2 titers, compared to viral RNA copy numbers, also in
the human upper respiratory tract. Due to differences in the dynamics
of viral host invasion and replication in humans versus animals,
extrapolation of therapeutic time windows from animal models to
human patients is challenging. Despite the potential of host species-
specific effects, this study affirms retrospective clinical analyses that
early treatment of older adult patients at elevated risk of progression
to severe COVID-19 with either paxlovid or molnupiravir will provide
significant therapeutic benefit. We demonstrate in two animal model
species, one rodent and one non-rodent, that infectious particle titers,
but not viral RNA copy numbers, should be assessed to determine
efficacy of a viral mutagen such as molnupiravir. Infectious viral load in
the upper respiratory tract emerged as a correlate for SARS-CoV-2
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transmission success in ferrets. Therapeutic molnupiravir, adminis-
tered at a dose not associated with a significant reduction of viral RNA
copy numbers, completely suppressed transmission in ferrets.

Methods

Ethics and inclusion statement

Allin vivo studies were performed in compliance with the Guide for the
Care and Use of Laboratory Animals, National Institutes of Health
guidelines, and the Animal Welfare Act Code of Federal Regulations.
Experiments with SARS-CoV-2 involving ferrets were approved by the
Georgia State Institutional Animal Care and Use Committee under
protocol A20031. Experiments with SARS-CoV-2 involving Roborovski
dwarf hamsters were approved by the Georgia State Institutional Animal
Care and Use Committee under protocol A21019. All experiments using
infectious SARS-CoV-2 strains were approved by the Georgia State
Institutional Biosafety Committee under protocol B20016 and per-
formed in BSL-3/ABSL-3 facilities at the Georgia State University.

Study design

Male and female Roborovski dwarf hamsters (Phodopus roborovskii,
3-4 months old) and female ferrets (Mustela putorius furo,
6-10 months old) were used as in vivo models to assess the therapeutic
efficacy of orally administered nirmatrelvir against infection with
SARS-CoV-2. Prior to studies, hamsters and ferrets were rested for at
least five days. Roborovski dwarf hamsters were used to study the
effects of nirmatrelvir treatment on severe disease associated with
lower respiratory tract infection, acute lung injury, and death. Ferrets
were used to examine the effect of nirmatrelvir on upper respiratory
infection and transmission. SARS-CoV-2 infections were established in
animals through intranasal inoculation. For hamsters, animals were
monitored regularly for clinical signs and viral loads were determined
in respiratory tract tissues at endpoint. For ferrets, upper respiratory
tract viral titers were assessed at least once daily through nasal lavages.
In addition, upper respiratory tract tissues were harvested at endpoint
to assess upper respiratory tract viral loads. Virus loads were deter-
mined by plaque assays or TCIDso and RT-qPCR quantitation.

Cells

VeroE6-TMPRSS2 (BPS Bioscience #78081) and Calu-3 (ATCC HB-55™)
cells were cultivated at 37 °C with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 7.5% heat-inactivated
fetal bovine serum (FBS). All cells were authenticated phenotypically
and tested routinely in 3-months intervals for absence of mycoplasma
contamination prior to use.

Viruses

SARS-CoV-2 USA-WAL (lineage A, isolate USA-WA1/2020, BEI cat# NR-
52281) was obtained from BEI resources and amplified on Calu-3 cells.
SARS-CoV-2 isolates for lineage B.1.1.7 (VOC o; hCoV-19/USA/CA/
UCSD_5574/2020), lineage B.1.351 (VOC f; hCoV-19/South Africa/
KRISP-K005325/2020), lineage P.1 (VOC y; hCoV-19/Japan/TY7-503/
2021), lineage B.1.617.2 (VOC §; clinical isolate #233067), lineage
B.1.1.529 (VOC o; hCoV-19/USA/WA-UW-21120120771/2021) lineage
BA.2 (clinical isolate 22012361822A), lineage BA.2.12.1 (hCoV-19/USA/
WA-CDC-UW22050170242/2022), and lineage BA.4 (hCoV-19/USA/WA-
CDC-UW22051283052/2022) were obtained from UW Virology and
amplified on Calu-3 cells. All viruses were titered on VeroE6-TMPRSS2
cells and virus stocks were authenticated by whole genome next-
generation sequencing prior to use.

Virus yield reduction

Nirmatrelvir was dissolved in water-free DMSO at 10 mM stock con-
centration and stored in single-use aliquots at 80 °C. Cells were see-
ded 14 h prior to experimentation in 24-well plates at 2 x 10° cells per
well in 400 ul per well DMEM +7.5% FBS supplemented with 2uM

CP-100356. Serial dilutions were generated in culture media contain-
ing 2 uM CP-100356 spanning a final concentration range from 2700 to
1.4 nM (3-fold serial dilution; 8 steps; dilution series were prepared
2-fold overconcentrated (54000 to 2.8 nM)). Every concentration of
each test article was assessed in 3 biological (independent) repeats.
Vehicle-treated control cultures DMSO volume equivalents corre-
sponding to the highest test compound concentration. Serial dilutions
were transferred to target wells (500 ul per well), immediately followed
by infection with SARS-CoV-2 (multiplicity of infection 0.1 pfu per cell)
in 100 pl per well (viral dilution media contained 2uM CP-100356).
Infected plates were incubated in a humidified incubator at 37 °C and
5% CO, for 48 h. Progeny virus titers in culture supernatants were
determined through plaque-forming or TCIDso assay on Vero-E6-
TMPRSS2 cells. Inhibitory concentrations were calculated based on
4-parameter variable slope regression models.

SARS-CoV-2 titration by plaque assay

All samples were serially diluted in DMEM media supplemented with
2% FBS and antibiotic-antimycotic solution (Gibco). Dilutions were
added to VeroE6-TMPRSS2 cells seeded 24 h earlier in 12-well plates at
3 x10° cells per well. Dilutions were allowed to adsorb for 2 h at 37 °C.
Following adsorption, inoculum was removed, and cells were overlaid
with 1.2% Avicel (FMC BioPolymer) in DMEM supplemented with
antibiotic-antimycotic solution and incubated at 37 °C with 5% CO,.
After incubating for 3 days, Avicel was removed, cells were washed
with PBS and fixed with 10% neutral buffered formalin. Plaques were
visualized using 1% crystal violet.

Single-dose pharmacokinetics in hamsters

Groups of hamsters were administered a single oral dose of nirmatrelvir
(250 mg/kg; 0.5% MC with 2% Tween80) with or without ritonavir
(83.4 mg/kg; 20% ethanol). Blood was harvested retro-orbitally using
plain micro-hematocrit capillary tubes (Duran Wheaton Kimble) and
collected in K,EDTA capillary tubes (Sarstedt Microvette CB300) 0.5, 1,
2, 4, 8, and 24 h after dosing. Plasma was clarified by centrifugation
(4°C, 450 xg, 5min). To determine tissue concentrations of nirma-
trelvir, groups of hamsters were sacrificed 1, 8, and 24 h after dosing and
selected tissues were harvested, flash-frozen in liquid nitrogen, and
stored at —80 °C. Nirmatrelvir concentrations were analyzed using a
qualified LC/MS/MS method, and PK parameters were calculated using
non-compartmental analysis with WinNonlin 8.3.3.33. MS analysis
defined the analyte area response, internal area response, and transi-
tions (Ql to Q3). Raw MS data are shown in Supplementary Data 2.

Hamster efficacy studies

Groups of male and female Roborovski dwarf hamsters were anes-
thetized using ketamine/dexmedetomidine and infected with 10* pfu
per animal (50 pl total volume, 25 ul per nare). Anesthesia was reversed
with atipamezole. Hamsters were monitored daily (body weight, tem-
perature, and clinical score). Treatment started 12 h after infection
with nirmatrelvir (200 ul, 0.5% MC with 2% Tween80; 250 mg/kg or
125 mg/kg b.i.d.) and ritonavir (50 ul, 20% EtOH; 83.3 mg/kg, b.i.d.).
Treatment continued twice daily for 5 and 7 days after infection for
VOC § and VOC o, respectively. Treatment was discontinued for VOC &
after 5 days due to treated hamsters developing pronounced diarrhea.
Groups of hamsters were euthanized three days after infection to
assess lower respiratory tract viral load. Lungs were harvested, washed
with sterile phosphate buffered saline, and homogenized in PBS sup-
plemented with antibiotic-antimycotic using a bead blaster (3 bursts of
30s at 4°C each, 30s pause between bursts; Bead Blaster 24R,
Benchmark). Lung homogenates were clarified by centrifugation
(20,000 x g, 10 min, 4 °C), aliquoted, and stored at —80 °C until pro-
cessed. For RNA quantification, lungs and tracheas were harvested and
homogenized in RNeasy RNA lysis buffer (Qiagen) in accordance with
the manufacturers protocol.
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Assessing viral rebound in hamsters

Male and female dwarf hamsters (6 months old) were randomly
assigned in different groups. Upon arrival, all animals were rested for
72 h prior to being transferred into single-ventilated cages to an ABSL-
3 facility. For infections, animals were anesthetized using ketamine/
dexdomitor and infected intranasally with 10* pfu (50 ul) SARS-CoV-2
VOC o (B.1.1.519). Treatment was initiated 12 h post infection using
nirmatrelvir (200 pl, 0.5% MC with 2% Tween80; 250 mg/kg) and rito-
navir (50 pl, 20% EtOH; 83.3 mg/kg, b.i.d.), molnupiravir (200 ul, 1% MC;
250 mg/kg; b.i.d.) or vehicle (200 ul, 0.5% MC with 2% Tween80).
Twice-daily treatment continued until five days post infection. Vehicle
animals were euthanized on days 3, 5, and 9, nirmatrelvir and
molnupiravir-treated hamsters were euthanized on days 5 and 9. Lungs
were harvested, washed with sterile phosphate buffered saline, and
homogenized in PBS supplemented with antibiotic-antimycotic using a
bead blaster (3 bursts of 30 s at 4 °C each, 30 s pause between bursts;
Bead Blaster 24R, Benchmark). Lung homogenates were clarified by
centrifugation (20,000 xg, 10 min, 4°C), aliquoted and stored at
-80 °C until processed. Virus titers were determined by TCIDs assays.

Single ascending dose pharmacokinetics in ferrets

Groups of ferrets were administered a single oral dose of nirmatrelvir
at a dosage of 20 mg/kg (n=3) or 100 mg/kg (n=3); (2 ml; 0.5% MC
with 2% Tween80) with ritonavir (1 ml; 6 mg/kg; 20% EtOH). A dosage
of 6 mg/kg ritonavir was selected based on previous studies in ferrets
(53). Drug was administered by oral gavage using a 12 french catheter
(Cure Medical). After each gavage, the catheter line was flushed using
high calorie liquid diet (3.5 ml; DYNE, PetAg). Blood was harvested in
K,EDTA capillary tubes (Sarstedt Microvette CB300) at 0.25,0.5,1, 2, 4,
6, 8, and 12 h after dosing. Plasma was clarified by centrifugation (4 °C,
450 x g, S5min), aliquoted and stored at —80 °C. To determine tissue
concentrations of nirmatrelvir, groups of ferrets were sacrificed 3 and
12 h after dosing and selected tissues were harvested, flash-frozen in
liquid nitrogen, and stored at —~80 °C. Nirmatrelvir concentrations were
analyzed using a qualified LC/MS/MS method, and PK parameters were
calculated using non-compartmental analysis with WinNonlin 8.3.3.33.
Raw MS data are shown in Supplementary Data 2.

In vivo efficacy testing in ferrets against VOCs

Groups of ferrets were anesthetized with ketamine/dexmedetomidine
and inoculated with 1x10° pfu of SARS-CoV-2 USA-WAL1 (lineage A,
isolate USA-WA1/2020, BEI cat# NR-52281; 1 ml, 0.5 ml per nare). Fol-
lowing infection, anesthesia was reversed using atipamezole. Treat-
ment was initiated 12 h after infection and continued twice daily until
study end (4 days after infection). Ferrets were treated with vehicle
(n=6; 0.5% MC with 2% Tween80), nirmatrelvir/ritonavir (20 (n=6) or
100 (n=3) mg/kg nirmatrelvir; 6 mg/kg ritonavir). Treatments were
administered by oral gavage using a 12 french catheter (Cure Medical),
starting 12 h after infection in consecutive 2 ml (20 or 100 mg/kg nir-
matrelvir; 2 ml 0.5% MC with 2% Tween80) and 1 ml (6 mg/kg ritonavir;
1ml 20% ethanol) dose volumes. Molnupiravir was formulated in 1%
methylcelluose and administered in 3 ml dose volume. After each
gavage, the catheter line was flushed using high calorie liquid diet
(3.5ml; DYNE, PetAg). Nasal lavages were collected every 12h after
study start in sterile PBS containing antibiotics and antimycotics (Anti-
Anti; Gibco). All ferrets were euthanized 4 days after infection and
tissues were harvested to determine SARS-CoV-2 titers and the pre-
sence of viral RNA.

Effect of treatment on SARS-CoV-2 contact transmission in
ferrets

A group of source ferrets were inoculated intranasally with 1x10° pfu
of SARS-CoV-2 USA-WAL (lineage A, isolate USA-WA1/2020, BEI cat#
NR-52281; 1 ml, 0.5 ml per nare). Twelve hours after infections, source
ferrets were further divided into groups (n=3), receiving vehicle,

molnupiravir (1.25 mg/kg, b.i.d.; 2.5 mg/kg, b.i.d.; or 5 mg/kg, b.i.d.;), or
nirmatrelvir (20 or 100 mg/kg, b.i.d. in 2 mL 0.5% MC with 2% Tween80
+ ritonavir (6 mg/kg in 1ml 20% ethanol)), in all cased administered via
oral gavage. At 54 h after infection, each source ferret was co-housed
with one uninfected and untreated contact ferret. Co-housing con-
tinued until 96 h after infection, when sourced ferrets were euthanized
and contact ferrets were separated and housed individually. All con-
tact ferrets were monitored for 4 days after separation from source
ferrets and then euthanized. Nasal lavages were performed on source
ferrets twice daily until co-housing ended. After co-housing started,
nasal lavages were performed on all contact ferrets every 24 h. Upon
euthanizing ferrets, nasal turbinates were harvested to determine
infectious titers and the presence of viral RNA.

Effect of prophylactic treatment on direct contact transmission
At study onset, one group of source ferrets were inoculated intrana-
sally with 1x10° pfu of SARS-CoV-2 USA-WAL (lineage A, isolate USA-
WA1/2020, BEI cat# NR-52281; 1 ml, 0.5 ml per nare) and isolated from
uninfected ferrets. At the same time, twice-daily treatment regimens
were initiated on groups of uninfected ferrets using nirmatrelvir
(20 mg/kg) + ritonavir (n=3) or nirmatrelvir (100 mg/kg) + ritonavir
(n=3), molnupiravir (5mg/kg; n=3), or vehicle. Nirmatrelvir was
administered in 2ml (20 or 100 mg/kg in 0.5% MC with 2% Tween80)
followed by administration of ritonavir in 1ml (6 mg/kg in 1 ml 20%
ethanol). Molnupiravir was administered in 3 ml (1% methylcellulose).
The catheter line was then flushed using high calorie liquid diet (3.5 ml;
DYNE, PetAg). Treatment was continued for 6 days until study end.
Twelve hours after infection, untreated and infected source ferrets
were co-housed with treated contact ferrets. Per approved IACUC
protocols, maximal density in the ventilated large animal caging sys-
tem is 3 ferrets/cage. Therefore, an asymmetrical co-housing matrix
had to be applied, consisting of a randomly assigned source to contact
animal ratio of either 1:1 or 1:2. After co-housing commenced, nasal
lavages were collected every 24 h, and ferrets were monitored until
study end. Six days after infecting source ferrets, all animals were
euthanized, and nasal turbinates were harvested to determine infec-
tious titers and the presence of viral RNA.

Titration of SARS-CoV-2 in tissue extracts

For virus titration, the organs were weighed and homogenized in
PBS supplemented with antibiotic-antimycotic solution (Gibco).
Tissues were homogenized using a bead blaster (3 bursts of 30 s at
4°C each, 30s pause between bursts; Bead Blaster 24 R, Bench-
mark). Tissue homogenates were clarified by centrifugation
(20,000 x g for 5min at 4 °C). The clarified supernatants were har-
vested, frozen and used in subsequent TCIDso or plaque assays. For
detection of viral RNA, the harvested organs were homogenized in
lysis buffer (Qiagen), and the total RNA was extracted using a
RNeasy mini kit (Qiagen). For nasal lavages, RNA was extracted
using a Quick-RNA Viral Kit (Zymo) in accordance with the manu-
facturer’s protocols.

Quantitation of SARS-CoV-2 RNA

SARS-CoV-2 RNA was detected using the nCoV_IP2 primer-probe set
(nCoV_IP2-12669Fw  ATGAGCTTAGTCCTGTTG;  nCoV_IP2-12759Rv
CTCCCTTTGTTGTGTTGT; nCoV_IP2-12696bProbe(+) SFAM-AGATGTC
TTGTGCTGCCGGTA-3’BHQ-1) (National Reference Center for Respira-
tory Viruses, Institut Pasteur). RT-qPCR reactions were performed using
an QuantStudio 3 real-time PCR system using the QuantStudio Design
and Analysis package. The nCoV_IP2 primer-probe set was used with
Tagman Fast Virus 1-step master mix (Thermo Fisher Scientific) to detect
viral RNA. A PCR fragment (nt 12669-14146 of the SARS-CoV-2 genome)
generated from viral complementary DNA using the nCoV_IP2 forward
primer and the nCoVIP4 reverse primer (nCoV_IP4-14146Rv
CTGGTCAAGGTTAATATAGG) was used to create a standard curve to
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quantitate the RNA copy numbers. RNA copy numbers were normalized
to the weight of tissues used.

SARS-CoV-2 genome sequencing

SARS-CoV-2 positive specimens were sequenced using IDT xGen SARS-
CoV-2 Amplicon Panel (previously Swift Biosciences SNAP panel),
following the manufacturer’s protocol. Sequencing reads were pro-
cessed and analyzed using TAYLOR default settings available at https://
github.com/greninger-lab/covid_swift_pipeline (https://doi.org/10.
5281/zenodo.6142073). Sequencing reads are available in NCBI Bio-
Project under access code PRINA894555.

Statistics and reproducibility

The Microsoft Excel (versions 16.52) and Numbers (version 10.1)
software packages were used for data collection. The GraphPad
Prism (version 9.4.1) software package was used for data analysis.
Reverse transcription RT-qPCR data were collected and analyzed
using the QuantStudio Design and Analysis (version 1.5.2; Applied
Biosystems) software package. Figures were assembled and gener-
ated with Adobe lllustrator (version 27.5). T-tests were used to eval-
uate statistical significance between experiments with two sets of
data. To evaluate statistical significance when more than two groups
were compared or datasets contained two independent variables,
one- and two-way ANOVAs, respectively, were used with Tukey’s,
Dunnett’s, or Sidak’s multiple comparisons post hoc tests as specified
in figure legends. Specific statistical tests are specified in the figure
legends for individual studies. Supplementary Data 1 summarizes
statistical analyses (effect sized, P values, and degrees of freedom) of
the respective datasets. Effect sizes between groups were calculated
as 1> =(SSefrect)/(SStotar) for one-way ANOVA and @?=(SSeffect —
(dfeffect)(MSerror))/Mserror + Sstotal for tWO'Way ANOVA; Sseffectr sum
of squares for the effect; SSioa, SUM of squares for total; dfegrect,
degrees of freedom for the effect; MSeror, mean square error.
Effective concentrations for antiviral potency were calculated from
dose-response virus yield reduction assay datasets through four-
parameter variable slope regression modeling. A biological repeat
refers to measurements taken from distinct samples, and the results
obtained for each individual biological repeat are either shown in the
figures along with the exact size (n, number) of biologically inde-
pendent samples, animals, and independent experiments or results
are presented as geometric means + SD along with the exact size (n,
number) of biologically independent samples represented. The
measure of the center (connecting lines and columns) is specified in
the figure legends. The statistical significance level (@) was set to
<0.05 for all experiments. Exact P values are shown in Supplementary
Data 1 and in individual graphs when possible. Quantitative source
data for each biologically independent sample are provided in the
Source data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The amplicon tiling sequencing reads generated in this study have
been deposited in the NCBI BioProject database under accession code
PRJNA894555. All other data generated in this study are provided in
this article, the supplementary information, supplementary data files,
and the Source data file. Source data are provided with this paper.

Code availability

Sequencing reads were analyzed using the TAYLOR pipeline (available
at https://github.com/greninger-lab/covid_swift_pipeline). All com-
mercial computer codes and algorithms used are specified in
“Methods”.
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Oral prodrug of remdesivir parent GS-441524 is
efficacious against SARS-CoV-2 in ferrets
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Remdesivir is an antiviral approved for COVID-19 treatment, but its wider use is limited by
intravenous delivery. An orally bioavailable remdesivir analog may boost therapeutic benefit
by facilitating early administration to non-hospitalized patients. This study characterizes the
anti-SARS-CoV-2 efficacy of GS-621763, an oral prodrug of remdesivir parent nucleoside GS-
441524. Both GS-621763 and GS-441524 inhibit SARS-CoV-2, including variants of concern
(VOCQ) in cell culture and human airway epithelium organoids. Oral GS-621763 is efficiently
converted to plasma metabolite GS-441524, and in lungs to the triphosphate metabolite
identical to that generated by remdesivir, demonstrating a consistent mechanism of activity.
Twice-daily oral administration of 10 mg/kg GS-621763 reduces SARS-CoV-2 burden to
near-undetectable levels in ferrets. When dosed therapeutically against VOC P.1gamma v,
oral GS-621763 blocks virus replication and prevents transmission to untreated contact
animals. These results demonstrate therapeutic efficacy of a much-needed orally bioavailable
analog of remdesivir in a relevant animal model of SARS-CoV-2 infection.
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than 150 million cases and an estimated 3.5 million deaths.

The socioeconomic and geopolitical impact of the pan-
demic is unprecedented and will most likely become fully evident
only in postpandemic years. To date, remdesivir is the only small
molecule antiviral therapeutic approved by the FDA for the
treatment of COVID-19!. Originally discovered for respiratory
syncytial virus?, remdesivir is a mono-phosphoramidate prodrug
of a ribonucleoside analog that must be administered
intravenously®. The obligatory parenteral delivery limits access of
COVID-19 outpatients to remdesivir treatment, thereby nar-
rowing the therapeutic window in which a direct-acting antiviral
targeting an acute viral infection is expected to have its greatest
effect?.

Orally active COVID-19 therapeutics have the potential to
maximize patient benefit and ideally prevent progression to severe
disease. Several oral therapeutic candidates such as EIDD-2801/
molnupiravir’~” and AT-527% are in advanced stages of clinical
trials, but currently, only remdesivir has shown confirmed efficacy
for COVID-19 treatment in humans®. Following intravenous
administration and despite its short plasma half-life, remdesivir is
sufficiently stable in non-rodent species to distribute to tissues,
such as the lung, where it is rapidly converted to its monopho-
sphate metabolite and then efficiently anabolized to the bioactive
triphosphate GS-443902 (Fig. 1a)>10:11. An alternative strategy to
generate GS-443902 could be to directly administer the remdesivir
parent nucleoside GS-441524, but due to less efficient metabolism
of GS-441524 to its monophosphate, higher daily systemic expo-
sures of GS-441524 than those obtained from intravenous
remdesivir are required to generate equivalent concentrations of
GS-443902 in lung tissue. In addition, GS-441524 has displayed
poor oral bioavailability in several species®!%13. In order to obtain
high exposures after oral delivery, a prodrug strategy to improve
oral absorption was employed leading to the identification of GS-
621763, which demonstrated high oral bioavailability in two
relevant animal species including non-human primates?.

SARS-CoV-2 efficiently infects mustelids such as ferrets and mink,
and both the direct and reverse zoonotic transmission between mink
and humans have been reported!4!>. Infected ferrets show only mild
clinical signs, but the virus readily replicates in the upper respiratory
tract and shed virus load in nasal lavages is high, supporting efficient
animal-to-animal transmission®. Consequently, ferrets recapitulate
the presentation of SARS-CoV-2 in the majority of human cases,
especially in children and younger adults!®!7.

In this study, we used the ferret model to test the oral anti-
SARS-CoV-2 efficacy of GS-621763. The GS-621763 prodrug is
presystemically hydrolyzed to afford high systemic exposures of
GS-441524 (Fig. 1a). Having determined the plasma pharmaco-
kinetic (PK) profile following oral administration of GS-621763
in ferrets, we examined the effect of oral GS-621763 administered
therapeutically against the original SARS-CoV-2 USA-WA1/2020
(WA1/2020) strain and the recently emerged, highly prevalent
VOC P.1 (y) lineage!®1°.

The global COVID-19 pandemic has resulted in far more

Results

Prior to in vivo testing, we assessed antiviral potency of both GS-
621763 and its metabolite GS-441524 against lineage A isolate
WA1/2020 and three recently emerged VOC, hCoV-19/USA/
CA_UCSD_5574/2020 ((a), lineage B.1.1.7; CA/2020), hCoV-19-
South Africa/KRISP-K005325/2020 ((B), lineage B.1.351; SA/
2020), and hCoV-19/Japan/TY7-503/2021 ((y), lineage P.1; BZ/
2021) in cultured cells.

Antiviral activity against VoCs. Half-maximal effective con-
centrations (ECs,) in SARS-CoV-2-infected Vero E6 cells were

2 NATURE C

highly consistent, ranging from 0.11 to 0.73 uM for GS-621763
(Fig. 1b, Supplementary Table 1) and from 0.11 to 0.68 pM for
(GS-441524 (Fig. 1c, Supplementary Table 1). Analogous potency
ranges were obtained when luciferase-expressing WA1/2020
reporter viruses were examined in dose-response assays in A549
cells stably expressing human ACE2 (A549-hACE2) (Supple-
mentary Table 1)20. Toxicity-testing of GS-621763, remdesivir,
and GS-441524 in different cell lines and primary human cells
derived from different donors revealed half-maximal cytotoxic
concentrations (CCsp) of 40 to >100 uM (Fig. 1d, Supplementary
Table 1), 36 to >100 uM (Supplementary Fig. 1, Supplementary
Table 1) and >100 uM (Fig. le, Supplementary Table 1), respec-
tively, corresponding to selectivity indices (SI= CCs¢/ECsq) of
GS-621763 > 137 in VeroE6 and >51 in A549-ACE2 cells. The
efficacy of GS-441524 and GS-621763 was in parallel assessed on
well-differentiated primary human airway epithelium cultures
grown at the air-liquid interface and apically infected with VOC y
(Fig. 1f-g). Basolaterally added GS-441524 or GS-621763 dis-
played similar potency in this disease-relevant human tissue
model, returning ECs, values of 2.83 and 3.01 uM, respectively.
Parallel measurement of transepithelial electrical resistance
demonstrated that epithelium integrity was fully preserved at
basolateral drug concentrations >3 uM.

Pharmacokinetics following oral administration. Assessment of
GS-621763 plasma PK parameters in the ferret revealed excellent
oral bioavailability (Fig. 2a), extensive cleavage presystemically to
generate high exposures of GS-441524 in the blood (Supple-
mentary Table 2), efficient distribution to soft tissues of the
respiratory system (lung), and confirmed anabolism to bioactive
GS-443902 (Supplementary Table 3). Following a single 30 mg/kg
oral dose of GS-621763 in ferrets, the daily systemic exposure
(AUC._24n) of GS-441524 was 81 pM.h, 4.5 fold higher than the
exposure following IV remdesivir at 10 mg/kg and approximately
10-fold greater than that observed following an 200/100 mg IV
remdesivir dose in human?!. Lower levels of bioactive GS-443902
were formed from oral 30 mg/kg GS-621763 dosing compared to
10 mg/kg IV remdesivir (Supplementary Table 3), illustrating the
difference in intracellular activation efficiency of the phosphor-
amidate prodrug remdesivir compared to systemic parent
nucleoside GS-441524.

Prophylactic efficacy in ferrets. To test antiviral efficacy, we
infected ferrets intranasally with 1 x 10° plaque-forming units (pfu)
of WA1/2020, followed by twice daily (b.i.d.) oral treatment with GS-
621763 at 20 mg/kg body weight for four days (Fig. 2b). Treatment
was initiated at the time of infection, nasal lavages collected in 12-h
intervals, and respiratory tissues harvested 4 days after infection. Shed
SARS-CoV-2 load in nasal lavages of vehicle-treated animals reached
plateau 1.5 days after infection at approximately 1x 10* pfu/mL,
whereas virus was transiently detectable in lavages of only one ferret
of the GS-621763-treatment group at 12 h after infection (Fig. 2c).
Clinical signs overall are minor in the ferret model®. However, only
animals of the vehicle group showed elevated body temperature
(Fig. 2d) and reduced weight gain (Fig. 2e). The virus was unde-
tectable in the nasal turbinates extracted from treated animals 4 days
after infection, compared to a robust load of approximately 5 x 10*
pfu/g nasal turbinate of animals of the vehicle group (Fig. 2f). Viral
RNA copy numbers found in lavages (Fig. 2g) and turbinates
(Fig. 2h) mirrored the infectious titer results, revealing a consistent,
statistically significant difference between the vehicle and treatment
groups of two and three orders of magnitude, respectively. Consistent
with prior studies®, no infectious virions or viral RNA were detectable
in the lower respiratory tract (Fig. 2i, j).
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Fig. 1 Antiviral potency of remdesivir analog GS-621763. a Schematic depicting metabolism of remdesivir (RDV; orange arrows) and GS-621763
(red/white pills; red arrows) after injection or oral uptake, respectively. Remdesivir distributes into tissues (e.g., lung) and is efficiently metabolized
intracellularly to GS-443902 (TP = triphosphate). Conversely, GS-441524 is the dominant plasma metabolite after intestinal absorption of orally

administered GS-627163 and is subsequently anabolized to GS-443902 in

the tissues. b-¢ Virus yield reduction of SARS-CoV-2 clinical isolates WA1/

2020 (red squares), CA/2020 (blue triangles), SA/2020 (green diamonds), and BZ/2021 (yellow triangles) representing the A, B.1.1.7 (), B.1.351 (B) and

P.1 (y) lineages, respectively, by GS-621763 (b) and GS-441524 (c) on Ver
vitro cytotoxicity profiles of GS-621763 (d) and GS-441524 (e) on VeroE6
(green triangles) and a panel of primary HAE cells from independent donors
(brown “+" symbols), “DF2" (black stars)). f schematic of well-differentiate

oE6 cells. ECso concentrations are specified in Supplementary Table 1. d-e In
(blue squares), HEp-2 (purple circles), BHK-21 (light blue triangles), HCT-8
("F2" (yellow diamonds), “F3" (orange circles), “M2" (red “x" symbols), “M6"
d air-liquid interface HAE cultures. g HAEs were infected from the apical side

with SARS-CoV-2 VOC vy and treated from the basolateral side with GS-621763 or GS-441524. Apically shed virus titers (green triangles and blue
diamonds for GS-621763 or GS-441524, respectively) on day after infection and the impact of treatment on preserving tissue integrity (transepithelial
electrical resistance (TEER) (orange triangles and red squares for GS-621763 or GS-441524, respectively) are shown. LoD, the limit of detection. In
(b-e, g), symbols represent individual biological repeats (n=3), lines (b-¢, g) intersect the mean, lines in (d-e) depict nonlinear regression models.

Therapeutic efficacy and lowest efficacious dose. To determine
the lowest efficacious dose in a clinically more relevant ther-
apeutic setting, we initiated oral treatment 12 h after infection,
when the shed virus is first detectable in nasal lavages, at the
10 mg/kg and 3 mg/kg body weight levels, administered b.i.d.
(Fig. 3a). EIDD-2801/molnupiravir at 5 mg/kg b.i.d. was given as
reference following an identical therapeutic b.id. regimen®.
EIDD-2801 was included as a reference compound, since at the
time of study EIDD-2801 was the only nucleoside analog with
demonstrated oral efficacy against SARS-CoV-2 in the ferret
model. Shed virus load was significantly lower in all treated
animals than in the vehicle group within 12 h of treatment onset
(Fig. 3b). Virus load in nasal lavages of ferrets receiving GS-

621763 at 3 mg/kg plateaued approximately one order of mag-
nitude lower than in those from vehicle animals, while treatment
with GS-621763 at 10mg/kg or EIDD-2801/molnupiravir
reduced shedding to near-detection level by day 3 after infection.
Consistent with this inhibitory effect, treatment with 3 mg/kg GS-
621763 reduced burden in the turbinates by one order of mag-
nitude (Fig. 3c), while virus burden approached the limit of
detection in animals of the 10 mg/kg GS-621763 and EIDD-2801/
molnupiravir treatment groups. No significant differences in
clinical signs were noted between vehicle animals and any of the
treatment groups (Fig. 3d, e).

Viral RNA was detectable in nasal lavages and turbinates of all
animals, underscoring efficient infection. However, RNA copies
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Fig. 2 Prophylactic efficacy of GS-621763. a Single-dose PK study in ferrets showing plasma concentrations of GS-441524, GS-621763, and remdesivir (RDV)
as specified after dosing with GS-621763 (30 mg/kg; p.o.; red “+" symbols), remdesivir (10 mg/kg; i.v.; blue “x" symbols), and GS-441524 (20 mg/kg; i.v.;
green triangles). Symbols represent individual biological repeats (n = 3), lines depict sample means. b, Schematic of the prophylactic efficacy study design.
Ferrets were infected intranasally with 1x 105 pfu WA1/2020 (virus symbol). Groups (n = 4) were gavaged b.i.d. (first aid symbol) with vehicle or GS-621763
(20 mg/kg) starting at the time of infection. Nasal lavages (pipet symbol) were harvested twice daily. All animals were terminated 4 days after infection. ¢ Virus
titers from nasal lavages; LoD, limit of detection. d Temperature measurements collected once daily. e Body weight measured once daily. f Infectious titers of
SARS-CoV-2 in nasal turbinates harvested four days after infection. g SARS-CoV-2 RNA copies present in nasal lavages. h, SARS-CoV-2 RNA copies detected in
nasal turbinates. i-j SARS-CoV-2 infectious particles (i) and SARS-CoV-2 RNA copies (§) in lungs four days after infection. Symbols for vehicle-treated and GS-
621763 treated ferrets are shown as black and red circles, respectively (c-j). The number of independent biological repeats (individual animals) is shown in each
subpanel, symbols represent independent biological repeats, lines (c-e, g) and bar graphs (f, h-j) connect or show samples mean, respectively, and P values are
stated. 2-way ANOVA with Sidak’s post hoc multiple comparison tests (c-e, g) or two-tailed t test (f, h).

showed a statistically significant mean reduction in the 10 mg/kg
GS-621763 and EIDD-2801/molnupiravir groups compared to
vehicle (Fig. 3f, g). These results confirm the oral efficacy of
therapeutic GS-621763 against WA1/2020 in a relevant animal
model of upper respiratory infection.

Inhibition of replication and transmission of VOC y. To probe
the anti-SARS-CoV-2 indication spectrum of GS-621763, we
applied the efficacious regimen, 10 mg/kg GS-621763 b.i.d. started
12 h after infection, to recently emerged VOC y?2 in a combined

efficacy and transmission study (Fig. 4a). After an initial repli-
cation delay, the shed virus became detectable in vehicle-treated
animals 1.5 days after infection, then rapidly reached a robust
plateau of nearly 10* pfu/mL nasal lavage on day 2 after infection
(Fig. 4b). Quantitation of viral RNA copies mimicked the profile
of the infectious titers, although a low viral RNA load was present
in lavages already on the first day after infection (Fig. 4c). Viral
titers and RNA copies in nasal turbinates determined 4 days after
infection were likewise high, ranging from 10* to 10° pfu/g tissue
(Fig. 4d) and 108 to 1019 RNA copies/g tissue (Fig. 4e), respec-
tively. However, no infectious VOC y virions or viral RNA were
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Fig. 3 Therapeutic efficacy of GS-621763. a Schematic of the therapeutic efficacy study design. Ferrets were infected intranasally with 1x 105 pfu WA1/
2020. Symbols as described for Fig. 2a. Starting 12 h after infection, groups of ferrets (n =4) were gavaged b.i.d. with vehicle (black circles in b-g), GS-
621763 (3 mg/kg (purple first aid symbol; purple circles in b-g) or 10 mg/kg (pink first aid symbol; red circles in b-g)), or treated with EIDD-2801 (5 mg/
kg (green first aid symbol; green diamonds in b-g)). Nasal lavages were harvested twice daily. Animals were terminated 4 days after infection. b Virus titers
from nasal lavages. ¢, Infectious titers of SARS-CoV-2 in nasal turbinates harvested four days after infection. d Temperature measurements collected once
daily. e Body weight measured once daily. f SARS-CoV-2 RNA copies present in nasal lavages. g SARS-CoV-2 RNA copies detected in nasal turbinates. The
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(b, d, e, f) ANOVA with Dunnett's post hoc multiple comparison tests. LoD limit of detection.

detected in the lungs of any of these animals (Fig. 4f, g), and no
clinical signs such as changes in body weight or fever emerged
(Supplementary Fig. 2a, b). This presentation mimicked our
previous experience with WA1/2020°, indicating that VOC y does
not invade the ferret host more aggressively than WA1/2020.
Treatment of VOC y infection with oral GS-621763 was highly
efficacious, reducing both shed virus burden and tissue titers to
undetectable levels (Fig. 4b, d) and lowering viral RNA copies in
nasal lavages and turbinates by over three orders of magnitude
(Fig. 4c, e).

Whole genome sequencing of the virus inoculum and virus
populations extracted from nasal turbinates confirmed the
presence of mutations characteristic for the P.1 VOC?? (Fig. 4h,
Supplementary Dataset 1). In addition, we noted an L260F
substitution in nsp6 associated with SARS-CoV-2 adaptation to
weasels!* that had a 60%-allele frequency in the VOC vy
inoculum. Four days after infection of ferrets, this mutation
had become fully dominant and a second characteristic weasel

mutation, Y453F in the spike protein that was first noted in
several clusters of SARS-CoV-2 outbreaks in mink farms!4, had
emerged in addition (Fig. 4h, Supplementary Dataset 1). We
furthermore noted the presence of an F184V exchange in nsp6 of
the VOC vy inoculum, which arose during amplification in
VeroE6 cells?> and was rapidly counterselected against in the
ferret host. In contrast, the WA1/2020 inoculum used for our
ferret studies did not contain any unreported additional changes
(Fig. 4h, Supplementary Dataset 2). WA1/2020 also acquired a
weasel-characteristic mutation when passaged through ferrets,
N501T in the receptor binding domain of the spike protein!4, but
no changes in nsp6 were detected and only one animal harbored a
virus population with Y453F substitution in low (8%) allele
frequency. Neither the GS-621763-experienced VOC y nor WA1/
2020 populations contained remdesivir resistance mutations
previously selected in SARS-CoV-2 (i.e., E802D in nsp1224) or
the related mouse hepatitis virus?®> (ie., F476L and V553L in
nspl2) nor did any new variants arise in nspl2 at >5% allele
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frequency, when viruses were extracted from treated animals at
the time of termination (Fig. 4h, Supplementary Datasets 1, 2).
All vehicle-treated animals efficiently transmitted VOC vy to
untreated direct-contact ferrets (Fig. 4b-e). Co-housing was
started 54h after infection and continued until termination of
the source animals. Shed VOC vy replicated in the contacts without
delay, becoming first detectable in nasal lavages within 12 h after
initiation of co-housing. This altered replication profile corrobo-
rated VOC vy adaptation to the ferret host in the source animals,

and virus populations recovered from contacts of vehicle-treated
source animals indeed contained both the L260F exchange in nsp6
and the Y453F mutation in spike (Fig. 4h, Supplementary Dataset
1). Consistent with efficient inhibition of VOC vy replication in the
treated source animals by oral GS-621763, treatment completely
blocked virus transmission to untreated direct-contact animals.
None of the contacts of treated source ferrets shed infectious
particles or viral RNA at any time (Fig. 4b, ¢), infectious viral
particles were absent from nasal turbinates 5.5 days after initiation
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Fig. 4 GS-621763 blocks replication and transmission of SARS-CoV-2 VOC y a, Schematic of the efficacy and contact transmission study design. All
ferrets were infected intranasally with 1x 10° pfu BZ/2021 (virus symbol). Symbols as described for Fig. 2a. Groups of ferrets (n = 4) were gavaged b.i.d.
with vehicle (black circles in b-g) or GS-621763 (10 mg/kg; red squares in b-g) starting at 12 h after infection. Nasal lavages were harvested twice daily. On
the second day after infection, vehicle and GS-621763 ferrets were cohoused with untreated contact ferrets (black open circles and red open squares for
vehicle and GS-621763 contact ferrets, respectively). Source ferrets were terminated 4 days after infection and all contact animals were terminated on
study day 8. b Virus titers from nasal lavages. ¢, SARS-CoV-2 RNA copies present in nasal lavages. d Infectious titers of SARS-CoV-2 in nasal turbinates
harvested four days after infection. e SARS-CoV-2 RNA copies detected in nasal turbinates. f Infectious titers of SARS-CoV-2 in lung tissue. g SARS-CoV-2
RNA copies present in lung tissue. In (b-g), the number of independent biological repeats (individual animals) is shown in each subpanel. Symbols
represent independent biological repeats, lines (b, ¢) and bar graphs (d-g) connect or show sample means, respectively, and P values are stated. 1-way
(d, e) or 2-way (b, €©) ANOVA with Tukey's (d, e) or Sidak’s (b, €) post hoc multiple comparison tests. h, Metagenome sequence analysis of inoculum
WA1/2020 (blue bar; black diamonds; n=1) and BZ/2021 (red bar; black circles; n=1) viruses, BZ/2021 RNA extracted from ferret nasal turbinates four
days after infection (red bars; black squares and downward pointing triangles for vehicle (n=4) and GS-621763 treated (n = 4) ferrets, respectively),
WA1/202 RNA extracted from ferret nasal turbinates four days after infection (blue bars; black hexagons and “x" symbols for vehicle (n=4) and GS-
621763 treated (n=4) ferrets, respectively) and BZ/2021 populations extracted from nasal lavages of contacts of vehicle-treated source animals (red
bars; black upward pointing triangles; n = 3). Relative allele frequencies of signature residues are shown. Symbols represent independent biological repeats

(virus population of individual animals), columns show group means. LoD limit of detection.

of co-housing (Fig. 4d), and only a low level of viral RNA (<10°
copies/g nasal turbinate) was detected in nasal turbinates of the
contact animals (Fig. 4e).

Discussion

This study demonstrates oral efficacy of the remdesivir analog
GS-621763 against the early clinical SARS-CoV-2 isolate WA1/
2020 and one of the recently emerged VOC in the ferret model.
After oral administration of GS-621763, only low systemic levels
of intact prodrug were transiently observed. The parent nucleo-
side GS-441524 was the major metabolite detected in blood, more
than three orders of magnitude higher than intact prodrug,
indicating efficient conversion upon intestinal absorption. GS-
441524 metabolism inside cells to the same intracellular bioactive
triphosphate GS-443902 in tissues links GS-621763 to the well-
understood mechanism of action of remdesivir, which blocks
SARS-CoV-2 replication by triggering delayed chain termination
of the nascent viral RNA chain?® and/or template-dependent
inhibition after incorporation into viral antigenomic RNA27.
Systemic GS-441524 is less efficient at forming the bioactive GS-
443902 in the lungs of ferrets compared to systemic remdesivir,
but the exposure of GS-441524 achieved following oral dosing of
GS-621763 is sufficient to overcome this difference and generate
substantial levels of bioactive GS-443902. The more persistent but
lower plasma levels of GS-441524 following intravenous remde-
sivir are a result of efficient formation of triphosphate in tissues
from remdesivir, followed by slow dephosphorylation to GS-
441524, which then appears in plasma, as evidenced by its similar
half-life with that of the triphosphate GS-443902 in PBMC2L.

Although GS-443902 levels in ferret respiratory tissues after a
single 30 mg/kg oral dose of GS-621763 trailed those of intrave-
nous 10 mg/kg remdesivir by approximately fourfold at 24 h, a
minimal daily oral dose of 20 mg/kg GS-621763 (10 mg/kg b.i.d.)
provided full therapeutic benefit, rapidly reducing shed virus
titers to near-undetectable. However, as the GS-443902 active
metabolite is quantitated from gross tissue samples, we cannot
compare GS-443902 levels resulting from either GS-621763 or
remdesivir dosing in distinct respiratory cell types. If human oral
bioavailability of GS-621763 is consistent with that observed in
ferrets, and the model is predictive of antiviral potential, the dose
levels identified in the ferret study as fully efficacious in upper
respiratory tract correspond to a feasible human daily dose of
approximately 250 mg oral GS-621763.

An observed difference of approximately two to three orders of
magnitude between the infectious titers and viral RNA copy
numbers in the ferrets closely resembled that described in earlier
reports®2829, demonstrating high reproducibility of the model.

At present, the correlation between upper respiratory tract SARS-
CoV-2 load at early stages after human infection and the like-
lihood of progression to viral pneumonia and severe COVID-19
has not been fully understood. However, clinical studies have
linked higher upper respiratory virus burden to a heightened
patient risk of developing severe COVID-19, requiring intubation
or intensive care, and having an unfavorable outcome*’. Based on
these clinical data and the rapid reduction of upper respiratory
virus burden seen in the ferret model, we expect that early
initiation of oral treatment, ideally immediately following a
positive diagnostic test and before the onset of clinical signs®!32,
holds high promise to block viral invasion of the lower respiratory
tract and viral pneumonia that necessitates hospitalization.

Recently emerged SARS-CoV-2 variants such as VOC y are a
major concern because of their high prevalence and increased
frequency of transmission!833, Ferrets infected with VOC y did
not develop more severe clinical signs than after infection with
WAT1/2020 and the virus did not advance to the lower respiratory
tract, indicating that pathogenicity of this VOC is not funda-
mentally different from that of WA1/2020 in this model. Peak
viral burden and shed virus loads of VOC y-infected ferrets were
equivalent to those of WA1/2020. Reflecting that analysis of
circulating SARS-CoV-2 VOC worldwide has yielded no evidence
of widespread transmission of remdesivir-resistant strains?2534,
GS-621763 and its metabolite GS-441524 were comparably
potent against VOC a, B, and y as against WA1/2020 in cell
culture. Importantly, oral GS-621763 was highly efficacious
against VOC y in vivo, reducing infectious titers to near-
undetectable levels rapidly after treatment initiation. Whole
genome sequencing of GS-621763-experienced viruses recovered
from treated ferrets likewise revealed no allele variations in can-
didate remdesivir resistance sites, indicating that SARS-CoV-2
does not rapidly escape from inhibition by GS-621763 in vivo.

Based on the high transmissibility of VOC vy in the field and
very efficient direct-contact transmission of SARS-CoV-2
between ferrets3>, we assessed the impact of oral GS-621763 on
VOC y spread among ferrets. To recapitulate what we consider a
realistic scenario for exploring pharmacological interference in
community transmission, we therapeutically treated the infected
source animals but left their contacts untreated. In this relevant
experimental setting, treatment with the same GS-621763 dose of
10 mg/kg b.id. completely blocked transmission of VOC v,
resembling the performance of oral EIDD-2801/molnupiravir in
the model®.

These results build confidence that a new generation of orally
available broad-spectrum antivirals is emerging that should allow
initiation of treatment early after infection and promise to
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efficiently interrupt community transmission chains. In addition
to immediately contributing to ending the COVID-19 pandemic
and containing the continued evolution of increasingly con-
tagious SARS-CoV-2 VOC3¢-38, an oral analog of the broad-
spectrum antiviral drug remdesivir with confirmed in vivo effi-
cacy may become a cornerstone in the first-line defense against
future pandemic threats.

Methods

Study design. Ferrets (Mustela putorius furo) were used as an in vivo model to
determine efficacy of the orally available remdesivir analog GS-621763 against
SARS-CoV-2 infection and transmission to untreated and uninfected contact
animals. Oral bioavailability and pharmacokinetic properties of GS-621763 in
ferrets were assessed prior to infecting any animals with SARS-CoV-2. For efficacy
and transmission studies, anesthetized ferrets were inoculated intranasally with
SARS-CoV-2. Nasal lavages were performed periodically at predefined time points
to measure virus load. Temperature and body weight were measured once daily for
all animals. At four days after infection (study day 8 for contact ferrets), animals
were euthanized and nasal turbinates extracted to measure virus load in the upper
respiratory tract. SARS-CoV-2 titers were determined by plaque assay and viral
RNA copies quantified by RT-qPCR.

Cells and viruses. African green monkey kidney VeroE6 (ATCC®, cat# CRL-
1586™), human lung adenocarcinoma epithelial Calu-3 (ATCC® HTB-55"), human
epithelial/HeLa contaminant HEp-2 (ATCC®, cat# CCL-23™), and baby hamster
kidney BHK-21 (ATCC®, cat# CCL-10") cells were cultivated in a humidified
chamber at 37 °C and 5% CO, in Dulbecco’s Modified Eagle’s medium (DMEM)
(Corning, cat# 10-013-CV, lot# 05721000) supplemented with 7.5% (10% for Calu-
3) heat-inactivated fetal bovine serum (FBS) (Corning, cat# 35-010-CV, lot#
14020001). Human epithelial colon adenocarcinoma HCT-8 cells (ATCC® cat#
CCL-244™ lot# 70036111) were cultivated at 37 °C and 5% CO, in Roswell Park
Memorial Institute (RPMI-1640) medium (Quality biological, cat# 112-024-101,
lot# 723411) supplemented with 2 mM L-glutamine (Gibco, cat# 23030-081) and
10% heat-inactivated FBS.

A549-hACE2 cells that stably express human angiotensin-converting enzyme 2
(hACE2) were grown in the culture medium supplemented with 10 ug/mL
Blasticidin S. Primary human airway epithelial (HAE) cells from multiple donors
were cultivated at 37 °C and 5% CO, in Bronchial Epithelial Cell Growth Medium
(BEGM) BulletKit following the provider’s instructions (Lonza, cat# CC-3171 lot#
0000889952 with supplement cat# CC-4175 lot# 0000848033). Human Bronchial
Tracheal Epithelial cells (HBTEC) were derived from the following donors: “F2”
from a 29-year old Caucasian female (Lifeline, cat# FC-0035, lot# 5101); “F3” from
a 42-year old Caucasian female (Lonza, cat# CC-25408S, lot# 0000519670); “M2”
from a 40-year old Caucasian male (Lonza, cat# CC-25408S, lot# 0000667744); and
“M6” from a 48-year old Caucasian male (Lonza, cat# CC-25408, lot# 0000544414).
Diseased (Asthma) Human Bronchial Epithelial (DHBE) cells “DF2” were from a
55-year old Caucasian female (Lonza, cat# 00194911 S, lot# 0000534647). Primary
HAE was used for cytotoxicity assays at passage <3. Cell lines were routinely
checked for mycoplasma and bacterial contamination.

SARS-CoV-2 strains were obtained from BEI and propagated using Calu-3 cells
supplemented with 2% FBS in accordance with approved biosafety level 3
protocols. Virus stocks were stored at —80 °C. Stock virus titers were determined by
plaque assay and stocks authenticated through metagenomic sequencing.

Plaque assays. Vero E6 cells were seeded in 12-well plates at 3 x 10° cells per well.
The following day, samples were serially diluted in DMEM containing Antibiotic-
Antimycotic (Gibco) supplemented with 2% FBS. Dilutions were then added to
cells and incubated for 1h at 37 °C. Cells were subsequently overlayed with 1.2%
Avicel 581-NF (FMC BioPolymer) in DMEM containing Antibiotic-Antimycotic
(Gibco) and allowed to incubate for 3 days at 37 °C with 5% CO,. After 3 days, the
overlay was removed, cells were washed once with phosphate buffered saline (PBS)
and fixed with neutral buffered formalin (10%) for 15 min. Plaques were then
visualized using 1% crystal violet followed by washing with water.

Compound sources and chemical synthesis. Remdesivir was either purchased
from MedChemExpress (cat# HY-104077, batch# 46182) or synthesized at Gilead
Sciences, Inc. GS-441524 was either purchased from MedChemExpress (cat# HY-
103586, batch# 62110) or synthesized at Gilead Sciences Inc. GS-621763 was syn-
thesized at Gilead Sciences Inc:2 'H NMR (300 MHz, CHCl3-d3) & 11.15 (bs, 1H),
8.27 (bs, 1H), 7.95 (s, 1H), 7.32 (m, 1H), 7.07 (m, 1H), 6.05 (d, ] = 6.0 Hz, 1H), 5.44
(t, J=5.1Hz, 1H), 4.66 (t, ] = 3.6 Hz, 1H), 4.32 (m, 2H), 2.73-2.52 (m, 3H),
1.27-1.14 (m, 18H). LC-MS (B) m/z=502.2 [M + H]J, 500.1 [M - H]. All EIDD-
2801/molnupiravir used in this study was provided by Gilead Sciences Inc., sourced
from MedChemExpress.

Cytotoxicity assays. In each well of 96-well plates, 7500 cells were seeded
(Corning, cat# 3598). Cells were incubated with threefold serial dilutions of
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compound from a 100 uM maximum concentration. Each plate included 4 wells of
positive (100 uM cycloheximide (Millipore Sigma, cat# C7698-5G)) and negative
(vehicle (0.2% dimethyl sulfoxide (DMSO)) controls for normalization. Plates were
incubated in a humidified chamber at 37 °C and 5% CO, for 72 h. PrestoBlue™ Cell
Viability Reagent (ThermoFisher Scientific, cat# A13262) was added in each well
(10 pl/well) and fluorescence recorded on a Synergy H1 multimode microplate
reader (BioTek) after 1-h incubation (excitation 560 nm, emission 590 nm). Raw
data was normalized with the formula: % cell viability = 100 x (signal sample—
signal positive control)/(signal negative control—signal positive control). Fifty
percentage cytotoxic concentrations (CCsp) and 95% confidence intervals after
nonlinear regression were determined using the inhibitor vs normalized response
equation in Prism 9.1.0 for MacOS (GraphPad). For cytotoxicity assays in A549-
hACE2 cells, compounds (200 nl) were spotted onto 384-well plates prior to
seeding 5000 A549-hACE2 cells/well in a volume of 40 ul culture medium. The
plates were incubated at 37 °C for 48 h with 5% CO,. On day 2, 40 pl of CellTiter-
Glo (Promega) was added and mixed 5 times. Plates were read for luminescence on
an Envision (PerkinElmer) and CCs, values calculated using a nonlinear four
parameter regression model.

Virus yield reduction. In 12-well plates 16 h before infection, 2 x 10° VeroE6 cells
were seeded per well. Confluent monolayers were then infected with the indicated
virus at a multiplicity of infection (MOI) of 0.1 pfu/cell for 1h at 37 °C with
frequent rocking. Inoculum was removed and replaced with 1 mL of DMEM with
2% FBS and the indicated concentration of compound. Cells were incubated at
37°C and 5% CO, for 48 h. Supernatant were harvested, aliquoted and stored at
—80 °C before being analyzed by plaque assay.

Reporter virus assays. A549-hACE2 cells (12,000 cells per well in medium con-
taining 2% FBS) were plated into a white clear-bottomed 96-well plate (Corning) at
a volume of 50 pl. On the next day, compounds were added directly to cultures as
3-fold serial dilutions with a Tecan D300e digital liquid dispenser, with DMSO
volumes normalized to that of the highest compound concentration (final DMSO
concentration < 0.1%). The diluted compound solutions were mixed with 50 pl of
SARS-CoV-2-Nluc (MOI 0.025 pfu/cell), expressing a nano luciferase reporter
protein (kind gift of Xuping Xie and Pei-Yong Shi (University of Texas Medical
Branch; Galveston, TX)). At 48 h postinfection, 75 pl Nano luciferase substrate
solution (Promega) was added to each well. Luciferase signals were measured using
an Envision microplate reader (Perkin Elmer). The relative luciferase signals were
calculated by normalizing the luciferase signals of the compound-treated groups to
that of the DMSO-treated groups (set as 100%). ECs, values were calculated using a
nonlinear four parameter variable slope regression model.

Air-liquid interface (ALI) human airway epithelial cells (HAE) shed viral titer
reduction. Approximately 150,000 viable “F3” cells per cm? at passage three were
seeded on Transwell 6.5 mm polyester membrane insert with 0.4 pm pore size
(Corning, cat# 3470). Upon reaching confluence (day 4 postseeding), basal media
was removed and replaced with PneumaCult-Ex Plus (Stemcell Technologies cat#
05040), while apical media was removed to create an air-liquid interface. Beating
ciliae, mucus production and transepithelial electrical resistance (TEER) > 300
Ohm*cm? were noticeable ~3 weeks post ALIL confirming successful differentia-
tion. Cells were maintained in a differentiated state with weekly apical washes of
mucus with PBS for 5 months before infection. One hour prior to infection, TEER
was measured with 150 pl PBS and basal media was replaced with fresh media
containing indicated serial dilutions (threefold down from 10 uM) of GS-621763 or
GS-441524 or vehicle (dimethylsulfoxide 0.1%). The apical side was infected with
~25,000 PFU of SARS-CoV-2 gamma isolate grown on Calu-3 cells (lineage P.1.,
isolate hCoV-19/Japan/TY7-503/2021 (BZ/2021; Brazil P.1), BEI cat# NR-54982)
in 100 pl DMEM for 1 h at 37 °C, then the inoculum was removed and washed with
PBS twice. Cells were incubated for 3 days at 37 °C before final TEER measure and
fixation with 10 % neutral buffered formalin for 1h. Shed apical viruses were
harvested with 200 pl PBS for 30 min at 37 °C 48 and 72 h postinfection and viral
titers were estimated by plaque assay. To determine EC50s, log viral titers were
normalized using the average top plateau of viral titers to define 100% and were
analyzed with a nonlinear regression with the variable slope with Prism 9.0.1 for
MacOS (GraphPad). TEER were measured with the EVOM or EVOM3 system
(World Precision Instruments).

Pharmacokinetics. Female ferrets were either intravenously administered 10 mg/
kg remdesivir as a 30-min infusion or orally administered 30 mg/kg GS-621763,
after which plasma was isolated at 7-9 timepoints postadministration. Plasma
samples underwent methanol protein precipitation followed by centrifugation. The
resulting supernatants were isolated, evaporated to dryness under nitrogen and
reconstituted with 5% acetonitrile for injection onto an LC-MS/MS system (Sciex
API-4500). Concentrations of remdesivir, GS-621763, and GS-441524 were
determined using 9-point calibration curves spanning at least 3 orders of magni-
tude, with quality control samples to ensure accuracy and precision, prepared in
normal ferret plasma. Analytes were separated by a 50 x 3.0 mm, 2.55 um Synergi
Polar-RP 30 A column (Phenomenex, Inc.) using a mobile phase A consisting of
10 mM ammonium formate with 0.1% formic acid and a mobile phase B consisting
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of 0.1% formic acid in acetonitrile. A multi-stage linear gradient from 5% to 95%
mobile phase B at a flow rate of 1 mL/min was employed for analyte separation
(Shimadzu). Pharmacokinetic parameters were calculated using Phoenix Win-
Nonlin (version 8.2, Certara) and concentration-time profiles generated using
Prism (version 8, GraphPad). Ferret lungs were collected at 24 h following initia-
tion of drug administration. Whole tissues were quickly isolated and immediately
placed into liquid nitrogen and stored at -80 °C until processing and LC-MS/MS
analysis®. Reported values for lung total nucleosides are the sum of (GS-441524 and
mono-, di-, and triphosphate (GS-443902) metabolites).

Ferret efficacy studies. Female ferrets (6-10 months old, Mustela putorius furo)
were purchased from Triple F Farms. Ferrets were rested for 7 days after arrival.
Ferrets were then housed individually or in groups of 2 in ventilated negative-
pressure cages in an ABSL-3 facility. Based on the previous experiments®, ferrets
were randomly assigned to groups (n = 4) and used as an in vivo model to examine
the efficacy of orally administered compounds against SARS-CoV-2 infection. No
blinding of investigators was performed. Ferrets were anesthetized using dexme-
detomidine/ketamine and infected intranasally with 1 x 10° pfu 2019-nCoV/USA-
‘WA1/2020 in 1 mL (0.5 mL per nare). Body weight and rectal temperature were
measured once daily. Nasal lavages were performed twice daily using 1 mL sterile
PBS (containing Antibiotic-Antimycotic (Gibco)). Nasal lavage samples were
stored at -80 °C until virus titration could be performed by plaque assay. Treatment
(once daily (q.d.) or twice daily (b.i.d.)) was initiated at either 0 or 12h after
infection and continued until 4 days postinfection with either vehicle (2.5%
dimethyl sulfoxide; 10% Kolliphor HS-15; 10% Labrasol; 2.5% propylene glycol;
75% water) or compound. Four days after infection, ferrets were euthanized, and
tissues and organs were harvested and stored at -80 °C until processed.

Contact transmission in ferrets. Eight ferrets were anesthetized and inoculated
intranasally with 1 x 10° pfu of hCoV-19/Japan/TY7-503/2021. Twelve hours after
infection, ferrets were split into two groups (n = 4; 2 ferrets per cage) and treated
with vehicle or GS-621763 (10 mgkg~!) twice daily (b.i.d.) via oral gavage. At 54 h
after infection, uninfected and untreated contact ferrets (two contacts for GS-
621763; three contacts for vehicle) were co-housed with source ferrets. Co-housing
was continued until 96 h after infection and source ferrets were euthanized.
Contact ferrets were housed individually and monitored for an additional 4 days
after separation from source ferrets and subsequently euthanized. Nasal lavages
were performed on all source ferrets every 12h and all contact ferrets every 24 h.
For all ferrets, nasal turbinates and lung tissues were harvested to determine viral
titers and the detection of viral RNA.

SARS-CoV-2 titration in tissue extracts. Selected tissues were weighed and
mechanically homogenized in sterile PBS. Homogenates were clarified by cen-
trifugation (2000x g) for 5min at 4 °C. Clarified homogenates were then serially
diluted and used in plaque assays to determine virus titer as described above.

Quantitation of SARS-CoV-2 RNA copy numbers. To probe viral RNA in
selected tissues, samples were harvested and stored in RNAlater at —80 °C. Total
RNA from tissues was isolated using a RNeasy mini kit (Qiagen), in accordance
with the manufacturer’s protocol. For nasal lavage samples, total RNA was extracted
using a ZR viral RNA kit (Zymo Research) in accordance with the manufacturer’s
protocol. SARS-CoV-2 RNA was detected using the nCoV_IP2 primer-probe set
(National Reference Center for Respiratory Viruses, Pasteur Institute) (Supple-
mentary Table 4). An Applied Biosystems 7500 using the StepOnePlus real-time
PCR system was used to perform RT-qPCR reactions. The nCoV_IP2 primer-probe
set was using in combination with TagMan fast virus 1-step master mix (Thermo
Fisher Scientific) to detect viral RNA. SARS-CoV-2 RNA copy numbers were cal-
culated using a standard curve created from serial dilutions of a PCR fragment
(12669-14146 nt of the SARS-CoV-2 genome). For RNA copies in tissue samples,
RNA copies were normalized to the weights of the tissues used.

Next-generation sequencing. To authenticate virus stocks, metagenomic
sequencing was performed as described*40, while to sequence lower viral load
in vivo samples the COVID-Seq (Illumina) amplicon tiling protocol was used. For
metagenomic sequencing, viral RNA was treated with Turbo DNase I (Thermo
Fisher), converted to cDNA using random hexamers and SuperScript IV reverse
transcriptase, and double-stranded cDNA created using Sequenase v2.0. Sequen-
cing libraries for both sets of libraries were generated using Nextera Flex (Illumina)
and cleaned using 0.8 x Ampure XP beads and pooled equimolarly before
sequencing on an Illumina 1 x 100 bp NextSeq2000 run. Raw fastq reads were
adapter- and quality-trimmed with Trimmomatic v0.39*!. To interrogate potential
resistance alleles, reference-based mapping to NC_045512.2 was carried out using
our modified Longitudinal Analysis of Viral Alleles (LAVA—https://github.com/
michellejlin/lava)*? pipeline. LAVA constructs a candidate reference genome from
early passage virus using bwa*3, removes PCR duplicates with Picard, calls variants
with VarScan®44>, and converts these changes into amino acid changes with
Annovar®. Consensus sequences were called with TAYLOR? and deposited in

NCBI GenBank. Accession numbers (Supplementary Table 5) are as follows: input
strain WA1/2020, MZ433205; WA1/2020 recovered from ferrets, MZ433206 -
MZ433213; input strain BZ/2021, MZ433225; BZ/2021 recovered from source
ferrets, MZ433214 - MZ433221; BZ/2021 recovered from contacts of vehicle-
treated source ferrets, MZ433222-MZ433224. Raw reads for these sequences are
publicly available on SRA (BioProject PRINA740065).

Ethics statement. All in vivo efficacy studies were conducted at Georgia State
University in compliance with the Animal Welfare Act Code of Federal Regulations
and the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health. All studies involving SARS-CoV-2-infected ferrets were approved by the
Georgia State Institutional Animal Care and Use Committee under protocol
A20031. Experiments at Georgia State University using infectious SARS-CoV-2
were performed in BSL-3/ABSL-3 facilities at Georgia State University and
approved by the Georgia State Institutional Biosafety Committee under protocol
B20016. Experiments at Gilead Sciences, Inc. using infectious SARS-CoV-2 were
performed in a BSL-3 facility and approved by an institutional biosafety committee.

Statistics and reproducibility. The Microsoft Excel (versions 16.42, 16.43, and
16.48), GraphPad Prism (versions, 8.0, 9.0.1, and 9.1.0), and Numbers (version
10.1) software packages were used for data collection and analysis. One-way or
two-way ANOVA with Dunnett’s or Tukey’s multiple comparisons post hoc test
were used to evaluate statistical significance when comparing more than two
groups or two independent variables. When comparing two variables, a two-tailed
unpaired t-test was performed to determine statistical significance. The specific
statistical test used to individual studies is specified in the figure legends. RT-qgPCR
data were collected and analyzed using the StepOnePlus (version 2.1; Applied
Biosystems) software package. Final figures were assembled in Adobe Illustrator
(version CS6). All numerical raw data and summaries of individual statistical
analyses are provided in supplementary datasets 3 and 4. Effect sizes between
groups in the ANOVAs were calculated as n? = (SSefect)/(SStotar) for one-way
ANOVA and 2 = (SSefrect — (dfefrect) MSerror))/MSerror + SSiotal for two-way
ANOVA (SScffect» sum of squares for the effect; SSor1» the sum of squares for total;
dfefrect degrees of freedom for the effect; MSor, mean squared error). The sta-
tistical significance level a was set to <0.05 for all experiments. Exact P values are
shown in the individual graphs. Appropriate sample sizes were determined using
power analyses (GPower 3.1; University of Duesseldorf).

Reporting Summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All next-generation sequencing data is publicly available on SRA (BioProject
PRJNA740065). All accession codes for sequence data are available in Supplementary
Table 5. Sequencing data is summarized in Supplementary Data 1-2. All data generated
and analyzed during this study are included in this published article (and its
supplementary information files). Source data and statistical analyses for Figs. 1-4,
Supplementary Tables 13 and Supplementary Figs. 1-2 are provided with the paper in
Supplementary Data 3-4.

Code availability
This study does not use proprietary codes. All computer codes and algorithms used are
specified in the Methods section.
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4" Huorouridre is an ad antivird that blocks
respiratory syncytia virus and SARS-(H\V-2 replication

Julien Sourimant”, Carolin M. Lisber", Megha Aggarwal ", Robert M. Cax ", Josef D.V\bIf', Jeong-Joong Yoon',
Mart Toots', Chengin Ye?, Zachary Sticher®, Alexander A Kolykhalov®*, Luis Martinez-Sobrido?,
Gregory R. Bluemling®*, Michael G. Natchus®, George R. Painter®*# Richard K Plemper'#*

The COVID-19 pandemic has underscored the critical need for broad-spectrum therapeutics against
respirdory viruses. Respiratory syncytial virus (RSV) is @ magor threat to pediatric patients and older
adults. WWe describe 4'fluorouridine (4'-FU, EIDD-2749), a ribonucleoside andog that inhibits RSV,
related RNA viruses, and severe acute respirdory syndrome coronavirus 2 (SARS-CoV-2), with high
sdlectivity index in cells and human arway epithelia organocids. Polymerase inhibition within in vitro
RNA-dependent RNA polymerase assays established for RSV and SARS-CoV-2 revealed transcriptional
stalling after incorporation. Once-daily oral treatment was highly efficacious at 5 milligrams per kilogram
{mg/ kg) in RSV-infected mice or 20 mg/ kg in ferrets infected with different SARS-CoV-2 variants of
concern, initiated 24 or 12 hours after infection, respectively. These properties define 4-HU as a
broad-spectrum candidate for the treatment of RSV, SARS-CoV-2, and related RMA virus infections.

WVID-19 cxperience has highlighted
¢ need for orally bicavailable broad-
ectrom antivirals that may be qudkly

agaimst severe acuic respiratory symdrome
coronavirns 2 (SARS-CoV-2) mfcction in the
United States, buot it requires mtravenons ad-

loyed against newly ging viral
broad-spectrom antiviral—is still the only
small-molecnle therapentic approved for nse

Fig. 1. 4'-AU is a potent broad-spectrum
antiviral. (A) Chemical structure of 4-AU

{B) Virus vidd reduction of RSV dinical

isolates 6A8, 16F10, 2-20, and recombinant
recRSV-A2line19F-{mKate] [(A) or (B) antigenic
subgroup]. (C) HEp-2, MDCK, BHK-T7, and
BEAS-2B cdll lines were assayed for reduction
in cell metabolism by 4-AU. (D and E) recRSV-
A2line19F{ AreSMASh] dose response inhibition
and cytotoxicity assay with human airway
epithelial (HAE) cells (D) from two donors in
the presence of indicaied 4-FIU concentrations
{B). (F) Dose-response inhibition of a pand

of recombinant mononegaviruses by 4'-HU.

{G) Dose-response inhibition of recSARS-CoV-2-
[Mluc] and virus vield reduction of alpha, gamma,
and delta VoC isold es by 4'-AU. (H) Dose-
response inhibition of transiently expressed
pdymerase complexes from mononegavinuses
MeV, RSV, NiV, or HPIV-3 by 4'-AU (1) recRSV-
A2line19F{ RreSMASh]-infected cdls were
treated with 10 mM of 4'-AU and serid dilutions
of exogenous nudlectides in extracellular media
Viral activity was determined by reporter activity.
Symbols represent independent repeds [(B),
{B), (G), (H), and (1)] or mean with standard
devigion [(C) and (F)], and lines represent
means. n = 3, BCsys, and OCsp5 are reported
intables S1and 2, and 4l source data

are provided in data S2

Seurimant et al, Sdence 375, 161167 (2022)

i ion. The ensning restriction to hos-
pitalized patients compromises its climical
efficct as treatment is mitiated too hite m the
infection cyde (1) We have demonstrated the

A s}
& RSVisolate 16F10 (5)

2+ RSVisolate 2-20 (4)

—w-recRSV-A2line 19F-[miate] (A)

| MH
;

B = RSVisolate 648 (8) Cc
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efficacy of orally available EIDID-2801 (molnn-
piravir) agamst mflwenza virnses in homan
organoid models and ferrets (2), and sabse-
quent animal and homan data showed that
the antiviral cfficacy of mohupiravir extends
o SARS-CoV-2 in vivo (3, 4). Mohupiravir
acts by mducing lethal viral mutagenesis after
mcorporation mto viral gemomic RMA of in-
flocnza virmscs (2) and betacoronavirmsecs (5)
The drog was recently approved i the United
Kingdom and is corrently considered for em-
in the United States. However, even with this
accelerated development timeline, moluopir-
avir onlybecame available to patients nearly
2 yearsintothe p ic. Tohave a sab ial
effect on a monnting pandemic, an antiviral
must be approved for homan wse before a new
pathopen emerges, making the case for the
development of broad-spectrom antivirals.
We havwe identified respiratory syncytial virns
(RSV) discasc as a viable primary mdication
for a candidate broad-spectrom antiviral, on the
‘basis of the mnaddressed major health threat m-
poscd by RSV and well-cstablished protocols
for dinical triaks of anti- RSV therapentics. RSV
mfections are responsible for over 58,000 hos-
pitalizations of children <5 years of age in the
United States annmally, and ~177.000 hospital-
iztions of adulis > the age of 65 (6-9). Despite
this major health and economic burden, no
therapentics have been licensed spedfically
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for treatment of REV disease (10) AntiRSV
drug discovery efiorts have increasingly fo-
cused on inhibiting the viral RNA-dependent
RNA polym erase (RARP) com plex (11). The core
polym erase machinery com prises the large (L)
polym erase protein, its oblipatory cofactor [the
phosphoprotein (P)], and the encapsidated
negativesense RNA genome (11). Allosteric
inhibitors of RSV L have potent activity as
sean, for instan ce, with the experimental drog
candidates AWG-233 (12) and inhaled PC786 (13).

In search of a drug that is active against
RSV and SARS-CoV-2, is orally available, and
acts through a distinct mechanism of activity
(MOA) from m olnupiravir, we explored 4'-
finorine substitutions in a series of analops of the
m olmpiravir parent molecule N*-hydroxycytidine
(NHC) (14). The focus on 4'4luorine ribose
substitutions was motivated by the small atom-
ic radins and strong stereoelectronic effect of
flnorine that can inflnence backbone confor-
m ation flexibility, which m ay lead to im proved
selectivity indices (SIs), inareased lipophilicity,
and greater metabolic stability (15). A synthe-
tic interm ediate m the approach to 4'Hluom-
N'-hydroxycytidine (com pound 5 in fig. S1) was
deprotected to provide 4'FIU (Fig. 1A), which
emerged as a broadly active antiviral when
biotested.

4 -AU is a broad-spectrum monanegavirus
inhibitor with high Sl

Followmg the approach of using RSV disease
as a prim ary indication to advance a new can-
didate broad-spectrnm antiviral we first as-
sessed activity of 4'FIU against a recom binant
RSV AZ-lne BF (recRSV AZL19F) (16) and clin-
ical RSV isolates on imm ortalized HEp-2 cells.
The compound showed potent dose-dependent
activity against all RSV strams tested, retmm-
ing half-m al effective concentrations (ECy
values) ranging from 0.61to 12 M (Fig. IB
and table $1). This cell culture potency was on
par with the previonsly reported antiRSV ac-
tivity of NHC (fig. §2). Global m ctabolic activ-
ity of established hum an and animal cell lines
(HEp-2, MDXX, BHK-T7, and BEAS-2B) re-
mained unalered after they were exposed to
A'FIU (wp to 500 nM), indicating that the
antiviral effect is a resnlt of cytotoxicity (Fig.
IC and table 52). When glucose was replaced
with palactose as a carbohydrate sonrce to link
cell m etabolic activity strictly to m itochondrial
oxidation (17), we determmed a half-m aximal

"Center for Translational Antiviral Research, Cearga State
University, Atlanta, GA 30303, USA *Texas Biomedical
Research Institute, San Antanio, TX 78227, USA *Bmoary
Institute for Drug Development, Emary University, Atlanta,
GA 30322, USA “Drug Innovation Ventures at Emory
(DRIVE), Atlanta, GA 30322 USA *Department of
Pharmacology, Emory University Schod of Medicing Alanta,
GA 30322, USA ®Department of Pediatrics, Emary University
School of Medicine, Alanta, GA30322, USA

*Corresponding author. Email: rplemper@su.edu
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A purified B in vitro RSV RARP assay Cc a UTP & 4-FIU-TP
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Fig. 2 4'-AU induces a delayed stalling of RSV and SARS-Co\-2 RdRP, (A) SDB5-PAGE with Coomassie
blue staining of recombinant RSV RIRP complexes (L and P prateins). (B) Schematics of the primer extension
assay. (C) Urea-pdyacrylamide gel dectropharesis (PACE) fractionation of RNA transcripts produced through
primer extension by the RS/ RARP in the presence of the indicated nuclectides (n = 3). (D) Kinetic analysis of
autaradiographs fraom (C). Nonlinear regression with the Michaelis-Menten model. K, and Vo with 95% confidence:
intervals (Cis) and goodness of fit (r°) areindicated (Eto G Urea-PAGE fractionation of RNA transcripts
produced by RSV RARP in the presence of the indicated templates and nuclectides “Remdesivir” denctes the
addition of the remdesivir active metabolite G5443902, a well-characterized “delayed chain terminatar”.
4-AU-TP bands in (F) to (G were normalized to the carresponding band after UTP incarparation. Bars
represent mean and error bars represent standard deviation (n = 3). (H) Purified recombinant SARS-Co\-2
RdRP complexes (nsp7, 8, and 12 proteins) “nsp12 SNN’ denctes a catalytically inactive mutant. (| to

K) Urea-PAGE fractionation of RNAtranscripts produced by SARS CoV-2 RARP in the presence of the indicated
templates and nuclectides. Stars dencte cellular contaminants. Uncropped autoradiograph replicates are
provided in data S1.
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cytotoxic concentration (OCsp) of 4'FIU of
250 M (Fig. 1C and table §2).

‘When tested on disease-relevant primary hu-
man airway epithelial cells (HAEs) derived
from two different donors (Fig. ID), 4-FIU
showed a 217HoMd increase in antiRSV poten-
cy relative to that on HEp-2 cells; however, the
Jow cytotoxicity levels remamed unchanged
(CCsp 169 M) (Fig. IE), resnlting in a high SI
(SI = EC5y/CCsg) of 21877. Consistent with
these findings, quantitative im munocytochem -
istry on HAE cells confirmed that 4'FIU re-
duced steady-state levels of nuclear- (SDH-A;
1C;4 272.8 M) and m itochondrial- (COX; ICs,
116.8 M) encoded proteins only at high con-
centrations (fig. S3).

We next explored the 4'FIU indication spec-
trom . We assessed a panel of negative-sense
RNA virnses of the param yxovirns and rhab-
dovirns fam ilies, mclnding m easles virns (MeV),
human paramfluenza virns type 3 (HPIV3),
Sendai virns (SeV), vesicnlar stomatitis virns
(VSV), and rabies virns (RabV). Like RSV, these
virnses belong to the mononegavirns order,
and we found that 4'FIU demonstrated sub-
microm olar active concentrations (Fig. IF and
table S1). Testing a representative of phyloge-
netically distant positive-sense RNA viruses,
the betacoronavirns SARS-CoV-2 was also sen-
sitive to 4'FIU, with ECs valnes ranging from
0.2 to 0.6 NM against isolates of different
lineages (Fig. 1G and table SI).

At mitial mechanistic characterization, 4'-
FIU mhibited RSV and paramyzovirns RARP
complex activity in cell-based minireplicon sys-
tems (Fig. H and table S1). The RARP activity
of Nipah virus (NiV)—a highly path ogenic zoo-
notic param yxovirns with pandem ic potential
(18)—was akso efficiently inhibited by 4'FIU i
a NiV minireplicon reporter assay. The anti-
viral effect of 4'FIU was dose-dependently re-
versed by addition of an of exogenons
pyrimidines (cytidine and uridine)—but not
purines—to the conltured cells, which is con-
sistent with com petitive inhibition of RARP
activity (2, 19) (Fig. II).

Incarparation of 4'-AU by RSV and SARS-Cov2
RIRP causes sequence-modulated
transariptional stalling

To characterize the m olecular MOA of 4'FIU,
‘we purified recom binant RSVL and P proteins
expressed in insect cells (Fig. 2A) and de-
term ined performance of the bioactive 5'-
triphosphate form of 4'FIU (4'F1U-TP) within
in vitro prim er extension assays (20) (Fig. 2B).
In the pr of radio-labeled ad i
triphosphate (ATP) and an increasing am onnt
of uridine triphosphate (UTP), RSVRARP com -
plexes elongated the primer until reaching a G
in third position on the tem plate strand, and
continued farther upon addition of CTP (Fig.
2C) (6. S4 and data SI). Replacing UTP with
A'FIU-TP resulied m efficient primer exten-

Sourimant e al_, Sdence 375, I61-167 (2022)

4-FIU uptake (wash-in)

C 4-FIU metabolism (wash-out)

>
g
w

pmolimilion cells
pmolimilion cells

T

AN
4-FU-TP

0 4 812162024
time post-dose [h]

0123458
time post-dose ]

LC-MS/MS

HAE
Z-stacks
RSV

Tight junctions
Nucleus

10"
vehce 10 10° 10
4FIU concentration (M)

recRSV-A2lne19F-[Firesmash] M
vius yield (log 10(TCID, Avash)

Z-stacks
RSV
Tight junctions
Nucleus

Z-stacks
RSV
Tight junctions
Nucleus

- vehicle-treated |\ 4

Fg. 3. 4'-AU is efficiently anabdlized in HAE cells and is efficacious in human airway epithelium
organoids. (A to C) 4-AU cellular uptake and metabolism in “F1" HAE cdlls quantified by mass spectrometry
(A). Intracdllular concentration of 4-AU(-TP) after exposure to 20 nM 4-AU far 0, 1, 2 3, 4, 6, B, and
24 hours (B), or 24-hour incubation followed by remova of the compound for 0, 0.5, 1 2, 3, and 6 hours
before quantification (C) (n = 3). The low limit of quantitation (LLOQ) for 4-AU (19.83 pmal/ 10° cells) is
indicated by the dashed line. (D) HAE cells were matured at the air-liquid interface (ALl). (E) Virus yield
reduction of recRSV-A2line19F[FreSVIASh] was shed from the apical side in ALl HAE after incubation with
serid dilutions of 4-AU an the basal side (n = 3). (F to H) Confocal microscopy of ALl HAE cells infected
with recRSV-A2line19F{ FireSVIASH], at 5 days after infection. RSV-infected cells, tight junctions, and
nuclel were stained with anti-RSV, anti-Z0-1, and Hoechst 34580. z-stacks of 30 +mm slices with 63 x ail
dbjective. Dotted lines, x-z and y-z stacks; scale bar, 20 nm. In al panels, symbols represent independent
bidlogica repeats and lines represent means.

sion up to the third nucleotide, confirming
that RSV RARP recognizes and incorporates
4'FIU m place of UTP (Fig. 2C). Incorporation
kinetics (21) showed only a moderate reduc-
tion in substrate affinity for 4'-FIU-TP com-
pared with UTP (Fig. 2D). Further addition

M January 2022

of CTP to the reaction mix resnlted m lmited
elongation rather than the expected folHlength
product, which snggested delayed polym erase
stallmg by incorporated 4'FIU (fig. S4 and
data SI). Direct side-by-side comparison with
G5-443902—the active metabolite of rem desivir
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and a “delayed polymerase stallng” mhibitor
well characterized for SARS-CoV-2—along with
RSV and other RNA viruses (21, 22), corrobo-
rated this antiviral effect of 4 FIU-TP (Fig. 2E
and data SI).

When a modified tem plate coded for incor-
poration of only a single UTP (Fig. 2F and data
81), primers elongated preferentially to posi-
tiom i + 3 afier 4 FIU-TP, whereas the effi-
ciency of full elongation was strongly redunced
com pared with extension in the pr of
UTP. However, repositioning the incorpora-
tion site further downstream in the tem plate
triggered imm ediate polymerase stalling at
position i (fig. §3), indicating tem plate se-
quence dependence of the inhibitory effect.
Transcription stalling at i or i + 3 was also
observed after muliple 4'FIU incorporations:
An AxAxxx template (Fig. 2G) and direct tan-
dem incorporations throngh an AAxxAx tem -
plate (fig. 85) cansed stalling at position i,
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EE|

min=1.00e6 max=1.00e7 U-1

whereas increasing spacer length between the
mcorporated nrdmes shifted preferential stalling
to i+3 (ig. §5). This variable delayed polym erase-
stalling event within one to four nudeotides of
the mcorporation site was equally prom iment
when we cxam ined de novo mitiation of RNA
synthesis at the prom oter with a synthetic native
RSV prom oter sequence rather than extension of
prim er-tem phite pairs (. 56).

Purification of a core S8ARS-CoV-2 polym er-
ase complex [nonstructural proteins (nsp) 7, 8,
and 12] from bacterial cell lysates (23, 24)(Fig.
2H) and assessment of RARP bioactivity in
equivalent prim er-extension i vitro polym er-
ase assays (Fig. 21) apain dem onstrated incor-
poration of 4 FIU-TP in place of UTP by the
coronavirns RARP (Fig. 2J), but there was no
sign of mm ediate polym erase stalling. How-
ever, SARS-CoV-2 polym erase stalling was trig-
gered by muliiple incorporations of 4" FIU-TP,
and was particularly prom ment when a sec-
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ond mcorporation of 4'FIU-TP occurred at the
it4 position (Fig. 2K and fig. 87). Primer ex-
tension was blocked when the nspl2 snbunit
‘was om itted or an nspl2 variant carrying muta-
tions in the catalytic site was nsed, confimm ing
specificity of the reaction (fiz. S7and data 8I).

4’-AUis rapidly anabolized, metabdically
stable, and potently antiviral in disease rdevant
well-differentiat ed HAE cultures

Quantitation of 4" FIU and its anabolites in
primary HAE cells (Fig. 3A) demonstrated
rapid intracellular accomulation of 4'FIU,
reaching a level of 342 nmolVmillion cells m
the first honr of exposure (Fig. 3B). Anabolism
to bioactive 4" FIU-TP was efficient, resnlting
in concentrations of 10.38 nm ol per m illion cells
at peak (4 hours afier start of exposure) and
131 nm ol per m ilkon cells at platean (24 hours).
The anabolite was m etabolically stable, rem ain-
ing present in smstained concentrations of

Fig. 4. Therapeutic oral efficacy of 4'-AU
in the RSV mouse modd. (A) Bak/ cJ
mice were inoculated with recRSV-AZline19F
[mKate] and treated as indicated. At

4.5 days after infection, viral lung titers
were determined with TCIDs, titration
(n=25). (B) Bab/ cJ mice were inoculated
with recRSV-AZline18F-[ mKate] or mock-
infected, and treated as indicated Hood
samples were collected before infection
and at 15, 25, 3.5, and 4.5 days after
infection; lymphocyte proportions with
platelets/ ml are represented over time (n = 4).
(C) Bab/ cJ mice were inoculated with
recRV-A2line18F{redFirefly] and treated
as indicated. In vivo luciferase activity

was measured daily. (D) Total photon flux
from mice lungs from (C) over time (n = 3).
(E) Bally/ cJ mice were inoculated with
recRV-A2line18F{mKate] and treated as
incicated. At 4.5 days after infection, viral
lung titers were determined with TCIDsy
titration (n = 5). In dl panels, symbols
represent individua vaues, and bars or
lines represent means. One-way ordinary
analysis of variance (ANOVA) with Tukey's
post hoc multiple comparisons (B) and (1) or
two-way ANOVA with Dunnett’s post hoc
multiple comparison (C) and (Q. h.p.i.,
hours post-infection.
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~1nmolmillion cells over a 6-hour monitor-
ing period, corresponding to an extrapolated
half-life of 9.7 honrs (Fig. 3C).

To explore efficacy in a diseaserelevant hu-
man tissne model, we cultured the HAEs at
the air-liquid interface, inducing the form a-
tion of a welkdifferentiated three-dim ensional
(3D) airway epithelinm that inclnded ciliated
and mucns-producing cells (25) (Fig. 3D).
Adding 4'-FIU to the basolateral cham ber
of the transwells after apical infection of the
epithelium with RSV potently reduced api-
cal virns shedding with an EC;5y of 55 nM
(Fig. 3E). Overall titer reduction spanned
nearly four orders of m agnitnde, ranging from
3.86x10* median tissue culture infections dose
(TAIDsyp) in control cells to 78.18 TCIDsy, at
5 nM basolateral 4'FIU, approaching the level
of detection.

Con focal micaroscopy validated form ation of
a psendostratified organization of the epithe-
lmm with tight junctions in the airway epithe-
linm tissne model (Fig. 3F), visnalized efficient
RSVreplication in vehicle-treated tissne m odels
(Fig. 3G), and confirm ed near-sterilizing anti-
viral efficacy in the presence of 50 NM baso-
lateral 4'FIU (Fig. 3H and figs. S8 and S9).
Under the latter conditions, positive staming
for RSV antigens was rarely detected.

4'-AU is orally efficacious in a therapeutic
dosing regimen in a small-animal modd of
RSV infection

To test 4'FIU efficacy in vivo, we nsed the
m onse model of RSV infection (supplem en-
tary text), challenging animals with recRSV-
A21L19F, which efficiently replicates in mice
(16). In a doseto-failure study, we mfected
BALPB/cJ mice intranasally and initiated once-
daily oral treatment 2 hours after infection at
02, 1, or 5 mg 4'FIU per kilogram of body
weight. Treatm ent at all dose levels resnlted
in a statistically significant reduction in lInng
virns Joad com pared with vehicle-treated ani-
malks (Fig. 4A). The antiviral effect was dose
dependent and approached nearly two orders
of magnitude at the 5 m g/kg dose. Consistent
‘with high m etabolic stability in HAEs, a twice-
daily dosing regimen did not significantly
enhan ce efficacy (fig. S10). Becanse anim al
appearance, body weight, tem perature (fig. S1T),
and relative lymphocyte and platelet connts
(Fig. AB and fig. S12) were unchanged in the
5 mg/kg gronp com pared with vehicle-treated
animals, we selected this dose for farther
studies.

For a lon gitudinal assessm ent of therapentic
benefit, we nsed an in vivo imaging system
(IVIS) with a red-shifted hciferase (26) ex-
pressing an RSVreporter virns generated for
this study. This assay allows for a noninvasive
spatial appreciation of mtrahost viral dissem -
ination. Daily mmaging (Fig. 4C and fig. SB)
revealed considerable reduction of biolumi-

Sourimant et al_, Science 375, 161-167 (2022)

nescence intensity in langs of 4" FIU-treated
animals at § days afier infection, correspond-
ing to peak viral replication, independent of
whether treatment was initiated 24 hours
before or 1hour after infection (Fig. 4D). This
IVIS profile is consistent with reduced viral
replication and amelorated viral pnenmonia
in treated anim als.
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To probe the therapentic window of 4'FIU,
we initiated treatment at 2, 12, 24, 36, and
48 hours after mfection. All treatment groups
showed a statistically significant reduction of
lung virns burden com pared with vehicle-
treated animals, but effect size was dependent
on the tim e of treatm ent initiation (Fig. 4E and
fig. SU). On the basis of onr experience with
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Fg. 5. Efficacy of 4'-AU against SARS-CoV-2 replication in HAE organoids. (A) Muticycle growth curve
of SARS-(\-2 VWA isdlate on ALl HAE from two donars. Shed virus was harvested daily and titered by
plaque assay (n = 3). (Band C) Confocal microscopy of ALl HAE cells fram “F1" donar mock-infected (B) o
infected (C) with SARS-Co\-2 WAl isdlate, 3 days after infection. SARS-CoV-2 infected cells, goblet cells, and
nuclei were stained with anti-SARS-Co\-2 N immuncstaining, anti-MUCSAC immunostaining and Hoechst
34580, pseudocdlored in red, green, and blue, respectively. z-stacks of 35-nm slices (1 nm thick) with 63x
objective with dl immersion. Dtted lines represent the location of x-z and y-z stacks; scale bar, 20 rm. In all
panels, symbals represent independent bidogical repeats and lines represent means. (D) Mrus yield
reduction of SARS-Co\-2 VWA clinical isolate shed from the apical side in ALl HAE after incubation with seria
dilutions of 4'-AU on the basal side (n = 3). (Eand F) Confocal micrascopy of ALl HAE cells infected with
SARS-(0\-2 WATisdlate and treated with 50 nM 4-AU 3 days after infection. Rare ciliated cells positive for N
are represented in (F).

Sof 7

61

£207 ‘0T ¥nBuy Uo A18IAML o338 YIBI00D v B10°00ueion M/ sy WO pepeommod



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES

RESEARCH | RESEARCH ARTICLE
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Fig. 6. Therapeutic oral efficacy of 4'-AU against different SARS-Co\/-2 isolates in ferrets. (A) Sngle
oral dose (15 or 50 mg/ kg bodyweight) pharmacokinetic properties of 4-AU in faret plasma (n = 3).

(B) Ferrets were inoculated with SARS-Co\-2 WAT or VoC apha, gamma, or delta, and treated as indicated.
(C) Nasal lavages were perfarmed twice daily and vird titers were determined by plagque assay [n =4 (VWAT) or

n =3 (apha, gamma, delta)]. (D) Viral titers in nasal turbinates 4 days after infection. In all pandls, symbds represent

individual independent bidogical repeats and lines show mean values. Two-way ANOVA with Sidak’s post hoc

multiple comparison (C) and unpaired t test (D).

therapentic intervention in related respiratory
RNA virnses that canse lethal disease (25), we
required a reduction in lung virns load of at
least one order of magnitnde. With this con-
straint, the therapentic window of 4" FIU was
extended to 24 hours afier infection in m ice.

4'-AU is effective against SARS-CoVE2 in HAE
and the faret modd

To test activity against SARS-CoV-2 in the hu-
man airway organoids, we first confirm ed that
the WAI isolate replicated efficiently in the
HAESs of all donors tested (Fig. 5, Ato C and
fig. §15). Treatm ent of infected organoids with
basolateral 4'¥F1U dose-dependently reduced
apical virns shedding, albeit with a lm ited
maximal effect size of ~ two orders of mag-
nitnde at 50 M (Fig. 5D). Confocal micros-
copy revealed that the epithelinm was largely
devoid of SARS-CoV-2 nucleocapsid proteins
under these conditions (Fig. SE), with only
sporadic staining detectable in a small subset
of ciliated cells (Fig. 5F and fig. §15).

Sourimant et al_, Sdence 375, 161367 (2022)

To probe for a corresponding antiviral effect
in vivo, we determ ined the efficacy of oral 4'-
FIU agamst an early pandemic isolate (WAT)
and VoC alpha, pamm a, and delta in the ferret
model (27), which recapitnlates hallmarks of
uncom plicated human infection (3). For dose
level selection m ferrets, we determ ined single
oral dose ferret pharmacokin etic (PK) profiles
of 'FIU. When adm inistered at 15 or 50 mg/
kg, peak plasma concentrations (Cp,y) of
4'-FIU reached 34 8 and 633 m, respeciively,
and overall exposure was 154 + 276 and 413.1+
78.1 hoursxnmol/m1, respectively, revealing
good oral dose-proportionality (Fig. 6A and
table §3). On the basis of this PK perform ance,
we selected once-daily dosing at 20 mg/'kg
body weight for efficacy tests (Fig. 6B).

Intranasal infection of ferrets with 1x<10°
PIU of each isolate resnlted in rapid viral
shedding into the upper respiratory tract,
which plateaned in vehicle-ireated anim als
48 to 60 hours after mfection (Fig. 6C). Thera-
pentic treatm ent with 4'FIU mitated 12 honrs

M January 2022

after infection reduced virms burden in nasal
lavages by approxim ately three orders of mag-
nitnde (WAI) to <50 PFU/m 1 within 12 hours
of treatm ent onset. All three VoC were highly
sensitive to 4'FIU, remaining below the level
of detection 36 to 48 hours after onset of oral
treatment. Viral titers in nasal turbinate tis-
sue extracted 4 days afier infection (Fig. 613)
and associated viral RNA copy numbers (fg.
816) correlated with this reduction in shed
virns load. Shedding of infections particles
ceased completely in all animals afier 2.5 days
of treatment (3 days post-infection ).
Conclusions

This study identifies and characterizes the
ribonndeoside analog 4'FIU, which potently
inhibits pathogens of different climically rele-
vant negative and positive-sense RNA virns
families. The com ponnd canses delayed stalling
of RSV and SARS-CoV-2 polym erases within
in vitro RARP assays, rem miscent of the anti
viral effect of rem desivir (28, 29). However,
A"FIU can ako trigger imm ediate RARP stall-
ing depending on sequence context, snggest-
ing steric hindrance of polym erase advance
or of accom m odating the next incoming nu-
cleotide as the nnderlying MOA. We cannot
exclude that addition al effects further emn-
hance the antiviral effect in cellnla as proposed
for other nucleoside analogs (30). Slightly
lower semsitivity of SARS-CoV-2 to 4-FIU
com pared with RSV conld be a resnlt of the
exonuclease activity of the coronavirns poly-
m erase, which can elimmate ribonudeoside
analogs (31, 32). Alternatively, coronavirns
RARP may have a preater capacity to tolerate
the com pound, becanse SARS-CoV-2 RdRP
showed a higher tendency than RSV poly-
m erase to advance after 4'FIU-TP incorpora-
tion in the RARP assays, which do not contain
exonnclease fanctionality.

Once-daily oral adm in istration to mice and
ferrets significantly reduced the burden of
RSV and SARS-CoV-2, respectively, when treat-
m ent was initiated up to 24 (RSV) or 12 (SARS-
CoV-2) hours afier infection. Becanse RSV
(33) and SARS-CoV-2 (34) host invasion is
slower in hom ans, these data outline a viable
therapentic window for human treatment.
Equally potent activity against SARS-CoV-2
VoC alpha, gamm a, and delta demonstrated
broad anticoronavirus efficacy of 4'FIU, build-
ing confidence that the com ponnd will rem aim
active apainst fature VoC that m ay be increas-
ingly less respon sive to spike-targeting vaccines
or antibody therapentics. Formal tolerability
studies are pending, but 4'FIU was well tole-
rated by the human organoid models and
efficacions in murids and mustelids. Blood
analysis of treated m ice uncovered no anti-
proliferative effect of 4'FIU on the hemato-
poietic system. These resalts establish 4'FIU as
a broad-spectrnm orally efficacions inhibitor
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of major RNA virnses, m aking it a prom ising
th erapeuntic option for RSV disease and QOVID-
19, and a much-needed comtributor to im-
provement of pandemic preparedness.
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Materials and Methods

Study design

The objectives of this study were to explore the mechanism of action and preclinical efficacy of
the ribonucleoside analog 4°-FIU against RSV and SARS-CoV-2, using disease-relevant human
airway epithelium models and appropriate animal models to assess bioavailability and antiviral
efficacy, the mouse model for RSV and the ferret model for SARS-CoV-2. Treatment was
considered efficacious when statistically significant reduction in virus titers in nasal lavages
(ferrets) and respiratory tissues (mice and ferrets) was observed. Efficacy and cytotoxicity of the
drug candidate in multiple cell lines including human airway epithelium were assessed by four-
parameter variable-slope regression modeling of 50% inhibitory and cytotoxic concentrations.
Timeline endpoints were predefined before initiation of experiments. The number of animal per
group (3 to 5, as specified in each figure legend) in in vivo efficacy experiments has been
selected to provide sufficient statistical power to detect a significant biological effect such as a
reduction in viral titers of at least one order of magnitude, based on our previous experience with
these models. Before initiation of each individual study, animals were randomly assigned to
treatment and control groups. No blinding was used. Primary numerical data are shown in Data
S2.

Experimental design of mice experiments

6-8—week old female Balb/cJ mice (Jackson laboratory, cat# 000651) were housed in an ABSL-2
facility and rested for 4-5 days. For efficacy studies, mice were randomly divided into groups
(n=5) and infected intranasally with 5x10° TCIDso (25 ul per nare) of recRSV-A2line19F-
[mKate] in PBS while under anesthesia with ketamine/xylazine. Treatment (4’-FIU or vehicle)
was administrated at the indicated time post-infection via oral gavage in a 200 pul suspension of
0.5% Tween80 in 10 mM sodium citrate in water. Temperature and food consumption were
monitored daily, body weight was determined twice daily. All animals were euthanized at 4.5
days after infection and lungs were harvested. To determine lung viral titers, lungs were
weighted and homogenized with a bead beater in 300 ul PBS in 3 bursts of 20 seconds by 5-
minute rest on ice after each cycle. Samples were clarified for 5 minutes at 4°C and 20,000xg,
supernatant aliquoted and stored at -80°C before being titrated by median tissue culture
infectious dose (TCIDsg) normalized per gram of lung tissue and per ml of lysate. For in vivo live
imaging, mice were infected with recRSV-A2line19F-[redFirefly] in PBS and treatment was
initiated at the indicated time. Bioluminescence was monitored once daily at the indicated time
after isoflurane anesthesia and retro-orbital injection with 100 ul of 200 mg/ml D-luciferin
(Goldbio). Acquisition was initiated 30s after substrate injection in an IVIS Spectrum (Caliper
LifeSciences). Acquisition parameters were a sequence of 9x30-second exposures with medium
binning (binning=8), small aperture (f=1) and large field of view (D - 22) using Living Image
4.5.4 Software for Windows 10. For tolerability study, mice were infected with 300,000 TCIDso
recRSV-A2line19F-[mKate] or mock and treated with 5mg/kg mice body weight 4’-FIU at 12
hours post-infection once daily for 4 days. Blood samples were collected prior to infection and at
1.5, 2.5, 3.5, and 4.5 days post-infection. Complete blood counts were performed with a
VETSCAN HM5 (Abaxis) following the manufacturer’s protocol.

Experimental design of ferret experiments
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6-10-month old female ferrets (Mustela putorius furo; Triple F Farms) were used as an in vivo
model to examine the therapeutic efficacy of orally administered 4’-FIU against SARS-CoV-2
infection. Group sizes of 3-4 ferrets were used for efficacy studies. Animals were randomly
assigned to the different study groups. No blinding was performed. Viruses were administered to
animals through intranasal inoculation. Ferrets were inoculated with SARS-CoV-2 (1 x 10° pfu
of 2019-nCoV/USA-WA1/2020 or hCoV-19/USA/CA_CDC_5574/2020) in 1 ml (0.5 ml per
nare). At 12 hours after infection, a group of ferrets was treated once daily (¢g.d.) with vehicle (10
mM sodium citrate with 0.5% (v/v) Tween 80) or 4’-FIU at a dosage of 20 mg kg2, respectively.
Nasal lavages were collected every 12 hours for all ferrets. Once daily dosing was continued for
4 days post infection. All animals were euthanized 4 days after the infection was started. Organs
and tissues were harvested and stored at -80°C until processed.

For virus titration, samples were weighed and homogenized in sterile PBS. Tissue homogenates
were clarified by centrifugation (2,000xg for 5 minutes at 4°C). The clarified supernatants were
then harvested and used in plaque assays. For detection of viral RNA, total RNA was extracted
from organs using a RNeasy mini kit (Qiagen), in accordance with the manufacturer’s protocol.
Total RNA was extracted from nasal lavages using a ZR viral RNA kit (Zymo Research) in
accordance with the manufacturer’s protocols. Virus titers were determined by plaque assays and
viral RNA copy numbers were determined by RT-gPCR quantitation.

SARS-CoV-2 RNA copy numbers

Detection of SARS-CoV-2 RNA was performed using the nCoV_IP2 primer—probe set (National
Reference Center for Respiratory Viruses, Pasteur Institute). RT-gPCR reactions were
performed on an Applied Biosystems 7500 real-time PCR system using the StepOnePlus real-
time PCR system. Viral RNA was detected using the nCoV_IP2 primer—probe set in combination
with TagMan fast virus 1-step master mix (Thermo Fisher Scientific). Viral RNA copy numbers
were determined based on a standard curve created using a PCR fragment (nucleotides 12669—
14146 of the SARS-CoV-2 genome) as previously described. The RNA values were normalized
to the weights of the tissues used.

Institutional Animal Care and Use Committee (IACUC) approval statement.

All animal work was performed at Georgia State University in compliance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. Mouse work was
approved by the GSU Institutional Animal Use and Care Committee (IACUC) under protocols
A17019 and A20012, ferret work was approved under protocol A20031.

Cells

African green monkey kidney cells VeroE6 (ATCC® CRL-1586™), Vero/hSLAM (expressing
human signaling lymphocytic activation molecule), Madin-Darby canine kidney cells (MDCK,
ATCC® CCL-34™), human lung adenocarcinoma epithelial cells Calu-3 (ATCC® HTB-55™),
human epithelial/HeLa contaminant HEp-2 cells (ATCC® CCL-23™), human bronchial
epithelial BEAS-2B (ATCC® CRL-9609™) and baby hamster kidney cells (BHK-21; ATCC®
CCL-10™) stably expressing either T7 polymerase (BSR-T7/5) or G protein of rabies virus
strain SAD-B19 (BSR-RVG) were cultivated at 37°C and 5% CO; in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with 7.5% fetal bovine serum (FBS). Insect cells from
Spodoptera Frugiperda (SF9, ATCC® CRL-1711™) were propagated in suspension using Sf-
900 Il serum-free media (SFM) (Thermo Scientific) at 28°C. All cell lines used in this study are
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routinely checked for mycoplasma and microbial contamination. Mammalian cell transfections
were performed using GeneJuice transfection reagent (Invitrogen) while insect cell transfections
were performed using Cellfectin Il transfection reagent (Gibco). All cell lines were routinely
checked for mycoplasma contamination. Normal primary human bronchial/tracheal epithelial
cells (HBTEC) from a 30-year old female (LifeLine Cell Technology, cat# LM-0050, lot# 3123,
passage 2, “donor F1”) were grown in BronchiaL.ife cell culture medium (LifeLine Cell
Technology). Normal human bronchial/tracheal epithelial cells (NHBE) (Lonza Bioscience, cat#
CC-2540S, lot# 0000646466, passage 2, donor “M4”) from a 38 year-old male were cultured in
PneumaCult-Ex Plus (Stemcell Technologies cat# 05040) following the manufacturer’s
instructions.

Plasmids

Plasmids to rescue recombinant RSV A2 with linel9 F harboring a mKate reporter (labelled here
as recRSV-A2linel9F-[mKate]) or RSV A2 with linel9 F with hyperfusogenic F_D489E
substitution and FireSMASh reporter (labelled here as recRSV-A2line19F-[FireSmash]) were
previously described. To rescue a recombinant RSV harboring a red-shifted firefly luciferase
(labelled as recRSV-A2linel19F-[redFirefly]), we swapped the mKate reporter of the pSynkRSV-
line19F vector with the redFirefly sequence in a succession of steps: 1) We fused immediately
downstream of the redFirefly sequence from pCMV-Red Firefly (ThermoFisher Scientific cat.
16156) a sequence containing the RSV L noncoding region, L gene end, NS1/NS2 intergenic
junction with a Blpl restriction site, mimicking the sequence downstream of mKate on the
pSYynkRSV-linel9F vector. The assembly was used with NEBuilder (New England Biolabs) and
the primer sets 5’- GCGGCCGCAAAATCAGCC and 5’-TCATCACATCTTGGCCACGG for
pCMV-Red Firefly and with 5°-
ccgtggecaagatgtgatgaGTATTCAATTATAGTTATTAAAAACTTAACAG) and 5’°-
gaggctgattttgcggccgcGCTAAGCAAGGGAGTTAAATTTAAG for the downstream sequence
with Blpl. 2) The sequence of redFirely and its downstream sequence up to the Blpl site were
amplified by PCR to insert a second Blpl site immediately upstream of the redFirefly sequence
using primers 5’-catcatGCTTAGCatggaaaatatggaaaacg and 5’-
gaggctgattttgcggccgcGCTAAGCAAGGGAGTTAAATTTAAG, mimicking the sequence
upstream of mKate on the pSynkRSV-line19F vector. The amplified product was digested with
Blpl (New England Biolabs) and purified. 3) Since Blpl is not a unique site on the pSynkRSV-
line19F vector, we generated an intermediate shuttle vector by inserting a fragment from
pSYynkRSV-linel9F vector encompassing the leader promoter sequence to the nucleoprotein gene
and containing mKate, by digesting it with Avrll (New England Biolabs) and Pmel (New
England Biolabs). In parallel we digested and purified the backbone of a pPCDNA 3.1
(ThermoFisher Scientific cat. V79020) with Avrll (New England Biolabs) and Pmel (New
England Biolabs), and the two fragments were ligated with the t4 ligase ((New England Biolabs).
4) The shuttle vector was opened with Blpl to release the mKate segment and the backbone
purified, and ligated to the purified amplicon of step (2) containing redFirefly. 5) The shuttle
vector with redFirefly was opened with Avrl and Pmel and the insert ligated back to the
backbone of the pSynkRSV-line19F vector. The final construct was confirmed with Sanger
sequencing. For expression of SARS-CoV-2 nspl2, nsp8 and nsp7, SARS-CoV-2 RNA was
isolated from stocks of isolate USA-WA1/2020 (BEI# NR-52281) and reverse transcribed using
superscript I (Invitrogen). The resulting cDNA was used as a template for the amplification of
nsp7, nsp8 and nspl2 encoding genes the primer 5°-



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES

CTGGACATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAAAACCTG
TATTTTCAGGGCTCTAAAATGTCAGATGTAAAG and 5’-
CTAGAGCGGCCGCCTATTGTAAGGTTGCCCTGTTG (nsp7), 5°-
CTGGATCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAATGGGCAGCAGCC
ATCATCATCATCAT and 5’-CTAGAGCGGCCGCCTACTGTAATTTGACAGCAGAATTG
(nsp8), and 5’-CTGGACATATGTCAGCTGATGCACAATCG and 5’-
CTAGACTCGAGGCCCTGAAAATACAGGTTTTCGCCGCTGCTCTGTAAGACTGTATGC
GGTG (nspl2). PCR amplified products were individually cloned into pET30a(+) expression
vector (Novagen) with tobacco etch virus protease-cleavable 6xHis tag at the N-terminus of nsp7
and nsp8, and at the C-terminus of nsp12 using appropriate restriction sites and cloning
strategies, bringing the cloned genes under T7 promoter control. A catalytically inactive variant
of nsp12 was generated by site-directed mutagenesis, modifying residues 762-SDD in the
conserved catalytic motif C to 762-SNN with appropriately designed primers.

Viruses

Recombinant RSVs were rescued as described previously, briefly BSR-T7/5 cells were co-
transfected with the cDNA genome along with helper plasmids encoding the RSV L, N, P and
M2-1 protein, further amplified on HEp-2 cells after a freeze-thaw cycle and supernatant
clarification (1800xg, 5 minutes, 4°C). Stocks were prepared as described previously by
infecting 50% confluent HEp-2 cells in 15¢cm dishes at a multiplicity of infection (MOI) of 0.01
TCIDso/cell, incubated at 37°C overnight then transferred to 32°C for five days. Infected cells
were scraped, virions released with a freeze/thaw cycle and supernatant clarified (1800xg, 5
minutes, 4°C). Screening-grade stocks of recRSV-A2line19F-[FireSmash]) were grown in the
presence of 3 uM asunaprevir to reduce accumulation of Firefly luciferase and further purified at
the interface of a 20%/60% sucrose gradient in TNE buffer (50 mM Tris/Cl pH 7.2, 10 mM
EDTA) with centrifugation at 30,000rpm on a SW41 rotor (Beckman Coulter) for 2 hours at 4°C.
Clinical RSV B isolates 16F10 (GenBank: KY674983.1) and 6A8 (GenBank: MF001044.1)
were a kind gift from A. Greninger. Samples were collected from patient nasal wash specimens
in 2017, cultured on primary rhesus monkey kidney (RhMK) cells, and amplified once on HEp-2
cells prior to use in this study. RSV viral titers were determined using standard 50% tissue
infective dose (TCIDso) assay in HEp-2 cells and 96 well plates, with a Spearman and Karber
based method using either fluorescence or immunostaining for detection. Recombinant measles
virus strain Edmonston with nano luciferase reporter including a destabilizing PEST sequence
(labelled here as recMeV-[Npestluc]) was rescued and amplified on Vero/hSLAM cells.
Recombinant respiroviruses human parainfluenza 3 virus with Nano luciferase reporter (HPIV3-
JS NanoL.uc, labelled here recHPIV-3-[Nluc]), Sendai virus with Gaussia luciferase reporter
labelled here recSeV-[Gluc] were rescued and amplified on VeroES6 cells. Recombinant
rhabdoviruses, vesicular stomatitis virus (Indiana strain) with Nano luciferase reporter (labelled
here as recVSV-[Nluc]) and rabies virus strain SAD-B19 with G deletion and Nano luciferase
reporter (labelled here as recRabV-[Nluc]) were rescued and authenticated through RT-PCR and
Sanger-sequencing. SARS-CoV-2 early isolate USA-WA1/2020 (BEI# NR-52281) A lineage,
and variants of concerns (VoC) alpha (isolate USA/CA_CDC_5574/2020 (BEI# NR-54011)
B.1.1.7 lineage), gamma (isolate hCoV-19/Japan/TY7-503/2021 (BEI#: NR-54982) P.1. lineage)
and delta (isolates hCoV-19/USA/PHC658/2021 (BEI#: NR-55611) (VVeroE6 virus yield
reduction) and GISAID 2333067 (efficacy in ferrets) lineage B.1.617.2), were sequence-
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validated and amplified on Calu-3 cells, in DMEM supplemented with 2% FBS following
approved procedures in biosafety level 3 containment. Recombinant SARS-CoV-2 with USA-
WA1/2020 genetic background expressing Nanoluciferase reporter, denoted recSARS-CoV-2-
[Nluc] in this manuscript, has been previously described (35).

Minireplicon assays

For RSV-derived minireplicon assays, a plasmid expressing the RSV minigenome containing the
firefly luciferase reporter, under control of RNA pol | promoter, and a set of helper plasmids
expressing codon-optimized RSV P, L, N and M2-1 proteins, under the control of CMV
promoter, were co-transfected with GenelJuice reagent (Millipore Sigma) following
manufacturer’s instructions in 50% confluent HEK-293T cells. For dose-response experiments,
cells were transfected in 96-well plate format. 3-fold serial dilutions of compounds 4°-FIU or
NHC were prepared in triplicate using a Nimbus liquid handler (Hamilton) and transferred on
transfected cells 4 hours post-transfection. At 48 hours post-transfection, luciferase activities
were determined using ONE-Glo luciferase substrate (Promega) and a H1 synergy plate reader
(BioTek). Each plate contained 4 wells of each positive and negative controls (minireplicon with
media containing dimethyl sulfoxide (DMSO) or minireplicon with L-expressing plasmid
replaced by pCDNAS3.1). Normalized luciferase activities were analyzed with the formula: %
inhibition = (Signalsample—Signalmin)/(Signalmax—Signalmin) <100, and dose response curves were
further analyzed by normalized non-linear regression with variable slope to determine 50%
effective concentration (ECso) and 95% Cls Prism 9.0.1 for MacOS (GraphPad). Similarly,
luciferase activities from MeV strain Edmonston-based minireplicon (firefly luciferase), NiV
minireplicon (Nano luciferase) and the recHPIV3-JS-NanoLuc (Nano luciferase, labelled in this
context as HPIV3 maxireplicon), were transfected in BSR-T7/5 as previously described.

Dose response antiviral assays

For reporter-based dose-response assays, 3-fold serial dilutions of 4’-FIU or NHC were prepared
in triplicate using a Nimbus liquid handler (Hamilton) and transferred to 96-well plates seeded
the day before at 50% confluence in 96-well plate format. Immediately after addition of
compound, cells were infected with either recRSV-A2linel9F-[FireSmash], recMeV-
[NPESTIuc] recHPIV-3-[Nluc], recSeV-[Gluc], recVSV-[Nluc], or recRabV-[Nluc] at MOI 0.2
TCIDso/cell. At 48 hours post-transfection, luciferase activities of reporter-expressing viruses
were determined using either ONE-Glo luciferase substrate, Nano-Glo Dual-Luciferase substrate
(Promega) and a H1 synergy plate reader (Biotek). Each plate contained 4 wells each of positive
and negative control (infected cells with media containing DMSO or 100 uM cycloheximide,
respectively). Normalized luciferase activities were analyzed with the formula: % inhibition =
(Signalsampie—Signalmin)/(Signalmax—Signalmin)x 100, and dose response curves were further
analyzed by normalized non-linear regression with variable slope to determine 50% effective
concentration (ECso) and 95% Cls with Prism 9.0.1 for MacOS (GraphPad). For RSV virus yield
reduction, HEp-2 cells were infected with recRSV-A2line19F-[mKate] or clinical isolates in 12-
well plate format at MOI 0.1 TCIDsg/cell for 2 hours at 37°C. Inoculum was removed and
replaced with DMEM with 2% FBS and indicated concentrations of compound and cells were
incubated for 3 days. Viral titers were determined by standard TCIDsg with fluorescence or
immunostaining for detection. For SARS-CoV-2 virus yield reduction on VeroE6 cells, cells
were seeded in 12-well plates (300,000 cells per well) the day before infection, infected at a MOI
of 0.1 PFU/cell with a 1 hour absorption step and inoculum was removed and replaced with fresh
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DMEM with 2% FBS and indicated concentrations of 4’-FIU (vehicle: 0.1% DMSO). Infected
cells were incubated with compound for 48 hours at 37 °C, followed by virus titration by
standard plaque assay. Log viral titers were normalized using the average top plateau of viral
titers to define 100% and were analyzed with a non-linear regression with variable slope to
determine ECso and 95% Cls with Prism 9.0.1 for MacOS (Graphpad).

Cytotoxicity assays

To determine the effect of compound on cell metabolism, HEp-2, MDCK, Beas-2B, or BHK-T7
cells were seeded at 50% confluence in 96-well plates and were incubated with 3-fold serial
dilution of 4’-FIU from 500 uM as described for dose-response assays, including positive and
negative controls for normalization. After 48-hour incubation at 37°C, cells were incubated with
PrestoBlue (ThermoFisher Scientific) for 1 hour at 37°C and fluorescence measured with a H1
synergy plate reader (Biotek). 50% cytotoxic concentrations (CCso) and 95% Cls after
normalized non-linear regression and variable slope were determined using Prism 9.0.1 for
MacOS (GraphPad). To uncover potential mitochondrial toxicity masked by the Crabtree effect,
BEAS-2B cells were also incubated in the presence of glucose-free RPMI media supplemented
with galactose as carbohydrate source. To further assess the potential inhibitory effect on
mitochondrial and nuclear polymerases, HBTEC cells were seeded at 50% confluence in 96 well
plates and incubated with 3-fold dilutions of compound, and intracellular concentration of two
mitochondrial proteins, the mitochondrial DNA-encoded COX-I and the nuclear DNA-encoded
SDH-A was determined with the in-cell ELISA Mitobiogenesis kit following the manufacturer’s
instructions (Abcam cat# ab110217).

Ribonucleotide competition of RSV inhibition

HEp-2 cells were infected with RSV-A2line19F-[FireSMASh] at a MOI of 0.1 TCIDso/cell,
maintenance media was supplemented with 4’-FIU at 10 uM alone or in combination with 0.1 to
300 uM exogenous ribonucleosides (Sigma-Aldrich). Firefly luciferase reporter activity was
quantified at 48 hours post-infection. Values are expressed relative to the values for the vehicle-
treated samples.

Recombinant RSV L and P protein production and purification

For purification of RSV L and P proteins (A2 strain), a pFastBac Dual plasmid (Invitrogen)
containing the codon-optimized open reading frames of L and P proteins under the control of
polyhedrin and p10 promoters, respectively, was used to recover recombinant baculoviruses
using the Bac-to-Bac Baculovirus Expression System and SF9 cells. The P protein sequence
contains a C-terminal 6-histidines tag separated by a tobacco etch virus (TEV) cleavage site,
allowing co-purification of L-P complexes by immobilized metal affinity chromatography
(IMAC). SF9 cells were infected in suspension with MOI 1 PFU/cell for 72-80 hours, pelleted
and gently lysed on ice for 45 minutes with a buffer containing 50 mM NaH2POs [pH 8.0], 150
mM NaCl, 20 mM imidazole, 0.5% NP-40 with Pierce Protease Inhibitor and Pierce universal
nuclease (ThermoFisher Scientific). Clarified lysates (30 minutes, 15,000xg, 4°C) were
incubated for 2 hours with shaking with pre-equilibrated HisPur Ni-NTA Resin (ThermoFisher
Scientific). After 5 washes with 10 bed volumes of lysis buffer with 60 mM imidazole, proteins
were eluted with 3 bed volumes of lysis buffer with 250 mM imidazole. Eluates were dialyzed
overnight in storage buffer: 20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 10% glycerol, 1 mM
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dithiothreitol, aliquoted and stored at -80°C. Uncropped SDS-PAGE scans are available in Data
S1.

Recombinant SARS-CoV-2 nsp7, nsp8, and nsp12 protein production and purification

The sequence confirmed constructs of nsp7 and nsp8 were transformed into BL21(DE3)pLysS
cells. For the expression of nspl2 in E. coli, first chaperon plasmid pG-Tf2 (Takara Biosciences)
was transformed into BL21 cells to enhance correct folding and solubility of recombinant
proteins, followed by transformation with pET30a-nsp12 plasmid. The transformed cells were
grown in Luria-Bertani (LB) broth for nsp7 and nsp8 at 37°C until the ODsoo reached 0.6. nsp7
and nsp8 cultures were induced with 0.5 mM isopropyl B-d-1-thiogalactopyranoside (IPTG)
(Teknova) and the temperature was reduced to 18°C. The expression culture was grown for ~16
hours. nsp12 expression was performed by growing the cells in Terrific broth (TB) at 37°C until
the ODseoo reached 0.6. Tetracycline was added to a final concentration of 10 ng/ml and the
temperature was reduced to 18°C. After half an hour incubation, 0.5 mM IPTG was added to the
culture and incubated at 18°C for ~16 hours. Cells were harvested by centrifugation and the cell
pellet was stored at -20°C until further use. The cell pellet was resuspended in lysis buffer (Tris
50 mM pH 8.0, NaCl 200 mM, glycerol 10%, 20 mM imidazole, protease inhibitor cocktail
(Pierce), Pierce universal nuclease (ThermoFisher Scientific)) with 0.3mg/ml lysozyme and
incubated on ice for ~20 minutes. The samples were sonicated for ~6-8 minutes. Cell debris were
separated by centrifugation at 14,000xg for 30 minutes, clarified supernatant collected, and
loaded on to HisPur Ni-NTA resin (ThermoFisher Scientific) pre-equilibrated with lysis buffer
and incubated for ~45 minutes at 4°C. Beads were washed extensively with wash buffer (Tris 50
mM pH 8.0, NaCl 200 mM, 10% glycerol containing 20-100 mM imidazole), and proteins eluted
with Tris 50 mM pH 8.0, NaCl 200 mM, glycerol 10% containing 250 mM imidazole. The
purified fractions were pooled, and the histidine tag was cleaved by adding TEV protease to the
purified protein which was also simultaneously dialyzed overnight against the 1 L dialysis buffer
(Tris 30 mM pH 7.4, NaCl 150 mM, glycerol 10%). Dialyzed 6xHis tag cleaved proteins were
re-incubated with HisPur Ni-NTA resin pre-equilibrated with Tris 50 mM pH 7.4, NaCl 200
mM, glycerol 10%, 20mM imidazole for 15 minutes. Flow through containing the tag cleaved
proteins was collected and the resin was further washed with buffer containing imidazole. The
desired His tag cleaved fractions were pooled and dialyzed against storage buffer (Tris 25 mM
pH 7.4, NaCl 150 mM, glycerol 10%, DTT 1 mM) at 4°C overnight. The proteins were
concentrated to final concentrations of 60, 30 and 6 oM for nsp7, nsp8 and nsp12 respectively,
flash frozen and stored at -80°C for further use. Two additional polypeptides that co-purified
with nsp12 likely represent host Gro-EL (60 kDa) and trigger factor (Tf) (56 kDa) proteins.
Uncropped SDS-PAGE scans are available in Data S1.

In vitro RNA synthesis assays

3’ primer-extension assays were performed based on an established assay with modifications.
Briefly, purified polymerase complexes (100-200 ng of L protein) were incubated in 5 ul final
volume with a transcription buffer containing 20 mM Tris-HCI pH 7.4 [RT], 30 mM NaCl, 10%
glycerol, 1 mM dithiothreitol, 8 mM MgCl,, 4 uM RNA template, 20 uM RNA primer, indicated
concentrations of nucleotides and 1 pCi of (alpha)32P-labelled ATP (Perkin-Elmer). HPLC-
purified 5> phosphorylated RNA templates and non-phosphorylated RNA primers (SIGMA-
ALDRICH) were used to reduce non-specific extension of the template. Reactions were
performed for 1 hour at 30°C and the reaction was stopped with 1 volume of deionized
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formamide with 25 mM ethylenediaminetetraacetic acid (EDTA). Following 5 minutes
denaturation at 95 °C, samples were separated by 7M urea Tris-Borate-EDTA 20%
polyacrylamide gel electrophoresis and visualized by autoradiography with X-ray films (CL-
XPosure, ThermoFisher Scientific) or with a storage phosphor screen BAS IP MS 2040 E (GE
Healthcare Life Sciences) and imaged with Typhoon FLA 7000 (GE Healthcare Life Sciences).
Densitometry analysis was performed using FI1JI 2.1.0. For quantifications of nucleotide
incorporation kinetics, the intensity of each band corresponding to a primer-extension product
was individually measured for each lane, and either the band corresponding to the UTP
incorporation or the pooled primer-extension products following initial UTP incorporation were
normalized to the pooled intensities of all the primer-extension products in that lane. As an
optional assistance to data visualization, we implemented the following color-coding: 0-25% red,
25-75% orange, 75-125% grey, >125%: blue. Enzyme Kinetics (Vmax and Km) were determined
using the Michaelis-Menten equation with Prism 9.0.0 for macOS (GraphPad). Nucleoside
selectivity was determined using the nucleotide analog/nucleotide ratio of each Vmax/Km ratios.
For side-by-side comparison of elongation products, reactions were performed as previously
noted with saturating concentration of 300 uM of UTP or 4’-FIU-TP. Each band corresponding
to a primer-extended product containing 4’-FIU-TP was directly normalized to the equivalent
UTP-containing band. For de novo RNA synthesis, an RNA template corresponding to the 25 nt
of the RSV trailer complement sequence was incubated at 2 uM with RSV RdRP (100-200 ng of
L), 8 mM MgCl», 1 mM dithiothreitol, indicated concentrations of each nucleotides and 10 pCi
of (alpha)32P-labelled GTP (Perkin-Elmer), 20 mM Tris-HCI [pH 7.4], 15 mM NacCl, 10 %
glycerol. Reactions were equilibrated 5 minutes at 30°C before addition of RSV RdRP, then
incubated at 30°C for 3 hours. RNAs were precipitated overnight at -20°C with 2.5 volumes of
ethanol, 0.1 volume of 3M sodium acetate plus 625 ng of glycogen (ThermoFisher Scientific).
Pellets were washed with 75% ethanol, dried and resuspended in 10 ul of 50% deionized
formamide. After 5 minutes denaturation at 95°C, RNAs were separated as described previously
and visualized by autoradiography using CL-XPosure™ Film (ThermoFisher Scientific). SARS-
CoV-2 polymerase in vitro assays were set up analogous to the protocol described above. All
three separately purified proteins nsp7 (6 «dM), nsp8 (3 «cM) and nsp12 (300 nM) were incubated
in 20 mM Tris-HCI pH 7.4, 10% glycerol, 1 mM dithiothreitol, 5 mM MgCl,, 1 uM RNA
template, 20 uM RNA primer, 20 nM ATP, 20 nM CTP and 1 pCi of (alpha)32P-labelled ATP
(Perkin-Elmer). Primer-template sets were used as described above. For the comparison of
primer extension reaction 200 nM of UTP or 4’-FIU-TP was used. Uncropped autoradiograms
including biological repeats are available in Data S1. GS-443902 (remdesivir triphosphate) was
provided by MedChemExpress cat# HY-126303C.

Cellular uptake and anabolism

105 HBTECs were seeded per well in 24-well plates. The next day the media was supplemented
with 20 uM 4’-FIU or vehicle (DMSO). For wash-in studies, cell culture media was removed at
the indicated time-point and cells were washed twice with Dulbecco’s modified phosphate
buffered saline without calcium and magnesium (DPBS) and harvested using 500 ul of ice-cold
70% methanol. Cellular extracts were clarified by centrifugation at 16,000xg for 10 minutes at
4°C and stored at -20°C until further analysis. For wash-out studies, cells were incubated in the
presence of 20 uM 4°-FIU or vehicle (DMSO) for 24 hours, then washed twice with DPBS and
incubated with maintenance media for the indicated time point before harvesting. 4’-FIU and 4’
FIU-TP anabolite were quantitated by qualified internal standard-based LC-MS/MS method
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using an Agilent 1200 system (Agilent Technologies) equipped with a SeQuant ZIC-pHILIC
column (The Nest Group). MS analysis was performed on a QTrap 5500 mass spectrometer (AB
Sciex) using negative-mode electrospray ionization (ESI) in the multiple-reaction-monitoring
(MRM) mode. Data analysis was done with Analyst software (AB Sciex). The lower limit of
quantitation (LLOQ) for 4’-FIU was 1.04 ng/ml of the cell extraction solution, which
corresponded to 19.83 pmol/10° cells in these experiments.

Air-liquid interfaces of primary human airway epithelial (HAE) cells

30,000 HBTEC or NHBE cells at passage 2 were seeded on 6 mm 0.4 um pore size polyester
inserts (Corning Costar Transwell) and differentiated at an air-liquid interface using Air-Liquid
Interface Differentiation Medium (Lifeline cell technology, cat# LL-0023) for the former or
Pneumacult-ALI (Stemcell Technologies cat# 05001) according to the manufacturer’s
instruction. Transepithelial electrical resistance was monitored using the EVOM instrument and
STX2 electrode (World Precision Instrument).

Apical shed viral titer determination

Differentiated primary cells were washed on the apical side with phosphate-buffered saline
(PBS) without calcium and magnesium. Cells were infected apically either with recRSV-
A2linel9F-[mKate] (500,000 TCIDsp) or SARS-CoV-2 for (40,000 PFU) for 2 hours at 37°C.
Compound was added in the basal media at the indicated concentrations and 0.1% final DMSO.
To harvest shed virus, ALI-HAE cells were incubated apically with 200 pl Dulbecco's
phosphate-buffered saline without calcium and magnesium at 37°C for 30 minutes, aliquoted and
stored at -80°C before titration. For RSV, shed viruses were harvested at peak at day 3 post-
infection, and tittered by standard TCIDso. For SARS-CoV-2, samples were harvested at 24, 48,
72 and 96 hours post-infection (“donor F1”) or 24, 48, 72 and 144 hours post-infection (“donor
M4”), For SARS-CoV-2 titration, VeroE6 cells were seeded in 12-well plates at 200,000 cells
per well. The next day, samples were thawed and serially diluted three times with 10-fold
dilutions in DMEM. VeroE6 cell-culture media was removed and cells were incubated with 100
ul of diluted inoculum with rocking every 10 minutes for 1 hour at 37°C. The overlay medium
(DMEM+2% FBS+1.2% microcrystalline cellulose Avicel 581-NF (FMC)) was added on the
cells and the plates were incubated for three days at 37°C. The plaques were revealed after two
washes with PBS, 1-hour fixation with 10% neutral buffered formalin, and 15 minutes coloration
with a 1% crystal violet solution in 20% ethanol.

Antibodies

For immunostaining of infected cells in virus titer determination, fixed and permeabilized cells
were successively stained with goat anti-RSV 1:1000 (Millipore Sigma, cat. AB1128) followed
by donkey anti-goat HRP-coupled 1:1000 (Jackson Immunoresearch cat. 705-035-147) and
infected cells were visualized with Trueblue peroxidase substrate according to the
manufacturer’s instructions (KPL). For RSV confocal microscopy experiments, fixed and
permeabilized cells were stained with mouse anti-(human) ZO-1 1:50 (BD Biosciences, cat.
610966), goat anti-RSV 1:1000 (Millipore Sigma, cat. AB1128), rabbit anti-beta IV Tubulin
recombinant antibody Alexa Fluor® 647-conjugated [EPR16775] 1:100 (Abcam, cat. ab204034)
followed by donkey anti-goat Alexa Fluor 568 1:500 (ThermoFisher Scientific, cat. A-11057)
and rabbit anti-mouse 1gG (H+L) cross-adsorbed secondary antibody, Alexa Fluor 488 1:500
(ThermoFisher Scientific, cat. A1059). For SARS-CoV-2 confocal microscopy, cells were
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stained with rabbit anti-SARS-CoV-2 Nucleocapsid monoclonal antibody (HL453) (Invitrogen,
MAB5-36272) 1:100 and mouse anti-MUC5AC 1:200 (ThermoFisher MA5-12175), followed by
donkey anti-goat Alexa Fluor 568 1:500 (ThermoFisher Scientific, cat. A-11057) and rabbit anti-
mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 1:500 (ThermoFisher
Scientific, cat. A-11059).

Confocal microscopy

Differentiated human airway epithelial cells were either infected (or mock-infected) with
recRSV-A2linel9F-[FireSmash] (500,000 TCIDso), washed with PBS daily and fixed at 5 days
post-infection with 200 ul of 4% paraformaldehyde in PBS for 1 hour at RT, or were infected (or
mock-infected) with 40,000 plaque-forming units of SARS-CoV-2 isolate USA-WA1/2020
(BEI# NR-52281) and fixed at day 3 post-infection. Cells were permeabilized for 20 minutes
with PBS with 0.1% Triton X-100 and 3% bovine serum albumin (BSA). After three 5-minute
washes with wash buffer (PBS with 0.3% BSA), cells were incubated with 100 pul of primary
antibody in wash buffer for 1 hour at RT. After 3x5 minutes 200 ul washes with wash buffer,
cells were incubated with secondary antibody in wash buffer for 1hour at RT. Cells were washed
and incubated with Hoechst 34580 at 1/1000 in wash buffer for 5 minutes. After three 5-minute
washes with wash buffer, membranes were cut and mounted between glass slides and coverslips
using Prolong Diamond antifade mountant (ThermoFisher Scientific) and edges were sealed with
nail polish. Image capture were performed with a Zeiss LSM 800 confocal microscope coupled
with an Airyscan module and the Zeiss Zen Blue software.

Statistical analysis

Source data for all numerical assays conducted in this study are provided in Data S2. Excel and
GraphPad Prism software packages were used for data analysis. One-way and two-way ANOVA
or mixed-effects model analysis as appropriate with Tukey’s, Sidak’s or Dunnett’s multiple
comparisons post-hoc tests without further adjustments - as specified in figure legends - were
used to evaluate statistical significance when more than two groups or two parameters were
compared. The specific statistical test applied to individual studies is specified in figure legends.
When calculating antiviral potency and cytotoxicity, effective concentrations were calculated
from dose-response data sets through 4-parameter variable slope regression modeling, and values
are expressed with 95% ClIs when they could be determined. Biological repeat refers to
measurements taken from distinct samples, and results obtained for each biological repeat are
shown in the figures along with the exact sample size (n). For all experiments, the statistical
significance level alpha was set to <0.05, exact P values are shown in individual graphs.

Synthetic chemistry

5’-Deoxy-5’-iodouridine (Fig. S16). A 1 L three-necked round-bottomed flask flushed with
argon and fitted with a thermometer and addition funnel was charged with uridine (35 g, 143
mmol), triphenylphosphine (56.4 g, 215 mmol), imidazole (14.64 g, 215 mmol), and anhydrous
THF (400 ml). The suspension was stirred vigorously for 30 minutes while cooling to 0°C and
then treated with a THF (100 ml) solution of iodine (40 g, 157.7 mmol) dropwise over a 2-hour
period. The mixture was warmed to room temperature. After 16 hours, tlc (10% methanol in
methylene chloride) indicated complete consumption of starting uridine. The mixture was
concentrated under vacuum followed by a solvent exchange with isopropanol (400 ml). Upon
cooling with an ice-bath the product precipitated out of solution as a white solid which was
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collected by vacuum filtration and washed with ice-cold isopropanol (150 ml) followed by
hexanes (100 ml) to give 5’-deoxy-5’-uridine (35 g, 69% vyield).

IH NMR (400 MHz, DMSO-ds) 6 11.40 (s, 1H), 7.68 (d, /= 8.1 Hz, 1H), 5.80 (d, /= 5.9 Hz,
1H), 5.68 (dd, J = 8.0, 2.2 Hz, 1H), 5.50 (d, J = 5.8 Hz, 1H), 5.38 (d, J = 5.0 Hz, 1H), 4.19 (q, J
=5.7 Hz, 1H), 3.86 (dq, J = 14.0, 4.5 Hz, 2H), 3.55 (dd, J = 10.5, 5.4 Hz, 1H), 3.40 (dd, J = 10.5,
6.5 Hz, 1H).

4’ 5’-Didehydro-5’-deoxyuridine (Fig. S16). In a 1 L round-bottomed flask, a suspension of 5’-
deoxy-5’-iodouridine (34.55 g, 226 mmol) in methanol (350 ml) was treated with sodium
methoxide (67.3 ml, 293 mmol). Upon heating to 60°C the mixture became homogeneous. After
3.5 hours, the mixture was cooled to room temperature and acidified to pH 7 by treating with dry
ice. The mixture was filtered, concentrated under vacuum and then purified by column
chromatography over silica gel using a mobile phase of 10% methanol in methylene chloride to
give 4°,5’-Didehydro-5’-deoxyuridine (11.2 g, 51% yield) as a white solid.

'H NMR (400 MHz, DMSO-ds) 5 11.44 (s, 1H), 7.59 (d, J = 8.1 Hz, 1H), 5.96 (d, J = 5.4 Hz,
1H), 5.64 (d, J = 8.1 Hz, 1H), 5.60 (d, J = 5.8 Hz, 1H), 5.46 (d, J = 5.7 Hz, 1H), 4.38 (t, /= 5.5
Hz, 1H), 4.33 (s, 1H), 4.24 (g, J = 5.5 Hz, 1H), 4.17 (d, J = 1.8 Hz, 1H).
5’-Deoxy-4’-fluoro-5’-iodouridine (Fig. S16). An oven-dried 500 ml round-bottomed flask was
charged with 4’,5’-didehydro-5’-deoxyuridine (6.55 g, 29 mmol) and anhydrous acetonitrile (60
ml). The suspension was stirred vigorously for 30 minutes, cooled to 0°C under argon and then
treated with triethylamine-trihydrofluoride (2.36 ml, 14.5 mmol) followed by the addition of N-
iodosuccinimide (8.47 g, 37.7 mmol). After 1 hour at 0°C, the mixture was warmed to room
temperature for 16 hours and then filtered. The collected solid was washed with methylene
chloride (75 ml) followed by ether (75 ml) and then dried under high vacuum to give 5’-deoxy-
4’-fluoro-5’-iodouridine (4.2 g, 40%) as an off-white solid.

'H NMR (400 MHz, Methanol-ds) 8 7.77 (d, J = 8.1 Hz, 1H), 6.05 (s, 1H), 5.69 (d, J = 8.1 Hz,
1H), 4.43 (dd, J = 18.2, 6.5 Hz, 1H), 4.25 (d, J = 6.6 Hz, 1H), 3.85 — 3.63 (m, 2H).

F NMR (376 MHz, Methanol-ds) & -112.49 (ddd, J = 20.9, 18.1, 6.1 Hz).
2°,3’-Di-0-acetyl-5’-deoxy-4’-fluoro-5’-iodouridine (Fig. S16). A 500 ml round-bottomed flask
was charged with 5’-deoxy-5’-iodo-4’-fluorouridine (15 g, 40.3 mmol), 4-
dimethylaminopyridine (250 mg, 2.02 mmol),triethylamine (16.8 ml, 120.9 mmol) and
methylene chloride (200 ml). The mixture was treated dropwise with acetic anhydride (11.4 ml,
120.9 mmol) while maintaining a reaction temperature below 30°C. After 3 hours at room
temperature, the reaction mixture was quenched with saturated sodium bicarbonate solution. The
organic layer was separated, washed with water followed by 1N HCI, dried and concentrated
under vacuum to give 2’,3’-di-O-acetyl-5’-deoxy-4’-fluoro-5’-iodouridine (16 g, 87%) as an off-
white solid.

IH NMR (400 MHz, DMSO-ds) 5 11.60 (d, J = 2.1 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 6.03 (d, J
= 2.4 Hz, 1H), 5.83 —5.67 (m, 2H), 5.57 (dd, J = 7.4, 2.4 Hz, 1H), 3.63 (dd, /= 11.8, 8.2 Hz,
1H), 3.51 (dd, J = 22.9, 11.8 Hz, 1H), 2.09 (s, 6H).

19F NMR (376 MHz, DMSO-ds) & -105.54 (m).
5’-(3-Chlorobenzoyloxy)-2’,3’-di-O-acetyl-4’-fluorouridine (Fig. S16). A 100 ml round-
bottomed flask was charged with tetrabutylammonium hydrogen sulfate (3.64 g, 10.7 mmol)1-
[(4R,6R)-4’-FIUoro-4-(iodomethyl)-2,2-dimethyl-6,6a-dihydro-3aH-furo[3,4-d][1,3]dioxol-6-
yl]pyrimidine-2,4-dione (11.7g, 28.39mmol), 3-chlorobenzoic acid (1.76 g, 11.2 mmol),
potassium phosphate dibasic (1.68 g, 9.65 mmol) and water (11 ml). After stirring for 20
minutes, the mixture was treated with a methylene chloride (30 ml) solution of 2°,3’-di-O-acetyl-
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5’-deoxy-4’-fluoro-5’-iodouridine (2.00 g, 4.38 mmol) followed by the addition of 3-
chloroperoxybenzoic acid (4.93 g, 22.0 mmol) in 4 portions over a 30-minute period. The
mixture continued to stir at RT for 16 hours. The mixture was periodically treated with additional
potassium phosphate dibasic to maintain pH 3.5. The reaction mixture was quenched by addition
of sodium sulfite (5 g) in small portions while maintaining a reaction temperature below 30°C.
After stirring for an additional 15 minutes, the mixture was filtered through a pad of Celite. The
aqueous layer of the filtrate was extracted with methylene chloride (2 x 15 ml), and then
combined organic layers were concentrated under vacuum. The resulting residue was redissolved
in ethyl acetate (100 ml) and washed with 1N HCI (2 x 50 ml) followed by saturated sodium
carbonate solution (2 x 50 ml). The organic layer was concentrated and the resulting solid
purified by column chromatography over silica gel (21 mm x 160 mm) using an ethyl
acetate/hexane gradient to give 5’-(3-chlorobenzoyloxy)-2’,3’-di-O-acetyl-4’-fluorouridine (1.1
0, 52% vyield) as a white solid.

'H NMR (400 MHz, DMSO-ds) 6 11.59 (s, 1H), 7.94 (d, J = 7.7 Hz, 1H), 7.89 (s, 1H), 7.78

(d, J=8.1Hz, 2H), 7.60 (t, /= 7.9 Hz, 1H), 6.10 (s, 1H), 5.94 (dd, J = 20.2, 7.4 Hz, 1H), 5.64
(dd, J=30.4, 7.6 Hz, 2H), 4.73 — 4.48 (m, 2H), 2.09 (s, 3H), 2.01 (s, 3H).

19F NMR (376 MHz, DMSO-ds) & -115.94 (dt, J = 20.7, 10.6 Hz).

4’-Fluorouridine (6) (Fig. S16). A thick wall round-bottomed pressure vessel was charged with
5’-(3-chlorobenzoyloxy)-2’,3’-di-O-acetyl-4’-fluorouridine (1.55 g, 3.2 mmol) and 4N ammonia
in methanol (4.15 ml, 191.8 mmol). The mixture was stirred at RT for 1.5 hours after which time
tlc (10% methanol in methylene chloride) indicated complete consumption of starting material.
The mixture was concentrated under vacuum at 19°C, and the resulting residue triturated with
methyl fert-butyl ether. The solid was co-evaporated with methanol and then recrystallized from
ethanol (15 ml) to give 4’-fluorouridine (300 mg, 36% yield) as a white solid.

'H NMR (400 MHz, DMSO-ds) 6 11.41 (s, 1H), 7.67 (d, J = 8.1 Hz, 1H), 5.97 (d, J = 2.8 Hz,
1H), 5.66 (d, J = 5.4 Hz, 1H), 5.64 (d, J = 8.1 Hz, 1H), 5.47 (t, J = 5.9 Hz, 1H), 5.16 (d, /= 8.8
Hz, 1H), 4.24 (ddd, J = 17.7, 8.8, 6.5 Hz, 1H), 4.12 (td, J = 6.0, 2.8 Hz, 1H), 3.54 (t, J = 5.6 Hz,
2H).

19F NMR (376 MHz, DMSO-ds) & -120.94 (dt, J = 17.7, 5.4 Hz).

LCMS Calculated for Cg H12FN2Og [M+H*7]: 263.0; found: 263.0
2’,3’-Di-O-benzyloxycarbonyl-5’-deoxy-4’-fluoro-5’-iodouridine (Fig. S17). A 150 ml round-
bottomed flask was charged with 5’-deoxy-5’-iodo-4’-fluorouridine (2.6 g, 6.99 mmol) and
methylene chloride (35 ml). After stirring for 20 minutes at RT, the suspension was cooled to
0°C and treated with benzyl chloroformate (4.49 ml, 31.44 mmol) followed by dropwise addition
of 1-methylimidazole (3.34 ml, 41.93 mmol) over a 10-minute period. The mixture was stirred
an additional 10 minutes at 0°C and then allowed to slowly warm to room temperature. After 18
hours, the turbid mixture was diluted with methylene chloride (120 ml) and washed with 0.5 M
HCI solution (75 ml), water (50 ml), and brine (50 ml). The organic layer was separated, dried
over sodium sulfate and concentrated under vacuum. The resulting residue was purified by
column chromatography over silica gel (80 g) eluting with a methylene chloride/methanol
gradient. Pure product containing fractions were combined and concentrated under vacuum to
give 2’,3’-di-O-benzyloxycarbonyl-5’-deoxy-4’-fluoro-5’-iodouridine (4.2 g, 94% yield) as a
white solid.

IH NMR (400 MHz, CDCls) 8 9.02 (s, 1H), 7.44 — 7.28 (m, 10H), 7.14 (d, J = 8.0 Hz, 1H), 5.86
—5.72 (m, 2H), 5.69 — 5.57 (m, 2H), 5.19 (d, J = 4.3 Hz, 2H), 5.09 (d, J = 3.1 Hz, 2H), 3.71 —
3.35 (m, 2H).
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F NMR (376 MHz, CDCls)  -107.06 (td, J = 18.6, 7.3 Hz).
2’,3’-Di-0-benzyloxycarbonyl-4’-fluorouridine (Fig. S17). In a 100 ml round-bottomed flask a
55% tetrabutylammonium hydroxide solution in water (8.04 ml, 9.37mmol) was adjusted to pH
3.5 by dropwise addition of trifluoroacetic acid (0.72 ml, 9.37 mmol) while maintaining a
temperature below 25°C. The mixture was then treated with a methylene chloride (15 ml)
solution of 2°,3’-di-O-benzyloxycarbonyl-5’-deoxy-4’-fluoro-5’-iodouridine (2 g, 3.12mmol)
followed by addition of 3-chloroperbenzoic acid (3.6 g, 15.62 mmol) in portions over a 30
minutes period. After 1 hour the pH drifted to pH 1.4. The mixture was adjusted back to pH 3.5
with 1N sodium hydroxide and allowed to stir for 16 hours after which time tlc (10% methanol
in methylene chloride) and LCMS indicated complete conversion. The reaction mixture was
quenched by addition of sodium thiosulfate (3.21 g, 20.31 mmol) slowly in portions while
maintaining a temperature below 25°C. After stirring for 30 minutes, the methylene chloride
layer was separated, and the aqueous layer extracted with additional methylene chloride (2 x 30
ml). Combined organic layers were dried over sodium sulfate, concentrated, and purified by
column chromatography over silica gel (80 g) eluting with 60% ethyl acetate in hexanes
followed by a second column of silica gel (80 g) eluting with a methylene chloride/methanol
gradient to give 2°,3’-di-O-benzyloxycarbonyl-4’-fluorouridine (1.05 g , 63% yield) as a white
solid.

H NMR (400 MHz, CDCls) 6 9.30 (s, 1H), 7.39 — 7.29 (m, 10H), 7.21 (d, J = 8.1 Hz, 1H), 5.83
(dd, J=17.8,7.0 Hz, 1H), 5.77 - 5.71 (m, 2H), 5.61 (dd, /= 7.0, 2.4 Hz, 1H), 5.17 (d, /= 4.8
Hz, 2H), 5.09 (s, 2H), 3.86 (q, /= 5.8, 4.9 Hz, 2H), 3.06 (s, 1H).

F NMR (376 MHz, CDCls) 6 -121.03 (dt, J = 17.7, 4.6 Hz).

4’-Fluorouridine 5’-O-triphosphate (Fig. S17). A 10 ml round-bottomed flask charged with 2°,3’-
di-O-benzyloxycarbonyl-4’-fluorouridine (348 mg, 0.66 mmol) and anhydrous trimethyl
phosphate (3.5 ml). After stirring for 20 minutes at room temperature, the solution was cooled to
0°C and treated with 1-methyl-imidazole (115 oL, 1.44 mmol) followed by dropwise addition of
phosphorus oxychloride (122 od_, 1.31 mmol) over a 40-minute period. The mixture continued to
stir at 0°C for 3.5 hours after which time tlc (10% methanol in DCM and then 7:2:1
iPrOH:NHsOH:water) indicated complete phosphorylation. The mixture was treated with
tributylamine (0.94 ml, 3.94 mmol),_tris(tetrabutylammonium)pyrophosphate (887 mg, 0.98
mmol), and anhydrous DMF (1.5 ml). After 1 hour at RT, the reaction mixture was quenched
with 100 mM TEAB (20 ml), stirred for 1 hour, degassed by pump-fill with argon (3x) and
treated with 10% palladium on carbon (100 mg). After cooling with an ice-bath, the mixture was
pump-filled with hydrogen (2x) followed by vigorous stirring under atm pressure of hydrogen
for 30 minutes. After vacuum evacuation of the reaction vessel, the mixture was filtered through
a pad of Celite and the collected palladium washed with water (2 x 20 ml). Combined filtrates
were washed with ether (4 x 60 ml) and then concentrated under vacuum at 25°C. After co-
evaporation with water (2 x 25 ml), the crude triphosphate was purified by column
chromatography over DEAE-Sephadex GE A-25 (10 mm x 130 mm) eluting with a buffer
gradient from 100 mM (450 ml) to 500 mM TEAB (450 ml). Pure product containing fractions
as determined by tlc (8:1:1 NH4sOH:iPrOH:water) were combined and concentrated under
vacuum with the bath temperature set at 25°C. The solid was dissolved in methanol (1 ml) and
treated with saturated solution of sodium perchlorate in acetone (10 ml). The resulting white
precipitate was collected by centrifuge, washed with acetone (5 x 5 ml), dissolved in water (1
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ml), and concentrated by lyophilization to yield 4’-fluoro-uridine 5’-O-triphosphate (3.14 mg,
0.81% yield) as the tetrasodium salt.

H NMR (400 MHz, D20) 4 7.77 (d, J = 8.0 Hz, 1H), 6.15 (d, J = 1.9 Hz, 1H), 5.91 (d, /= 8.1
Hz, 1H), 4.72 — 4,57 (m, 1H), 4.41 (d, J = 6.3 Hz, 1H), 4.30 (ddd, J = 10.2, 6.3, 3.0 Hz, 1H),
4.17 (dt, J = 10.8, 5.0 Hz, 1H). 3'P NMR (162 MHz, D-0) & -7.81(d), -11.84 (d, J = 19.2 Hz), -
22.23 (t). °F NMR (376 MHz, D;0) 6 -121.09 (unresolved dt, / = 19.2 Hz). LCMS Calculated

for Cg H13FN20O15P3 [M-H*]: 500.9; found: 500.8
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Supplementary text

Limitations of the mouse model for RSV. The mouse model for RSV infection does not fully
recapitulate human infection. Specifically, mice do not exhibit major clinical signs and the first
site of virus replication is the lower respiratory tract, resulting in viral pneumonia, whereas in the
human host RSV initially replicates in upper respiratory tissues and progression to the small
airways marks transition to severe disease. The most robust and widely accepted measure for
antiviral efficacy is therefore the measure of viral lung titers at the peak of replication (day 4-5
after infection). In addition to determining lung virus load, we followed viral replication
longitudinally, using a recombinant virus that expresses a luciferase reporter and live
bioluminescence imaging of whole animals (Figure 4C). This model provides a spatial
localization of replication and allows for the visualization of RSV replication over time with a
reduced number of animals. It comes with additional limitations, however, since it measures
expression of a luciferase reporter encoded by the viral genome rather than actual titers of
infectious progeny virions in the lung. As previously reported (36), a high baseline luciferase
signal is derived from the incoming virus inoculum and thus independent of productive virus
replication. Due to high stability of the luciferase protein, subsequent replication can only result
in a comparably moderate increase in signal strength over time, inherently limiting the dynamic
range of the RSV IVIS assay.
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4’-Fluorouridine Is a Broad-Spectrum Orally Available
First-Line Antiviral That May Improve
Pandemic Preparedness

Carolin M. Lieber and Richard K. Plemper

The COVID-19 pandemic has highlighted the urgent need for the development of broad-spectrum antivirals to
enhance preparedness against future spillover of zoonotic viruses with pandemic potential into the human
population. Currently, the direct-acting orally available SARS-CoV-2 inhibitors molnupiravir and paxlovid are
approved for human use under emergency use authorization. A promising next-generation therapeutic candidate
is the orally available ribonucleoside analog 4’-fluorouridine (4’-FIU) that had potent antiviral efficacy against
different viral targets, including SARS-CoV-2 in human organoids and animal models. Although a nucleoside
analog inhibitor such as molnupiravir that targets the viral RNA-dependent RNA polymerase (RARP) complex,
4’-FIU showed a distinct mechanism of activity, delayed chain termination, compared with molnupiravir’s
induction of viral error catastrophe. This review will focus on some currently approved and emerging medicines
developed against SARS-CoV-2, examining their potential to form a pharmacological first-line defense against
zoonotic viruses with pandemic potential.

Keywords: SARS-CoV-2, ribonucleoside analog, 4’-fluorouridine, antiviral, pandemic preparedness, COVID-19

Introduction

ARS-CoV-2 HiT A world poorly prepared for a major

pandemic caused by a newly emerged respiratory virus.
Initially, no approved vaccines or therapeutics against beta-
coronaviruses existed, personal protective equipment was in
short supply, and capacity of critical medical devices such
as ventilators did not meet patient needs. As of May 2022,
far over 500 million confirmed SARS-CoV-2 infections have
been reported and over 6 million case fatalities have occur-
red worldwide (WHO, 2022). Beyond the direct threat to
human health, the socioeconomic impact worldwide has been
devastating (Bartsch et al., 2020).

Product Profile of First-Line Therapeutics

Although novel vaccines were developed in record time,
the broad-spectrum nucleoside analog antiviral remdesi-
vir was approved for treatment of SARS-CoV-2 infection,

and antibody therapeutics were rapidly generated and
approved for clinical use, these measures came too late
to influence the course of the critical first months of the
COVID-19 pandemic. To reach the overarching goal of
improving preparedness against future viral threats with pan-
demic potential, effective first-line antivirals are urgently
needed. The SARS-CoV-2 experience has highlighted sev-
eral product profile criteria that must be met for this inten-
ded use:

® Oral bioavailability. Pharmacological intervention in
acute RNA virus infections has been challenging due
to typically narrow therapeutic windows (Meganck and
Baric, 2021; Plemper, 2021; Sourimant et al., 2021).
Because clinical signs are largely consequences of the
host antiviral immune responses, viral titers are typi-
cally in rapid decline when patients advance to com-
plicated disease and are hospitalized (van Kampen
et al., 2021), marking a transition point at which anti-
viral therapeutics designed to interfere with the viral
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life cycle and reduce viral load cease to be efficacious
and treatment goals shift to immunomodulatory therapy
or supportive care. Remdesivir must be delivered intra-
venously and is, therefore, unavailable to most patients
before hospitalization (Beigel et al., 2020). Mixed
remdesivir performance likely reflects the problem that
the therapeutic window for a direct acting antiviral has
essentially closed when the patient presents with severe
disease. We propose that efficiently reaching an out-
patient population before advance to severe disease is
best achieved with an orally bioavailable drug that does
not require trained health care professionals and sterile
equipment for delivery.

Preapproved for human use. Spillover of animal viru-
ses into the human population stands at the beginning
of most viral pandemics. COVID-19 has re-emphasized
that an antiviral must be approved for human use before
a new pathogenic emerges to potentially stamp out a
nascent pandemic. Despite unprecedented short time-
lines from first appearance of SARS-CoV-2 to vaccine
launch and emergency approval of paxlovid and mol-
nupiravir, the window of opportunity to regionally
contain the virus and avoid a global pandemic was
likely very short-lived once efficient human-to-human
transmission had begun. This short timeline is incom-
patible with even the most accelerated approval pro-
cess. Accordingly, developmental antiviral candidates
must have a well-defined primary indication that pro-
vides a path to clinical testing and regulatory approval
for human use in interpandemic years, or before a novel
pandemic viral threat first emerges.

Broad indication spectrum. A wide antiviral target
range spanning ideally viral pathogens of different
families will often coincide with the request for a viable
primary indication for clinical testing. Beyond ensuring
a path to approval, broad-spectrum activity of first-line
antivirals will be imperative for improving pandemic
preparedness, since the nature of the next pandemic
viral threat is unknown. Several pathogens in at least
eight different viral families have been recognized for
their high pandemic potential (Fernandez-Montero
et al., 2020), undermining feasibility of preemptively
developing and clinically advancing a very large panel
of individually targeted antivirals.

High tolerability. The drug safety profile must be com-
patible with administration to outpatients at the earliest
disease stages. This intended application will require
high tolerability with a wide safety margin. Especially
use at the onset of a potential pandemic, before the
scope of the health threat has been fully appreciated
by the public, sets narrow limits for acceptable side
effects. Tolerability profiles and pharmacokinetic prop-
erties must furthermore answer to the high replication
dynamics of RNA viruses causing acute diseases, which
requires rapid buildup of high drug levels and sustained
exposure in disease-relevant tissues.

Suitable for stockpiling. To be able to rapidly respond
to a newly emerged threat, a sufficiently large number
of doses must be readily deployable. This requirement
is best met if the drug product is amenable to cost-
effective large-scale production and is shelf-stable at
ambient temperature for stockpiling.

LIEBER AND PLEMPER

Oral SARS-CoV-2 Therapeutics with Emergency
Use Authorization

None of the currently available direct-acting antivirals
used for the treatment of SARS-CoV infection meets all these
requests. Of the orally bioavailable candidates, emergency
use authorization has been granted by the FDA in 2021 to the
nucleoside analog inhibitor molnupiravir and the viral pro-
tease inhibitor paxlovid.

Molnupiravir

Molnupiravir is the oral ester prodrug of N*-
hydroxycitidine (NHC) (Fig. 1A), which has demonstrated
broad-spectrum antiviral activity against influenza viruses
(Toots et al., 2019; Toots and Plemper, 2020), paramyxo-
viruses and pneumoviruses (Yoon et al., 2018), alphaviruses
(Urakova et al., 2018), and the beta-coronaviruses (Agostini
et al., 2019). Only free NHC efficiently reaches the circu-
lation after oral administration of molnupiravir due to
rapid hydrolysis of the ester during intestinal absorption
(Kabinger er al., 2021). Upon cellular uptake, NHC is ana-
bolized to the bioactive triphosphate form, NHC-TP, which
is incorporated by the viral polymerase into progeny viral
antigenomes and genomes in place of endogenous cytidine
triphosphate (CTP).

Accordingly, molnupiravir does not act as a chain-
terminator but, rather, once incorporated it spontaneously
switches between two tautomeric forms, the oxime and hy-
droxylamine, which base-pair as uridine triphosphate (UTP)
and CTP, respectively (Kabinger et al., 2021). Owing to this
spontaneous change in base-pairing, progeny genomes or
antigenomes generated from a template containing incorpo-
rated NHC will harbor randomly distributed transition muta-
tions in low allele frequency (Toots et al., 2019), which
rapidly compromise integrity of the genomes and ultimately
result in collapse of the viral population. This mechanism of
antiviral activity follows the random lethal viral mutagenesis
or error catastrophe model that was first described for riba-
virin by example of picornavirus inhibition (Crotty et al.,
2001).

Presumably due to the close chemical similarity of NHC
to endogenous cytidine, molnupiravir is not recognized
by the proofreading activity of the beta-coronavirus poly-
merase (Bouvet et al., 2012; Robson et al., 2020), escaping
excision postincorporation. Furthermore, the genetic bar-
rier of molnupiravir against emergence of viral resistance
is unusually high, very likely reflecting that the viral RNA-
dependent RNA polymerase (RARP) complex cannot solve
the sterical challenge to differentiate between NHC-TP
and endogenous CTP. Despite extensive attempts to resis-
tance profile the drug against different viral targets, no valid
escape mutations have been reported so far (Urakova et al.,
2018; Toots et al., 2019) and no viral resistance has been
noted in the clinic (Holman et al., 2021; Painter et al.,
2021).

Whereas there is demonstrated evidence that NHC-TP is
also recognized by host RNA polymerases and incorporated
into host RNAs when present at very drug high concentra-
tion (Toots et al., 2019), host RNAs are typically short-lived
and never serve as template for further amplification. Clin-
ical trials have demonstrated that a 5-day molnupiravir
regimen of 800 mg orally twice daily is very well tolerated
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FIG. 1.

Structures and mechanism of action of different SARS-CoV-2 inhibitors. (A-C) Overview of ribonucleoside

analog inhibitors molnupiravir and 4’-FIU, and protease inhibitor paxlovid (Fig. 1B). Molnupiravir induces viral error
catastrophe (A). After incorporation, the drug spontaneously undergoes tautomeric conversions, resulting in base-pairing as C or
U, respectively. Amplification of an RNA template containing NHC results randomly distributed low allele-frequency transition
mutations. Nirmatrelvir is a peptidomimetic blocking the activity of the SARS-CoV-2-3CL protease through formation of a
covalent dead-end complex (B). Ritonavir addresses poor PK, performance of nirmatrelvir by manipulating activity of the
cytochrome P450 system. 4’-FIU induces delayed chain termination after incorporation into the nascent RNA strand (C). RARP
stalling typically takes place three to four nucleotides after incorporation of 4’-FIU-TP, presumably due to altered secondary
structure of the nascent RNA strand that cannot be accommodated by the polymerase complex. 4’-FIU, 4’-fluorouridine; NHC,

-hydroxycitidine; PK, pharmacokinetic; RARP, RNA-dependent RNA polymerase; TP, triphosphate.

with no evidence of hematologic toxicities or other side
effects (Fischer et al., 2021; Painter et al., 2021; Jayk Bernal
et al., 2022a). Of greater concern are long-term consequ-
ences due to potential incorporation of NHC into host DNA.

However, metabolism of NHC leads to uridine and no
evidence of transribosylation has been noted (Hernandez-
Santiago et al., 2004). Animal studies revealed low terato-
genic potential of molnupiravir (Merck, 2022) and no
mutagenic activity at antiviral concentrations (Zhou et al.,
2021). Although these animal toxicology data are highly
encouraging, long-term follow-up clinical data are still lack-
ing, underscoring that any therapeutic intervention decision
must be based on careful evaluation of the individual
risk/benefit ratio for the patient.

Molnupiravir was equally efficacious against the original
SARS-CoV-2 strain and subsequently emerged variants of
concern (VOC) in cultured cells and primary human airway
epithelium organoids, including VOC delta and omicron
(Lieber et al., 2022). Interesting, clinical data indicated that
patients infected with VOC gamma experienced greater
benefit from molnupiravir than those suffering from VOC
delta (Jayk Bernal et al., 2022b).

Although not recapitulated by ex vivo models, a Robor-
ovsky dwarf hamster model of acute SARS-CoV-2 induced
lung injury revealed a significantly greater effect size of
molnupiravir-mediated virus load reduction when animals
were infected with VOC gamma compared with delta
(Lieber et al., 2022). Only VOC omicron-infected dwarf
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hamster showed a significant biological sex-dependent dif-
ference in response to treatment. The relevance of this ob-
servation for human treatment is unknown at present, but the
dwarf hamster data re-emphasize that treatment efficacy
may vary dependent on VOC and must, therefore, be re-
evaluated continuously as SARS-CoV-2 further evolves.

Paxlovid

Paxlovid is a combination drug of the SARS-CoV-2 3-
chymotrypsin-like cysteine protease (3CLP™) inhibitor nir-
matrelvir (Fig. 1B) and the antiretroviral drug ritonavir
(Reina and Iglesias, 2022). 3CLP™ is instrumental for beta-
coronavirus replication (Chen et al., 2005), proteolytically
processing the viral polyproteins to liberate individual viral
polypeptides such as the RARP subunits and viral helicase
that are essential for replication and transcription (Mody
et al., 2021).

Nirmatrelvir is a peptidomimetic that directly targets the
active site of 3CLP", forming a permanent covalent bond
with the catalytic cysteine (Pavan et al., 2021). Similar to
many peptidomimetic protease inhibitors, however, nir-
matrelvir shows poor metabolic stability in vivo, rapidly
becoming a target of liver oxidation through the cytochrome
P450 system (Eng et al., 2022). In initial animal model
proof-of-concept studies against SARS-CoV-2, nirmatrelvir
monotherapy had to be administered at an unrealistic
1000 mg/kg body weight dose to compensate for its poor
pharmacokinetic profile (Owen et al., 2021).

Originally developed as an inhibitor of HIV protease,
ritonavir acts off-target as a strong inhibitor of cytochrome
P450 key enzymes P450-3A4 (CYP3A4) and P450-2D6
(CYP2D6) (Kumar et al., 1996), reducing the rate of P450-
mediated drug detoxification. This ability of ritonavir to
improve drug pharmacokinetic profiles through slowing
liver oxidation has resulted in its use as combination drug
with, for instance, other HIV protease inhibitors and most
recently nirmatrelvir (Eng et al, 2022). However, the
downside of this fix of the pharmacokinetic shortcomings
of nirmatrelvir is the very high potential of ritonavir for
severe and sometimes fatal drug—drug interactions with
dozens of approved medications, since drug levels are
broadly affected when activity of the P450 system is
manipulated.

Contraindications include drugs for the treatment of heart
conditions, blood pressure regulators, immunosuppressants,
some chemotherapeutics, and asthma and allergy medica-
tions (Talha and Dhamoon, 2022). Accordingly, paxlovid is
poorly compatible with treatments for many conditions that
represent major risk factors for the advance of a COVID-19
patient to severe life-threatening disease (Hammond e al.,
2022).

Taken twice daily in a 5-day regimen similar to that
of molnupiravir (Jayk Bernal et al., 2022b), paxlovid has shown
strong efficacy in a clinical trial, reducing COVID-19-related
deaths or hospitalizations by a claimed 89% in unvaccinated
patients compared with the placebo control group (Mahase,
2021). In contrast to a large body of literature characterizing
molnupiravir efficacy in multiple SARS-CoV-2 animal
models (Cox et al., 2021b), experimental animal model data
for nirmatrelvir are limited (Owen et al., 2021; Eng et al.,
2022), and none have yet been released for paxlovid. Al-
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though sparse, the available evidence does not provide an
obvious reason for the seemingly greater therapeutic benefit
of paxlovid in clinical trials since antiviral effect size of
both drugs appears to be similar in animals.

Possible explanations for the conundrum may be differ-
ences in trial design (Fischer et al., 2022) and patient groups
eligible for enrollment—paxlovid could not be tested in
patients taking other medications with metabolism highly
dependent on cytochrome P450 CYP3A4 or known as
strong inducers of CYP3A4. As more clinical data with
recently emerged VOC become available, it will be impor-
tant to evaluate whether the claimed efficacy difference
between molnupiravir and paxlovid is real. Urgently needed
are furthermore head-to-head comparisons of both drugs
under experimentally controlled conditions in relevant ani-
mal models.

Next-Generation First-Line Antiviral Developmental
Candidate 4'-Fluorouridine

4’-Fluorouridine (4’-FIU) (Sourimant et al., 2022) is a
recently identified novel competitive ribonucleoside analog
inhibitor (Fig. 1C) that is structurally distinct from known
nucleoside analogs with activity against SARS-CoV-2
such as molnupiravir and remdesivir (Kokic et al., 2021).
Carrying a ribose modification, the compound showed broad-
spectrum activity against a wide range of negative and
positive-sense RNA viruses, including pathogens of the
paramyxovirus, pneumovirus, and beta-coronavirus families
(Sourimant et al., 2022).

Biochemical RARP assays with purified recombinant
SARS-CoV-2 and respiratory syncytial virus (RSV) poly-
merase complexes identified sequence context-dependent
delayed chain termination, preferentially three to four nu-
cleotides after incorporation of bioactive 4’-FIU triphos-
phate (4’-FIU-TP), as the mechanism of activity. This
antiviral effect resembles that described for the bioactive
parent compound of remdesivir (Kokic ef al., 2021) and is
most likely due to altered RNA secondary structure after
single or tandem incorporation of the analog that ultimately
cannot be accommodated by the viral polymerase (Sour-
imant ef al., 2022). In contrast to molnupiravir, 4’-FIU has
not shown any mutagenic effect in biochemical and cell-
based assays.

Unlike remdesivir, however, 4’-FIU was efficiently deliv-
ered orally, resulting in sustained tissue exposure of bioac-
tive 4’-FIU-TP in different animal species. Dosed orally
once daily, the compound potently inhibited original SARS-
CoV-2, recently emerged SARS-CoV-2 VOC, and RSV
replication in different animal models (Sourimant et al.,
2022). Efficacy against SARS-CoV-2 and RSV was further-
more confirmed in disease-relevant primary human airway
epithelium organoids, although RSV and other mononega-
viruses showed greater sensitivity to 4’-FIU than SARS-
CoV-2.

This difference in potency likely reflects that some incor-
porated 4’-FIU moieties may be recognized by the corona-
virus proofreading machinery and excised, and/or that the
coronavirus polymerase may have greater tolerance to
accommodate altered RNA secondary structures than mono-
negavirus polymerases. Based on high oral bioavailability,
strong metabolic stability in vivo confirmed broad-spectrum
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antiviral efficacy, and suitability for stock-piling; however,
4-FIU meets the key criteria of a first-line antiviral.
A unique strength compared with existing COVID-19 med-
icines are pharmacokinetic properties compatible with once-
daily dosing, which represents a major advance in ensuring
patient compliance.

Going forward, the best first-line defense against future
pandemic viral threats will in our opinion realistically not
come in the form of a single “‘magic bullet” drug, but of a
panel of broad-spectrum orally available antivirals with
overlapping, but not identical, indication range. These drugs
must be urgently approved for human use and will likely have
distinct strengths and liabilities, providing alternative options
to address specific needs of individual patient subgroups.

Currently existing drugs that we consider to be part of this
panel are molnupiravir, favipiravir (Ghasemnejad-Berenji
and Pashapour, 2021), and—with the restriction of a limited
indication spectrum covering only the beta-coronaviruses—
paxlovid. Promising future contenders that should be fast-
tracked are experimental antivirals such as 4-FIU and, for
instance, an orally available chemical analog of remdesivir
(Cox et al., 2021a). If ultimately grown to a size of 5-10
qualified drugs, this panel could be game-changing in
establishing control at an early stage of future pandemic
viral threats.
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Abstract

Influenza outbreaks are associated with substantial morbidity, mortality and economic bur-
den. Next generation antivirals are needed to treat seasonal infections and prepare against
zoonotic spillover of avian influenza viruses with pandemic potential. Having previously
identified oral efficacy of the nucleoside analog 4’-Fluorouridine (4’-FIU, EIDD-2749) against
SARS-CoV-2 and respiratory syncytial virus (RSV), we explored activity of the compound
against seasonal and highly pathogenic influenza (HPAI) viruses in cell culture, human air-
way epithelium (HAE) models, and/or two animal models, ferrets and mice, that assess IAV
transmission and lethal viral pneumonia, respectively. 4-FIU inhibited a panel of relevant
influenza A and B viruses with nanomolar to sub-micromolar potency in HAE cells. In vitro
polymerase assays revealed immediate chain termination of IAV polymerase after 4-FIU
incorporation, in contrast to delayed chain termination of SARS-CoV-2 and RSV polymer-
ase. Once-daily oral treatment of ferrets with 2 mg/kg 4’-FIU initiated 12 hours after infection
rapidly stopped virus shedding and prevented transmission to untreated sentinels. Treat-
ment of mice infected with a lethal inoculum of pandemic A/CA/07/2009 (H1N1)pdmO09
(pdmCa09) with 4’-FIU alleviated pneumonia. Three doses mediated complete survival
when treatment was initiated up to 60 hours after infection, indicating a broad time window
for effective intervention. Therapeutic oral 4’-FIU ensured survival of animals infected with
HPAI A/VN/12/2003 (H5N1) and of immunocompromised mice infected with pdmCa09.
Recoverees were protected against homologous reinfection. This study defines the mecha-
nistic foundation for high sensitivity of influenza viruses to 4’-FIU and supports 4’-FIU as
developmental candidate for the treatment of seasonal and pandemic influenza.
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Author summary

Next-generation antiviral therapeutics are needed to better mitigate seasonal influenza
and prepare against zoonotic virus spillover from animal reservoirs. At greatest risk are
the immunocompromised and patients infected with highly pathogenic influenza viruses.
In this study, we have demonstrated efficacy of a broad-spectrum nucleoside analog, 4’-
fluorouridine, against a representative panel of influenza viruses in cell culture, human
airway epithelium (HAE) cells, and two animal models, ferrets and mice. Acting as an
immediate chain terminator of the influenza virus polymerase, once-daily oral treatment
protected against lethal infection with seasonal and highly pathogenic avian influenza
viruses, prevented viral transmission to untreated sentinels, and mitigated lethal infection
of immunocompromised hosts. These results support the developmental potential of 4-
fluorouridine for treatment of vulnerable patient groups and mitigation of pandemic
influenza, providing a path towards a much-needed additional therapeutic option for
improved disease management.

Introduction

Influenza A viruses (IAV) are zoonotic negative sense, segmented RNA viruses with high pan-
demic potential [1]. Wild aquatic birds are a major natural reservoir for avian influenza
viruses, creating high opportunity for spread into the poultry industry and spillover of HPAI
viruses into the human population with potentially catastrophic consequences [2,3]. The
2021-2022 H5N1 HPAID epidemic specifically is the largest on record, having reached an
unprecedented geographical expansion and requiring the culling of 48 million birds so far [4].
Approximately 14 IAV pandemics have occurred in the past 500 years [5], six of which were
concentrated in the last 120 years alone. Most deadly of these outbreaks was the 1918 “Spanish
Flu” pandemic, which was caused by an HINI subtype IAV of unusual virulence that
accounted for approximately 500 million infected people, equating to nearly a third of the
world population at the time, and 50 million death [6]. Case fatality rates were particularly
high in young children, 20-40 year old adults, and the elderly above 65 years of age [6]. Subse-
quent pandemics in the 20" century included the Asian influenza of 1957 and the Hong Kong
influenza of 1968, which were caused by IAV of H2N2 and H3N2 subtypes, respectively [7],
and the swine origin HIN1 outbreak of 2009 [8]. Although considered less pathogenic than
several of the earlier pandemic strains, pdm09 IAV is still estimated to have caused 151,000 to
575,400 deaths worldwide and major economic damage [9].

Influenza viruses cause rapid-onset disease with high fever, cough, body aches, rhinorrhea,
and nasal congestion [10]. Advance to severe disease is marked by virus invasion of the small
airways and viral pneumonia, which can lead to sepsis due to a hyperinflammatory systemic
response [11]. Other serious complications include myocarditis, encephalitis, myositis, and
multi-organ failure [12,13]. At greatest risk of life-threatening influenza are children less than
2 years of age, older adults, pregnant women, and patients with pre-existing conditions such as
asthma, diabetes, or chronic heart disease [14]. Vaccine prophylaxis is available, but the effi-
cacy of the seasonal tetravalent influenza vaccine is moderate, ranging from 40 to 60% even
under optimal conditions in interpandemic years [15]. Effectiveness of the vaccine can be sub-
stantially lower in older adults, who are at greatest risk of progressing to severe disease, or
when vaccine components and circulating strains are poorly matched [15]. Multiple avenues
are being pursued to develop a broad-spectrum influenza vaccine, but none have yet achieved
regulatory approval [16].
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To improve disease management especially in vulnerable patient groups, rapidly respond to
endemic outbreaks of seasonal influenza when the vaccine is not optimally matched, and to
prepare for the pandemic threat originating from zoonotic transmission of HPAI viruses,
effective therapeutics are urgently needed. Three classes of antiviral drugs have received
approval by the FDA for treatment of influenza thus far. The M2 channel blocking adaman-
tanes (amantadine and rimantadine), the neuraminidase inhibitors (oral oseltamivir, inhaled
zanamivir, intravenous peramivir), and, most recently, the PA endonuclease inhibitor baloxa-
vir marboxil [17]. Of these, use of the adamantanes has been discontinued due to widespread
pre-existing resistance in human influenza viruses and natural IAV reservoirs [18]. Pre-exist-
ing signature resistance mutations against the neuraminidase inhibitors were furthermore
detected in 2009 pandemic viruses [19], giving rise to the concern that future effectiveness of
this inhibitor class may be questionable [20]. Although baloxavir marboxil is the newest influ-
enza drug, resistance has developed rapidly and was even observed in human patients during
the early clinical trials, resulting in rebound of virus replication [21-23]. Novel therapeutic
options are therefore needed to broaden the available anti-influenza virus drug arsenal.

In search of suitable broad-spectrum developmental candidates, we explored in this study
antiviral potency, in vivo efficacy, and mechanism of action of 4’-FIU against the influenza
virus indication. Recently, we reported that 4’-FIU is a highly potent inhibitor of SARS-CoV-2
and pathogens of the mononegavirus order [24,25], establishing oral efficacy in animal models
of SARS-CoV-2 and RSV infection. Having demonstrated that this nucleoside analog func-
tions as an immediate chain terminator of influenza virus polymerase, we assessed oral efficacy
in two different animal models, mice and ferrets, against pandemic human and HPAI viruses.
Influenza treatment paradigms developed in these models outline an unusually broad time
window for successful therapeutic interference with a lethal viral challenge. These results sup-
port the development of 4’-FIU as a therapeutic candidate for the treatment of influenza with
the potential to improve preparedness against zoonotic spillover of avian IAVs with pandemic
potential into the human population.

Results

To explore whether the indication spectrum of 4-FIU (Fig 1A) extends to the orthomyxovi-
ruses, we examined activity of the compound against seasonal and pandemic IAVs represent-
ing HIN1 and H3N2 subtypes and influenza B virus (IBV) isolates representing the Yamagata
and Victoria lineages in cell culture (Fig 1B). In parallel, we determined activity of 4’-FIU
against a recombinant pandemic A/California/07/2009 (HIN1) (pdmCa09), A/swine/Spain/
53207/2004 (HIN1), B/Memphis/20/1996, and B/Malaysia/2506/2004 on non-differentiated
primary human airway epithelium (HAE) cells (Fig 1C), explored 4’-FIU potency against a
recombinant A/WSN/33 (H1N1)-based reporter virus [26] on a panel of non-differentiated
primary HAEs representing 10 distinct donors (S1A Fig), and generated an airway epithelium
model through differentiation of HAEs at air-liquid interface to test inhibition of pdmCa09
through basolateral 4-FIU in a disease-relevant ex vivo tissue model (S1B Fig). Most viral iso-
lates tested were efficiently inhibited by the compound, consistently returning 50% and 90%
inhibitory concentrations (ECso and ECyj, respectively) in the nanomolar range with steep
Hill slopes independent of host cell type. The least sensitive were A/swine/Spain/53207/2004
(HIN1), B/Memphis/20/1996, and B/Malaysia/2506/2004, but 4-FIU inhibitory concentra-
tions remained in the low-micromolar range. Recapitulating our previous experience with 4’-
FIU performance on respiratory epithelium cultures [24], potency of 4-FIU against pdmCa09
was greater in the differentiated HAE model (ECyo 0.07 pM) than on cell lines (ECy 0.7 uM)
or undifferentiated primary cells (ECy 3.33 pM). Combined with a 50% cytotoxic
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¥

concentration (CCs) of 4-FIU of 468 uM [24] in primary HAEs from the same donor as used
in the differentiated HAE model, we calculated a selectivity index (SI = CCs(/ECs) of 4’-FIU
against pdmCa09 of 15,600 in this disease-relevant human tissue model. Transepithelial elec-
trical resistance (TEER) between basolateral and apical chamber of the air-liquid interface cul-
tures was unchanged throughout the study (S1C Fig), confirming our previous observation
that 4-FIU does not disrupt epithelium integrity [24] and, in the case of vehicle-treated wells,
that the epithelium maintains barrier function despite productive IAV replication [27].

4’-FIU is an immediate chain terminator of influenza virus polymerase

Through biochemical RARP assays using purified recombinant RSV and SARS-CoV-2 poly-
merase complexes and synthetic template RNA, we have demonstrated that incorporation of
4-FIU triphosphate (4’-FIU-TP) into nascent chain RNA triggers delayed termination of the
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RNA-dependent RNA polymerases from a negative sense (RSV) and a positive sense (SARS--
CoV-2) RNA virus. Whereas variations in stalling efficiencies were observed between
sequences and polymerase, position i+3 marked the predominant stalling site [24]. Following
expression of AV RdRP PA, PB1, and PB2 subunits in insect cells, we subjected affinity chro-
matography purified, reconstituted IAV polymerase to the equivalent biochemical RdRP assay
in the presence of increasing concentrations of 4-FIU-TP or UTP (Figs 1D, 1E and S2A to
S2E). 4-FIU-TP was incorporated instead of UTP when the polymerase reached the first aden-
osine in the template RNA as we had noted before in RSV and SARS-CoV-2 RdRP assays [24],
but then triggered immediate chain termination of IAV RdRP. Densitometric quantitation of
relative amplicon intensities to compare incorporation rates of the analog relative to UTP
revealed an approximately 4-fold higher affinity of IAV polymerase for endogenous UTP than
for 4-FIU-TP (Fig 1F).

These results demonstrate high sensitivity of influenza virus polymerases to 4-FIU and
identify sequence-independent immediate chain termination at position i as a predominant
mechanism of influenza virus RARP inhibition by the compound.

Pharmacokinetic (PK) properties of 4’-FIU in mouse plasma and tissues

We have previously demonstrated oral bioavailability of 4-FIU in ferrets and efficient intracel-
lular anabolism to 4’-FIU-TP with prolonged tissue exposure levels [24]. To assess cross-spe-
cies conservation of PK profiles between IAV efficacy models used in this study, ferrets and
mice, we subjected the compound to a single-dose oral PK study in mice, measuring 4’-FIU
plasma concentrations and corresponding 5’-triphosphate levels in selected soft tissues after
oral dosing at 1.5 mg/kg body weight (Fig 2A and 2B). Free 4-FIU reached a maximal plasma
exposure of approximately 1 pM 90 minutes after oral administration, far exceeding the cell
culture ECqyy concentration against the influenza virus test panel. Plasma levels were sustained
high over a 12-hour period after dosing. Corresponding 4’-FIU-TP tissue exposure levels 12
hours after dosing were approximately 1 nmol/g tissue in all organs but brain and kidney,
underscoring suitability of 4-FIU for in vivo efficacy testing against IAV.

Late-onset treatment with 4’-FIU mediates complete survival of IAV-
infected animals

For mouse efficacy studies, animals were infected intranasally with a lethal inoculum amount
of pdmCa09, which replicates efficiently in mice without a requirement for species adaptation
[28]. Infection results in severe viral pneumonia with major clinical signs such as weight loss
and hypothermia. To establish the lowest efficacious dose, we examined 3 4-FIU dose levels in
a survival study, each administered by oral gavage on three consecutive days in a once daily (q.
d.) regimen starting at the time of infection (Fig 2C). All animals treated at the 2 mg/kg dose
level survived, whereas all mice of the vehicle-treated and lowest dose (0.08 mg/kg) groups suc-
cumbed to infection within 5 days of inoculation (Fig 2D) and experienced clinical signs (S3A
and S3B Fig). Animals receiving the intermediate 4-FIU dose (0.4 mg/kg) had prolonged sur-
vival, but ultimately all died.

Having established 2 mg/kg 4’-FIU administered q.d. as a low efficacious dose, we next
determined the latest time for initiation of effective treatment at this dose level (Fig 2E). All
vehicle-treated animals again succumbed to infection within 5 days of inoculation (Fig 2F). In
contrast, treatment start at 2.5 days after infection, which corresponds to 0.5 days after the
onset of major clinical signs (S3C and S3D Fig) ensured complete survival, and 80% of animals
of a group receiving the first dose 3 days after infection survived, outlining a broad therapeutic
time window for treatment of influenza with 4’-FIU. Therapeutic benefit of late-onset
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treatment was corroborated by a significant reduction in lung virus load compared to vehicle-
treated controls at 4.5 days after infection, determined in a parallel set of equally treated ani-
mals (Fig 2G). Within 7 days, virus became undetectable in lungs of animals that were treated
starting 24 hours after infection with oral 4’-FIU (2 mg/kg q.d.; 3 doses total), indicating that
viral replication had ceased (Fig 2H). No rebound of virus replication was observed within a
9-day period after infection (S3E and S3F Fig). These results define a broad therapeutic time
window for effective treatment of IAV infection with 4-FIU.

To determine the minimal number of oral 4-FIU doses (2 mg/kg q.d.) for complete sur-
vival, we again initiated treatment 24 hours after infection, in this study comparing the effect
of a single vs double or triple doses (Fig 2I). Lung virus load was assessed 4.5 days after infec-
tion and survival monitored in a parallel set of equally treated animals. The number of doses
administered correlated with antiviral effect size, but even a single dose of 4-FIU resulted in a
statistically significant reduction in lung virus load of approximately one order of magnitude
(Fig 2J). Reduced viral burden translated to survival of some animals in the single and double
dose groups. However, three doses were required for full therapeutic benefit (Fig 2K) and only
mild clinical signs (S3G and S3H Fig).

4’-FIU effect on IAV transmission in the ferret model

Since mice, in contrast to ferrets, do not shed IAVs, we next explored anti-IAV efficacy of 4’-
FIU in the ferret model. Guided by the dosing regimen established in mice, we treated animals
infected intranasally with pdmCa09 with either 2 mg/kg (standard dose) or 0.5 mg/kg (low
dose), administered orally starting 24 hours after infection (Fig 3A). Animals received one (2
mg/kg level) or two doses (either 2 or 0.5 mg/kg level) total. Fever is the predominant clinical
sign associated with pdmCa09 IAV infection in ferrets. Monitoring body temperature continu-
ously telemetrically, we observed significant reduction in all treated animals within 24 hours of
the first dose, whereas vehicle-treated animals showed a prolonged fever plateau (S4A Fig).
Viral titers in nasal lavages were statistically significantly reduced compared to those of vehicle
animals, but effect size was lower in animals of the low dose than the standard dose group, and
virus rebounded 2.5 days after infection in the single standard dose group (Fig 3B). In contrast,
two standard doses 4’-FIU given q.d. were sterilizing within 2 days of treatment initiation.
Virus load in nasal turbinates assessed 4 days after infection corroborated the lavage titers,
revealing a dose-dependent significant antiviral effect of two doses, whereas a single dose had
no significant effect on virus titer in turbinates at the time of tissue harvest (Fig 3C). Examina-
tion of lower respiratory tract tissues, trachea, and bronchoalveolar lavage fluid (BALF)
revealed, however, that a single standard dose of 4-FIU administered at the time of onset of
clinical signs completely suppressed the development of viral pneumonia (Fig 3D).

To determine the effect of 4-F1U on virus spread, we treated in a direct-contact transmis-
sion study source ferrets infected with pdmCa09 with the compound as before, starting 12 or
24 hours after infection (Fig 3E). Co-housing of source ferrets with untreated sentinels in a 1:1
ratio was initiated 2.5 days after study start. pdmCa09 rapidly spread from vehicle-treated
source ferrets to their direct contacts, which first became virus-positive in nasal lavages only
12 hours after the beginning of co-housing (Fig 3F) and had progressed to viral pneumonia
with high turbinate, lung and trachea virus load by study end (Fig 3G and 3H) and clinical
signs (S4B to S4E Fig). Treatment of source animals with 4-F1U initiated 12 or 24 hours after
infection in each case resulted in exponential decline in shed virus load, but virus was unde-
tectable in lavages of the 12-hour treatment group by the time of co-housing whereas approxi-
mately 10* TCIDs units/ml lavage remained detectable in lavages of the 24-hour treatment
group at that time. We did not detect any virus transmission to untreated sentinels of the
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https://doi.org/10.1371/journal.ppat.1011342.g003

12-hour group. However, low-grade transmission to direct contacts of the 24-hour treatment
group occurred, characterized by delayed onset of virus shedding compared to sentinels of
vehicle-treated source animals and a reduced peak shed virus load (Fig 3H). Shedding from all
sentinels that became virus-positive ceased approximately 12 days after the beginning of co-
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housing. These results confirm cross-species anti-IAV efficacy of 4-FIU, reveal that a single
oral dose is sufficient to prevent advance to severe influenza, and demonstrate a shortened
window in which a treated case remains fully infectious.

Mitigation of IAV pathogenesis and lung histopathology by 4’-FIU

To better understand the impact of 4’-FIU on mitigating immunopathogenesis, the major
driver of clinical signs associated with influenza virus infection, we determined inflammatory
cytokine profiles for a 10-day period after infection of mice with pdmCa09 using a 6-plex
Th17 cytokine assay (Fig 4A). Treated animals received the 3-dose standard 4’-FIU regimen as
before, started 24 hours after infection. Lung tissue for histopathology was extracted from par-
allel sets of equally treated animals 5 or 21 days after infection. Lung titers in vehicle-treated
animals demonstrated fast-onset viral pneumonia, approaching a burden of 10° infectious
units/g lung tissue 4 days after infection, when all animals of the vehicle group had succumbed
to infection with major clinical signs (Figs 4B, S5A and S5B). Pro-inflammatory cytokines rap-
idly increased in the BALF of these animals, revealing a very strong antiviral response until
death of the vehicle animals as expected after infection with pdmCa09 (Figs 4C, 4D and S6).
Treatment with 4’-FIU again efficiently suppressed virus replication within 24 hours of the
first dose (Fig 4B). Coinciding with the reduction in virus burden of treated animals by
approximately two orders of magnitude by day 3 after infection, the proinflammatory response
was greatly alleviated (Figs 4C, 4D and S6) and all treated animals survived (S5A Fig).

Consistent with a better clinical outcome (S7A and S7B Fig), lowered viral load, and miti-
gated innate antiviral response in 4-FIU treated vehicle animals, analysis of lung histopathology
5 days after infection revealed reduced lung lesions and alleviated cellular infiltrates in lung tis-
sue of treated animals (Figs 4E and S8). Overall combined histopathology scores of individual
animals representing the degree of cellular infiltrates into alveoli and bronchioles, the extent of
perivascular cuffing, and the severity of interstitial pneumonia, pleuritis, and vasculitis were sta-
tistically significantly lower in the treatment than vehicle group (Figs 4F and S9).

4’-FIU control of influenza in immunocompromised hosts and of HPAI
infection

In the clinic, the risk of progression to severe disease and poor overall outcome is greatly
increased when immunocompetence of the patient is impaired or after zoonotic spillover of
HPAIs into the human population [29,30]. To first assess the potential of 4’-FIU to pharmaco-
logically manage influenza in high-risk hosts, we infected interferon o/ receptor knockout
(IFNAR1 KO) and V(D)J recombination activation gene RAG-1 KO mice with pdmCa09.
Whereas the former cannot mount an effective type I IFN innate response [31,32], the latter
are compromised in their cell-mediated adaptive immunity due to a lack of mature T and B
cells [33]. Oral treatment with 4’-FIU was initiated 24 hours after infection at standard and a
high-dose (10 mg/kg) level, then continued q.d. for a total of 7 doses of each group (Fig 5A).
Independent of 4-FIU dose level, all treated animals of the RAG-1 KO and IFNAR1 KO
groups survived, whereas all animals in the vehicle-treated groups developed severe clinical
signs (S10A to S10D Fig) and succumbed to infection within 4 days (Fig 5B). Reduction in
lung virus load of treated vs vehicle animals after three q.d. 4-FIU doses (day 4 after infection)
was dose level-dependent, but even at the standard dose, this reduction exceeded two orders of
magnitude in either knockout mouse strain (Fig 5C).

Next, we explored 4-FIU efficacy against HPAISs, initially testing potency against polymer-
ases derived from A/CA/07/2009 (H1N1), A/VN/12/2003 (H5N1), and A/Anhui/1/2013
(H7N9) in minireplicon dose-response assays (Fig 5D). The compound dose-dependently
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of two individual animals per study arm are shown at 10x magnification; scale bar denotes 100 um; Br, Bronchiole; Bl, Blood vessel. f) Histopathology scores of
animals treated as in (a). Lungs were extracted 5 days after infection. Scores for each animal represents a mean of individual alveolitis, bronchiolitis, vasculitis,
pleuritis, perivascular cuffing (PVC), and interstitial pneumonia (IP) scores. Columns represent data medians with 95% CI; symbols show mean scores for each
individual animal; 1-way ANOVA with Dunnett’s post hoc test, P values and n values for each study arm are specified.

https://doi.org/10.1371/journal.ppat.1011342.9004

inhibited activity of either HPAI-derived polymerase complex, reaching active concentrations
resembling that observed against pdmCa09 RdRP. Selecting A/VN/12/2003 (H5N1), which
causes lethal encephalitis in mice [34], for a proof-of-concept efficacy study of 4’-FIU against
zoonotic HPAIs, we started treatment at the 5 mg/kg dose level 12 or 24 hours after infection
and continued q.d. thereafter (Fig 5E). This elevated dose was chosen to compensate for lower
brain tissue exposure of 4-FIU (Fig 2A) when treating infection by a CNS-invasive IAV. None
of the animals of either 4’-FIU treatment group developed clinical signs even when treatment
was initiated 24 hours after infection (Fig 5F), and all treated animals survived (Fig 5G). In
contrast, 19 out of 20 vehicle-treated animals succumbed to A/VN/12/2003 (H5N1) with a
median survival time of 9 days after infection, developing clinical signs on day 7 after infection
followed by rapid further deterioration (Fig 5F). Vehicle-treated animals experienced high
lung virus loads three days after infection (Fig 5H). Treatment reduced HPAI burden by sev-
eral orders of magnitude to limit of detection. These results confirm uncompromised efficacy
of 4-FIU in high-risk immunocompromised hosts and against highly pathogenic zoonotic
viruses with high pandemic concern.

Anti-IAV immune status of 4’-FIU-treated recoveries

Highly efficacious antivirals may suppress host immune activation, especially when treatment
is started early in the course of infection, which may leave the host susceptible to subsequent
re-infection and may potentially even result in exacerbated disease [35-37]. To explore the
effect of 4-FIU on subsequent homotypic IAV rechallenge of recoveries, we infected animals
with pdmCa09 and started standard 3-dose 4’-FIU treatment at three time points, therapeuti-
cally at 24 and 48 hours after infection and prophylactically at 12 hours before infection (Fig
6A). For this study, mice were inoculated with aerosolized virus in a temperature and airflow-
controlled aerosol chamber using an Aeroneb nebulizer (S11A and S11B Fig) to better mimic
natural infection. Prior to study start, we performed pilot experiments to determine suitable
exposure time (S12A to S12C Fig), infectious dose (S13A and S13B Fig) and proof-of-concept
for 4’-FlU efficacy (S14A to S14D Fig) after infection with aerosolized virus. Mirroring the out-
come of our previous efficacy studies, animals of all treatment groups survived the original
infection, whereas all animals of the vehicle group reached predefined clinical endpoints 9
days after infection and had to be terminated (Fig 6B) with major clinical signs (S15A and
S15B Fig). To assess the status of humoral anti-Ca09 immunity, we collected blood samples
from the treated recoverees 4, 8, and 12 weeks after the original infection and determined neu-
tralizing antibody (nAb) titers. Mice in both therapeutic treatment groups mounted a robust
humoral anti-IAV response, whereas no nAbs were detectable in the prophylactically treated
animals 8 weeks after the original infection (Fig 6C). Upon homotypic rechallenge with aero-
solized pdmCa09 10 weeks after the original infection, however, all 4-FIU-experienced reco-
verees had a significant benefit over a new set of IAV-naive mice (Fig 6D). All animals of the
therapeutic groups survived with significant boost in nAb titers relative to week 8 levels.
Remarkably, four of the five animals treated prophylactically with 4’-FIU at the time of the
original infection also survived the homotypic rechallenge and mounted a robust humoral
anti-Ca09 response by week 12. In contrast, all newly added IAV-inexperienced animals suc-
cumbed to infection within 9 days, confirming efficient virus delivery through aerosolization
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https://doi.org/10.1371/journal.ppat.1011342.9005

at rechallenge. Animals of

the treatment group remained disease-free during rechallenge, and

clinical signs were alleviated in mice of the prophylactic group (S15C and S15D Fig). Indepen-

dent of the original 4-FIU

regimen applied, we did not detect any signs of exacerbated disease

upon rechallenge of treatment-experienced recoverees.
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Discussion

Treatment of influenza has remained challenging, despite the current availability of two differ-
ent FDA-approved drug classes, the neuraminidase and endonuclease inhibitors [38]. The
main obstacles to more successful antiviral therapies are narrow therapeutic time windows
[39], poor patient compliance [40], and impaired immunocompetence of older adults at great-
est risk of advance to severe disease [17], defining key developmental objectives for the next
generation of influenza therapeutics.

Demonstrating antiviral potency in cell culture, human airway epithelium cells, and/or effi-
cacy in two relevant in vivo infection models, ferrets and mice, this study establishes oral effi-
cacy of once-daily administered 4’-FIU, a broad-spectrum antiviral ribonucleoside analog
[24,25], against seasonal, pandemic, and HPAI IAV strains. Designed to expand the first-line
pharmacological arsenal against RNA viruses of pandemic concern, we have previously shown
activity of 4-FIU against SARS-CoV-2, pneumoviruses such as RSV, paramyxoviruses, and
other members of the mononegaviruses [24]. Mechanistic characterization consistently dem-
onstrated that incorporation of 4-FIU-TP into the nascent RNA strand induces polymerase
chain termination [24]. Unique to 4-FlU of all chain-terminating ribonucleoside analogs ana-
lyzed [25], however, the modus of 4-FIU-induced termination varies dependent on RdRP tar-
get. IAV RdRP stalled immediately upon incorporation, RSV polymerase termination was
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delayed at position i+3 after incorporation, and SARS-CoV-2 polymerase termination was
delayed and dependent on sequence context, requiring incorporation of at least two 4’-FIU
moieties in close repetition [24]. Delayed chain termination typically reflects that incorpo-
ration of the nucleoside analog alters secondary structure of the nascent strand, which inter-
feres with polymerase processivity [25,41,42]. Accordingly, we hypothesize that distinct
mechanisms of action (MOAs) against betacoronaviruses, pneumoviruses, and orthomyxovi-
ruses are due to different capabilities of the respective polymerase complexes to accommodate
4-FlU-specific secondary structure changes.

In clinical trials of baloxavir marboxil, viral resistance emerged rapidly, resulting in
rebound of virus replication in 82.1% of treated patients [23]. Whole genome sequencing of 4-
FlU-experienced virus populations isolated from infected and treated animals showed no
allele-dominant divergence from the inoculum population [24]. However, future full resistance
profiling of 4’-FIU against influenza viruses will be required to better appreciate the height of
the genetic barrier against viral escape from inhibition and explore the molecular basis for the
slight virus strain-dependent differences in sensitivity to 4-FIU that we observed in cell culture
dose-response assays. Greater potency of 4-FIU on differentiated HAE models compared
undifferentiated HAEs and immortal cell lines especially likely reflects more efficient intracel-
lular anabolism of the compound to the bioactive triphosphate form 4’-FIU-TP and altered
viral replication kinetics in differentiated versus undifferentiated HAEs.

Very likely representing a direct consequence of the distinct MOAs, we found influenza
viruses to be highly sensitive to inhibition by 4’-FIU, followed by RSV and SARS-CoV-2.
Dose-finding in the mouse model identified effective levels in the low mg/kg range and three
doses administered q.d. to be sufficient for achieving full therapeutic benefit, which resembled
efficacy performance of baloxavir marboxil [43] and far outpaced that of the neuraminidase
inhibitors [44]. Whereas therapeutic oseltamivir lacked efficacy in mice infected with pdm09
TAV isolates [45] and baloxavir marboxil ensured only partial survival when treatment was
started later than 24 hours after infection [43], treatment with 4’-FIU mediated unprecedented
complete survival of all treated animals when the inhibitor was first administered as late as 60
hours after infection, at the time when lung virus burden approached peak titer [46] and
major clinical signs had manifested. If predictive of the treatment of human disease, this sub-
stantially widened therapeutic time window may be game-changing for influenza therapy.

Since clinical signs of influenza are largely a result of immunopathogenesis [47], we asked
whether 4’-FIU may impact the quality of the antiviral immune response and potentially trig-
ger exacerbated disease upon homotypic re-infection. Cytokine profiling showed an alleviated
pro-inflammatory response in animals dosed therapeutically with 4’-FIU, but assessment of
neutralizing antibody titers revealed that each of the treated animals had mounted a robust
humoral response. Consistent with our previous observation of low cytotoxic and cytostatic
potential of 4-FIU [24], these results indicate that mitigated immunopathogenesis in treated
animals is a consequence of reduced virus load rather than a direct immunomodulatory effect
of the compound. Although essentially sterilizing, even prophylactic treatment resulted in par-
tial protection of animals at re-infection despite the absence of neutralizing antibodies, indicat-
ing that treated animals also mounted a viable cell-mediated adaptive response [48,49].

Beyond individual patient benefit through mitigation of lethal infection and alleviation of
viral pneumonia and lung immunopathogenesis, 4 -FIU statistically significant reduced upper
respiratory tract virus load and viral shedding when treating 12 hours after infection, resulting
in fully suppressed spread to untreated direct-contact sentinels in the highly sensitive ferret
transmission model [50]. Later treatment initiation still reduced transmission efficiency, mani-
festing in delayed onset of virus replication and reduced upper respiratory tract peak virus
load, which serves as a biomarker for risk of progression to severe viral pneumonia [51]. If
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equally applicable to the human host, pharmacological block or mitigation of transmission
provides a promising path towards outbreak control through efficient interruption of commu-
nity transmission chains, mitigating the health threat and economic burden [52] of endemic
and pandemic influenza.

At greatest risk of life-threatening disease are the immunocompromised [53,54] and
patients infected with zoonotic HPAI viruses [55,56]. When assessed in an immunocompro-
mised mouse model, baloxavir marboxil returned a significantly prolonged time to death, but
ultimately all animals succumbed to the infection [57]. In contrast, treatment with 4-FIU
mediated complete survival of all animals in two distinct immunocompromised mouse mod-
els, underscoring powerful antiviral activity that does not strictly depend on a fully immuno-
competent host to clear the infection [58]. Adding efficient control of highly pathogenic
zoonotic IAVs, we propose that 4’-FIU meets key efficacy requirements of a next-generation
antiviral clinical candidate that strengthens pandemic preparedness and provides a much-
needed alternative option for management of seasonal and pandemic influenza viruses.

Material and methods
Ethics statement

All animal work was performed in compliance with the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health and the Animal Welfare Act Code of Federal
Regulations. Experiments involving mice and ferrets were approved by the Georgia State Uni-
versity Institutional Animal Care and Use Committee (IACUC) under protocols A20012 and
A21020, respectively. In vivo experimentation with HPAI viruses was approved by the Univer-
sity of Georgia at Athens IACUC under protocol A2020 03-033. All experiments using infec-
tious material were approved by the Georgia State University and the University of Georgia at
Athens Institutional Biosafety Committees (IBCs) and performed in BSL-2/ABSL-2 or BSL-3/
ABSL-3 containment facilities, respectively. Experiments involving highly pathogenic avian
influenza (HPAI) viruses were reviewed and approved by the IBC of the University of Georgia
at Athens and were conducted in enhanced biosafety level 3 (BSL3+) containment according
to guidelines for the use of select agents approved by the Centers for Disease Control and Pre-
vention (CDC).

Study design

Cells, ferrets and mice were used as in vitro, ex vivo and in vivo models, respectively, to exam-
ine efficacy of 4-FIU against influenza infections. Biochemical RARP assays were added for
mechanistic characterization against the influenza virus target. Viruses were administered
through intranasal or aerosolized (mice only) inoculation and virus load monitored periodi-
cally in nasal lavages (ferrets only), and in respiratory tissues of ferrets and mice extracted 4
days and 3-14 days, respectively, after infection. Virus titers were determined through
TCIDs5-titration.

Cells, viruses, and compound synthesis

MDCK (ATCC CCL-34) and 293T (ATCC CRL-3216) cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 7.5% heat-inactivated fetal bovine serum
(FBS) at 37°C and 5% CO,. Human primary cells were grown in epithelial differentiation
medium [24]. A/swine/Spain/53207/2004 (HIN1), A/Wisconsin/67/2005 (H3N2), A/Califor-
nia/07/2009 (HIN1)pdm09, A/Netherlands/602/2009 (HIN1)pdmO09, A/WSN/33 (HIN1), A/
Wyoming/03/2003 (H3N2), B/Memphis/20/1996 (Yamagata), and B/Malaysia/2506/2004
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(Victoria) were propagated on MDCK cells using serum-free DMEM supplemented with 0.5%
Trypsin. All influenza A viruses were grown at 37°C, influenza B viruses at 32°C. A/Viet Nam/
1203/2004 (H5N1) and A/duck/Alberta/35/76 (HIN1) were propagated in the allantoic cavity
of embryonated hen eggs at 37°C for 24 or 48 hours, respectively, clarified, aliquoted, and
stored at —80°C. Virus stock titers were determined through TCIDs,-titration or plaque assay
(A/Viet Nam/1203/2004 (H5N1)), stocks were stored in aliquots at -80°C. Recombinant influ-
enza viruses were recovered using an 8-plasmid system generated for A/CA/07/2009 (HIN1)
that was based on original reports for laboratory-adapted IAV [59]. Reporter viruses were gen-
erated through insertion of a nanoLuc or maxGFP-encoding ORF in frame at the 5’-end of the
viral HA OREF, separated by a 2A cleavage site as described for other recombinant IAVs [60].
Genetic stability of the resulting nanoLuc-HA and maxGFP-HA segments was validated
through sequence confirmation after 10 consecutive viral passages on MDCK cells. 4-FIU was
synthesized from 5’-(3-chlorobenzoyloxy)-2’,3’-di-O-acetyl-4 -fluorouridine and 4N ammonia
in methanol as previously described [24], authenticated through elemental analysis, and stored
as dry powder. Working aliquots were dissolved in DMSO or 10 mM sodium citrate with 0.5%
Tween 80 for in vitro and in vivo studies, respectively.

Virus titration

Virus samples were serially diluted (10-fold starting at 1:10 initial dilution) in serum-free
DMEM supplemented with 0.5% Trypsin (Gibco). Serial dilutions were added to MDCK cells
seeded in 96-well plate at 1x10* cells per well 24 hours before infection. Infected plates were
incubated for 72 hours at 37°C with 5% CO,, followed by transfer of culture supernatants to
suspension of chicken red blood cells and scoring of wells based on hemagglutination activity.
A/Viet Nam/1203/2004 (H5N1) virus and samples were titered by plaque assay; serially diluted
10-fold in DMEM with 2% FBS, added to MDCK cells in 12-well plates and overlaid with
DMEM+2% FBS with 1.2% Avicel microcrystalline cellulose. Plates were incubated for 48
hours at 37°C with 5% CO,, then washed, fixed with methanol:acetone (80:20), and counter-
stained with crystal violet to visualize plaques.

DOSC-I‘CSPODSC assays

Active concentrations (ECsq and ECo) of 4’-FIU were calculated through 4-parameter variable
slope regression modeling of dose-response assay data, derived from progeny virus yield
(TCIDs,) assays, luciferase reporter virus assays, or minigenome assays as specified. To test
compound potency, 4-FIU was in all dose-response assays assessed in 3-fold serial dilutions,
each tested in 3 independent repeats (biological repeats), with starting concentrations of

20 uM 4-F1U. Control wells received vehicle (DMSO) volume equivalents. Dose-response
assays on MDCK cells and 2D HAE cultures were carried out in 96-well plate format

(1.5 x 10* cells/well) or 24-well plate format (1.5 x 10° cells/well), respectively. MDCK cells
were infected in serum-free DMEM supplemented with 0.5% TPCK-treated trypsin (Gibco)
with an MOI of 0.02 TCIDs, units/cell, HAE cultures were infected in BronchiaLife media
(LifeLine) supplemented with 0.75 pg/ml TPCK-treated trypsin with an MOI of 1.0 TCIDs,
units/cell. Culture supernatants were removed 24 (HAE cultures) or 36-48 hours (MDCK
cells) after infection and viral titers determined through TCIDs, titration. For luciferase
reporter viruses, relative luciferase activity was read in situ using a BioTek Synergy H1 multi-
mode reader and signals normalized according to the formula % relative activity = (RLU;-R-
LU in)/(RLU o~ RLU ) X 100, with RLU; specifying sample luciferase value, RLU ;,
specifying values from equally transfected, vehicle-treated cells that did not receive the PB2
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subunit encoding plasmid, and RLU ,,, specifying values from fully transfected, vehicle-
treated cells.

Primary human airway epithelium cultures grown at air-liquid interface

Primary HAEs (3 x 10°/well) at passage <3 were seeded on 6.5 mm 0.4 um pore size polyester
transwell inserts (Corning Costar Transwell) and differentiated for at least 21 days at air-liquid
interface using Air-Liquid Interface Differentiation Medium (LifeLine Cell Technology).
Developing HAEs were washed apically at least once per week to remove mucus. Transepithe-
lial/transendothelial resistance (TEER) was measured every 24 hours for 3 days after infection
using an EVOM volt/ohm meter coupled with STX2 electrode (World Precision Instruments).
For infection, virus (5,000 TCIDs, units/transwell) was added apically. Compound was admin-
istered to the basolateral chamber, starting with a highest concentration of 0.5 uM 4’-FIU in
dose-response assays, and exchanged once daily. Each concentration was tested in three inde-
pendent replicates (biological repeats). Apically shed virus titers were determined through
TCIDs, titration on MDCK cells as described above.

Minigenome assay

293T cells were seeded and transfected with 1.0 g of luciferase-encoding reporter plasmid
[26] and 0.5 pg each of PB1, PB2, NP and PA expression plasmids derived from A/California/
07/2009 (HIN1), A/Viet Nam/1203/2004 (H5N1), and A/Anhui/1/2013 (H7N9), respectively.
Three hours post transfection, 4’-FIU or vehicle (DMSO) volume equivalents were added in
3-fold serial dilution series starting at 20 pM 4’-F1U concentration, followed by incubation for
30 hours at 37°C and determination of luciferase activity using a BioTek Synergy H1 multi-
mode plate reader. Relative activities were calculated according to the formula % relative activ-
ity = (RLU;=RLU 35,)/ (RLU 0, —RLU 3,) x 100, with RLU; specifying sample luciferase value,
RLU,;, specifying values from equally transfected, vehicle-treated cells that did not receive the
PB2 subunit encoding plasmid, and RLU ;. specifying values from fully transfected, vehicle-
treated cells.

Recombinant IAV RdRP expression and purification

A/CA/07/2009 (HIN1)-derived PA, PB1, and PB2 expression plasmids were subcloned into
the pFastbac Dual plasmid expression vector (Invitrogen) with polyhedrin promoter control.
An TEV protease-cleavable N-terminal hexahistidine-tag was added to the PA subunit to facil-
itate purification of the complex through affinity chromatography. The individual plasmids
were transformed in DH10bac cells and the resulting bacmid transfected into SF9 cells. After
virus recovery, SF9 cells were infected with the three individual viruses in the ratio of 1:1:2.
Cells were harvested after 72 hours and lysed in lysis buffer (Tris 50 mM pH 7.4, NaCl 300
mM, NP 40 0.5%, protease inhibitor cocktail, glycerol 10%, TCEP 0.5 mM) on ice for two
hours, followed by sonication. Clarified supernatant was incubated at 4°C for 1 hour with Ni-
NTA beads which were pre-equilibrated with Tris 50 mM pH 7.4, NaCl 300 mM, NP 40 0.2%,
glycerol 10%, TCEP 0.5 mM containing 20 mM imidazole. After extensive washing with Tris
50 mM pH 7.4, NaCl 300 mM, NP 40 0.2%, glycerol 10%, TCEP 0.5 mM containing 20-50
mM imidazole, protein complexes were eluted in buffer Tris 50 mM pH 7.4, NaCl 300 mM,
NP 40 0.2%, glycerol 10%, TCEP 0.5 mM containing 250 mM imidazole. Eluted protein frac-
tions were pooled and loaded on heparin HP columns, which were flushed with buffer A (Tris
50 mM pH 7.4, NaCl 250 mM, glycerol 10%), then 0-100% of buffer B (Tris 50 mM pH 7.4,
NaCl 1M, glycerol 10%) diluted in buffer A. The polymerase complex peak was observed in
~80% buffer B, which corresponds to approximately 900 mM NaCl in the buffer. Peak
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fractions were collected separately and dialyzed against buffer C (Tris/Cl 50 mM pH 7.4, NaCl
150 mM, glycerol 10%) in dialyzing cassettes at 4°C overnight. Purified protein complexes
were harvested, aliquoted and stored at -80°C until use.

In vitro RARP primer extension assay

In vitro primer extension assays were carried out essentially as described [24,61]. Briefly, RARP
assay reactions were set up in 20 mM Tris-HCl pH 7.4, 10% glycerol, 1 mM TCEP, 3 mM
MnCI2, 2 uM RNA template, 100 uM RNA primer, and nucleotides and 1 pCi of o**P-labelled
ATP (Perkin-Elmer) as specified in the figure legends, followed by incubation at 30°C for 10
minutes. Polymerase complexes were added to the reaction and incubation continued for 1
hour at 30°C. Reactions were stopped with 1 volume of deionized formamide containing 25
mM ethylenediaminetetraacetic acid (EDTA), followed by a denaturation step at 95°C. Ampli-
cons were fractionated on 20% polyacrylamide gels with 7M urea, using a Tris-Borate-EDTA
electrophoresis buffer. Amplicons were visualized by autoradiography, using a storage phos-
phor screen BAS IP MS 2040 E (GE Healthcare Life Sciences) and Typhoon FLA 7000 (GE
Healthcare Life Sciences) imager. Densitometry analysis was performed using FIJI 2.1.0. To
determine enzyme kinetics (V. and K,,,), Michaelis-Menten equation was applied in Prism
9.4.1 (GraphPad).

Pharmacokinetic property and tissue distribution profiling in mice

Male and female C57BL/6] mice were rested for 3 days prior to study start. Then, animals were
gavaged with 1.5 mg/kg bodyweight 4’-FIU in 10 mM sodium citrate with 0.5% Tween 80,
final gavage volume 200 pl. Blood samples (150 pl) were taken at 90 minutes, 3 hours and 12
hours after dosing, cleared (2,000 rpm, 5 minutes, 4°C), and extracted plasma stored at -80°C.
Organ samples (lung, brain, spleen, heart, kidney and liver) were harvested 12 hours after dos-
ing and snap-frozen in liquid nitrogen. Animal tissues were homogenized with 70% acetoni-
trile in water that included internal standards. Animal plasma and tissue concentrations of
4’FIU and 4-FIU-TP were measured by a qualified LC/MS/MS method in MRM mode on a
QTRAP 5500 (Sciex, Santa Clara, CA, USA) instrument.

Intranasal infection of mice

Female or male mice (5-8 weeks of age, Balb/c, RAG1 KO or IFNar KO) were purchased from
Jackson Laboratories. Upon arrival, mice were rested for at least 3 days, then randomly
assigned to study groups and housed under ABSL-2 or ABSL-3 conditions for infections with
A/CA/07/2009 (HIN1) recombinants or A/VN12/2003 (H5N1), respectively. Bodyweight was
determined twice daily, body temperature determined once daily rectally. For infections, ani-
mals were anesthetized with isoflurane or isoflurane/ketamine (H5N1 challenge only), fol-
lowed by intranasal inoculation with 2.5x10" TCIDs, units/animal of A/CA/07/2009 (HIN1),
1x10°-1x10° TCIDsj units/animal of GFP or nanoLuc expressing reporter virus versions of A/
CA/07/2009 (HIN1), or 6x10" of A/VN12/2003 (H5N1). In all cases, virus inoculum was
diluted in 50 pl and administered in amounts of 25 pl per nare. Animals were euthanized and
organs harvested at predefined time points or when animals reached humane study endpoints.

4’-FIU anti-IAYV efficacy studies in mice

Mice were inoculated intranasally with IAV stocks as described, followed by treatment with 4’-
FIU at specified dose levels and starting time points through oral gavage. Unless specified oth-
erwise, treatment was continued q.d. Each individual study contained animals receiving equal
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volumes of vehicle through oral gavage. At study end point, lung tissue was harvested for virus
titration or histopathology assessment. For tissue fixation, lungs were perfused using 10% neu-
tral-buffered formalin [10% formalin, NaH,PO, (4 g/liter), and Na,HPO, (6.5 g/liter)], dis-
sected, and fixed for 24 hours. Formalin-fixed lungs were transferred to 70% EtOH after 72
hours, embedded in paraffin, sectioned (5-pum thickness), and stained with hematoxylin and
eosin. Slides were evaluated by a licensed pathologist. A pathology score range of 0 to 3 was
used to evaluate tissue damage. For analysis of proinflammatory cytokine levels through Bio-
plex, lungs of euthanized mice were lavaged with 1 ml sterile PBS to extract BALFs, and cleared
BALF analyzed against the Standard Th17-panel (Bio-Rad) according to the manufacturer’s
instructions.

Efficacy studies in ferrets

Female ferrets (6-10 months of age) were purchased from Triple F Farms. Upon arrival, ferrets
were rested for 1 week, then randomly assigned to study groups and housed in groups of three
animals under ABSL-2 conditions. In some studies, animals received a temperature sensor for
continued telemetric measurement of body temperature. Otherwise, body temperature was
determined rectally once daily. Dexmedetomidine/ketamine anesthetized animals were inocu-
lated intranasally with 1x10° TCIDsj units of A/CA/07/2009 (H1NT1) in a volume of 500 pl per
nare. Nasal lavages were performed twice daily using 1 ml of PBS containing 2x antibiotics-
antimycotics (Gibco). Treatment with 4-FIU through oral gavage followed a q.d. regimen. Fer-
rets were terminated four days post infection and BALF and organ (lungs, turbinates and tra-
cheas) samples extracted for virus titrations.

Ferret transmission studies

Female ferrets (3-8 months of age) were anesthetized with dexmedetomidine/ketamine and
infected intranasally with 1x10° TCIDs, units of A/CA/07/2009 (H1N1) as before. Nasal
lavages were performed every 12 hours, bodyweight and temperature determined once daily.
Treatment of source animals was initiated 12 or 24 hours after infection at a dose of 2mg/kg
bodyweight, and continued q.d. for three doses total. Starting day 2.5 after infection, unin-
fected and untreated contact animals were added to the infected and treated source ferrets to
allow direct-contact transmission, and co-housing continued until termination of the source
ferrets on study day 4. Sentinels were subjected to once daily nasal lavages and monitored until
study day 10 or, when infectious particles were detected in lavages of contacts of 4-FIU-treated
source animals, study day 14.

Virus titration from tissue samples

Organs were weighed and homogenized in 300 pl PBS using a beat blaster, set to 3 cycles of 30
seconds each at 4°C, separated by 1-minute rest periods. Homogenates were cleared (10 min-
utes at 20,000 x g and 4°C), and cleared supernatants stored at -80°C until virus titration. Viral
titers were expressed as TCIDs5, units per gram input tissue. For A/VN12/2003 (H5N1), lungs
were homogenized using a TissueLyzer (Qiagen), clarified by centrifugation, supernatants ali-
quoted, and then stored at -80°C. A/VN12/2003 (H5N1) virus titer was determined by plaque
assay and expressed as PFU per ml of lung homogenate.

Infection of mice with aerosolized A/CA/07/2009 (HIN1)

An Aeroneb (Kent Scientific) system was used to infect mice (female Balb/c, 6-8 weeks of age)
with aerosolized IAV. Conscious animals were transferred to an aerosol chamber placed on a

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011342  April 17, 2023 19/26



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES 105

PLOS PATHOGENS

4’-Fluorouridine mitigates lethal influenza virus infection

heat pad adjusted to 37°C to prevent condensation, connected to the nebulizer unit (Aeroneb
with palladium mesh) and air pump with airflow restrictor. For condition-finding experi-
ments, the nebulizer chamber was loaded with virus inoculum diluted to 1x10°~1x10° TCIDs,
A/CA/07/2009 (HIN1) per ml in sterile PBS, airflow adjusted to 1 I/minute, and animals con-
tinuously exposed for 3, 10, or 30 minutes. For treatment studies, conditions were adjusted to
1x10° TCIDs,/ml in sterile PBS, 10 minutes exposure time, and 1 [/minute airflow.

Re-infection of 4’-Fl1U-experienced mice with A/CA/07/2009 (HIN1)

Mice infected with aerosolized A/CA/07/2009 (HIN1) as above were treated q.d. with 4’-FIU
or vehicle as specified, and monitored for 10 weeks or until humane endpoints were reached.
Blood was collected 4 and 8 weeks after infection and A/CA/07/2009 (HIN1)-neutralizing
antibody titers determined. Treated recoverees were reinfected with homotypic, aerosolized
A/CA/07/2009 (HIN1) 10 weeks after the original infection along with a fresh set of naive ani-
mals, followed by monitoring for an additional 14 days and final blood collection at study end.
No treatment was administered after reinfection.

Neutralizing antibody titers in mice

Plasma was prepared from blood samples (2,000 rpm, 10 minutes, 4°C) and stored at -80°C
until analysis. Heat-inactivated plasma was incubated with 100 TCIDs, units of A/CA/07/2009
(HINT1) for 90 minutes, followed by serial dilution and transfer to MDCK cells, and plates
incubated for 3 days at 37°C. Remaining infectivity was visualized through hemagglutination
activity on chicken red blood cells.

Statistical analysis

For statistical analysis of studies consisting of only two groups, unpaired two-tailed t-tests
were applied. When comparing more than two study groups, 1-way analysis of variance
(ANOVA) or 2-way ANOVA with multiple comparison post hoc tests as specified were used to
assess statistical difference between samples. Statistical analyses were carried out in Prism ver-
sion 9.4.1 (GraphPad). The number of individual biological replicates (n values) and exact P
values are shown in the figures when possible. The threshold of statistical significance (o) was
set to 0.05. All quantitative source data and statistical analyses are shown in S1 and S2 data
files, respectively.

Supporting information

S1 Fig. 4’-FIU activity in undifferentiated and differentiated HAE cultures. a) 4-FlU antivi-
ral activity in 2D HAE cultures. Dose-response assays of 4-FIU against a A/WSN/33 (HIN1)
nano-luciferase reporter virus (WSN-nanoLuc) on undifferentiated HAEs derived from 10 dif-
ferent healthy donors, five male and five female. Lines represent 4-parameter variable slope
regression models; symbols show data means + SD; n = 6. ECs, and ECy, concentrations are
specified. b) Dose-response assay of 4’-FIU against pdmCa09 on a well-differentiated HAE cul-
ture grown at air-liquid interface. Cultures were infected apically, compound was added to the
basolateral chamber; line intersects, and symbols show, geometric means + SD of apically shed
virus (n = 3). EC5o and ECy, values based on 4-parameter variable slope regression modeling
are shown. ¢) TEER measurements of HAE cultures from (b). Symbols show individual mea-
surements (individual transwells); lines intersect, and symbols show, data means + SD.

(TIF)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011342  April 17, 2023 20/26



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES 106

PLOS PATHOGENS

4’-Fluorouridine mitigates lethal influenza virus infection

S2 Fig. Urea-PAGE fractionation (uncropped) of RNA transcripts. a) Template and primer
used in the reaction. b-e) Independent repeats of primer extension assay by IAV polymerase.
Dashed rectangle shows insert presented in Fig 1E. Replicates were included in quantitations
presented in Fig 1E and 1F.

(TIF)

S3 Fig. Clinical signs in 4’-FIU-treated mice used to establish treatment paradigms. a-h)
Body weight measurements taken twice daily (a, ¢, e, g) and rectal body temperature deter-
mined once daily (b, d, f, h). Dashed horizontal line specifies humane endpoint of 20% body
weight loss; lines intersect, and symbols show, data means + SD; n values are specified in main
Fig 2. Results are shown for lowest efficacious dose (a-b), latest onset of efficacious treatment
(c-d), virus clearance (e-f) and minimal number of doses required (g-h) studies.

(TIF)

S4 Fig. Clinical signs in 4’-FIU treated ferrets. a) Continuous telemetric assessment of body
temperature of ferrets in the 4-FIU efficacy study. b-e) Once-daily body weight (b, d) and rec-
tal body temperature (c, e) of ferrets involved in the pdmCa09 transmission studies. Lines
intersect, and symbols show, data means + SD. Dashed lines in (a,c,e) represent onset of fever;
dashed lines in (b,d) specify predefined endpoint.

(TIF)

S5 Fig. Clinical signs in 4’-FIU-treated mice used in immune response-mitigation study. a-
b) Body weight measurements taken twice daily (a), and rectal body temperature determined
once daily (b). Lines intersect, and symbols show, data means + SD; n values are specified in
Fig 4. Dashed line in (a) specifies predefined endpoint.

(TIF)

S6 Fig. Changes in select BALF cytokine levels in infected and 4’-FIU-treated mice. IFNy,
IL-1b, IL-10, and IL-17a levels present in BALF of animals treated as in Fig 4A are shown, cal-
culated relative to levels at time of infection. Lines intersect, and symbols show, data medians
with 95% CI; 2-way ANOVA with Tukey’s post hoc test; P values are specified.

(TIF)

S7 Fig. Clinical signs of mice involved in mitigation of histopathology study. a-b) Body
weight measurements taken twice daily (a), and rectal body temperature determined once
daily (b). Lines intersect, and symbols show, data means + SD. Dashed line in (a) specifies pre-
defined endpoint.

(TIF)

S8 Fig. Photomicrographs of lung tissues. Lungs were extracted on study days 5 or 21
(infected and treated animals only) of all animals examined in this study; tissue section were
H&E stained; dashed rectangle shows sections presented in Fig 4E.; magnification 10x; scale
bar 100 pm; Br, bronchiole; Bl or arrowhead, blood vessel.

(TIF)

S9 Fig. Detailed histopathological scores of all animals examined in this study. Individual
clinical scores for alveolitis, bronchiolitis, perivascular cuffing (PVC), vasculitis, interstitial
pneumonia (IP), and pleuritis. Columns show data medians, symbols represent individual ani-
mals; 1-way ANOVA with Tukey’s post hoc test; p values are specified; n values are specified in
Fig 4F.

(TIF)
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$10 Fig. Clinical signs in pdmCa09-infected immunocompromised mice treated with 4’-
FIU. a-c) Shown are body weight measurements taken twice daily (a, c), and rectal body tem-
perature (b, d) determined once daily. Lines intersect, and symbols show, data means + SD; n
values are specified in Fig 5. Results are shown for RAG1 KO (a-b) and IFNAR1 KO (c-d) ani-
mals. Dashed lines in (a,c) specify predefined endpoint.

(TIF)

S11 Fig. Set-up of the Aeroneb nebulizer infection system. a-b) Schematic representation of
the system (a) and photograph of the assembly (b).
(TIF)

$12 Fig. Variation of duration of animal exposure in the aerosolization chamber. a-b)
Body weight measurements taken twice daily (a), and rectal body temperature (b) determined
once daily. Lines intersect, and symbols show, data means + SD. ¢) Lung viral titers deter-
mined 4 days after infection. Columns represent geometric means + SD; symbols show indi-
vidual animals (n = 4). Dashed line in (a) specifies predefined endpoint.

(TIF)

S13 Fig. Variation of pdmCa09 inoculum amount for infection in the aerosolization cham-
ber. a) Body weight measurements taken twice daily. Lines intersect, and symbols show, data
means. b) Lung viral titers determined 4 days after infection. Columns represent data mean
with range; symbols show individual animals (n = 2). Dashed line in (a) specifies predefined
endpoint.

(TIF)

S14 Fig. 4'-FIU efficacy confirmation after infection with aerosolized inoculum virus. a)
Efficacy study schematic; n values are specified. b-c) Body weight measurements of animals
from (a) taken twice daily (a), and rectal body temperature (b) determined once daily. Lines in
(b-¢) intersect, and symbols show, data means + SD. d) Lung viral titers determined 4 days
after infection. Columns represent geometric means + SD, symbols show individual animals;
1-way ANOVA with Dunnett’s post hoc test; P values are specified. Dashed line in (d) specifies
limit of detection.

(TIF)

S15 Fig. Clinical signs of mice infected and reinfected with pdmCa09. a-d) Body weight
measurements taken twice daily (a, ¢), and rectal body temperature determined once daily (b,
d). Lines intersect, and symbols show, data means + SD. Results are shown for animals after
the original infection (a-b) and after homotypic reinfection (c-d). Dashed lines in (a,c) specify
predefined endpoint.

(TIF)

S1 Data. All quantitative source data generated in this study.
(XLSX)

S2 Data. All statistical analyses performed for this study.
(XLSX)
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Lieber et al

Abstract

Pre-existing or rapidly emerging resistance of influenza viruses to approved antivirals
makes the development of novel therapeutics to mitigate seasonal influenza and improve
preparedness against future influenza pandemics an urgent priority. We have recently identified
the chain-terminating broad-spectrum nucleoside analog clinical candidate 4’-fluorouridine (4’-
FIU) and demonstrated oral efficacy against seasonal, pandemic, and highly pathogenic avian
influenza viruses in the mouse and ferret model. Here, we have resistance-profiled 4’-FIU
against a pandemic A/CA/07/2009 (H1N1) (CAQ9). In vitro viral adaptation yielded six
independently generated escape lineages with distinct mutations that mediated moderate
resistance to 4’-FIU in the genetically controlled background of recombinant CAQ9 (recCAQ9).
Mutations adhered to three distinct structural clusters that are all predicted to affect the
geometry of the active site of the viral RNA-dependent RNA polymerase (RdRP) complex for
phosphodiester bond formation. Escape could be achieved through an individual causal
mutation, a combination of mutations acting additively, or mutations functioning synergistically.
Fitness of all resistant variants was impaired in cell culture, and all were attenuated in the
mouse model. Oral 4’-FIU administered at lowest-efficacious (2 mg/kg) or elevated (10 mg/kg)
dose overcame moderate resistance when mice were inoculated with 10 LDso units of parental
or resistant recCAQ9, demonstrated by significantly reduced virus load and complete survival. In
the ferret model, invasion of the lower respiratory tract by variants representing four adaptation
lineages was impaired. Resistant variants were either transmission-incompetent, or spread to

untreated sentinels was fully blocked by therapeutic treatment of source animals with 4’-FIU.

Author Summary
Reduced sensitivity to FDA-approved influenza drugs is a major obstacle to effective
antiviral therapy. We have previously demonstrated oral efficacy of a novel clinical candidate

drug, 4-FIU, against seasonal, pandemic, and highly pathogenic avian influenza viruses. In this
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study, we have determined possible routes of influenza virus escape from 4’-FIU and addressed
whether resistance imposes a viral fithess penalty, affecting pathogenicity or ability to transmit.
We identified three distinct clusters of mutations that lead to moderately reduced viral sensitivity
to the drug. Testing of resistant variants against two chemically unrelated nucleoside analog
inhibitors of influenza virus, conditionally approved favipiravir and the broad-spectrum SARS-
CoV-2 drug molnupiravir, revealed cross-resistance of one cluster with favipiravir, whereas no
viral escape from molnupiravir was noted. We found that the resistant variants are severely
attenuated in mice, impaired in their ability to invade the lower respiratory tract and cause viral
pneumonia in ferrets, and transmission-defective or compromised. We could fully mitigate lethal
infection of mice with the resistant variants with standard or 5-fold elevated oral dose of 4’-FIU.
These results demonstrate that partial viral escape from 4’-FIU is feasible in principle, but
escape mutation clusters are unlikely to reach clinical significance or persist in circulating

influenza virus strains.

Introduction

Seasonal influenza viruses cause a significant public health and socioeconomic burden [1,
2]. Approximately one billion people are infected annually worldwide [3], and millions require
hospitalization and advanced care. Case fatalities exceed 600,000 in interpandemic years, and
can be substantially higher when zoonotic influenza viruses spill over into the human population,
causing large-scale pandemics [4]. A multivalent annual influenza vaccine provides moderate
protection, but vaccine efficacy is moderate under the best of circumstances, and compromised
in particular in the most vulnerable patient populations such as older adults and the
immunocompromised [5-7]. Benefit rapidly declines when vaccines are poorly matched with
circulating virus strains or when novel, pandemic virus strains emerge [8, 9].

Three different classes of antivirals are currently FDA approved for use against influenza:

the adamantes (i.e. amantadine), which block the viral M2 channel [10]; the inhibitors of viral
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53  neuraminidase (NA) activity (i.e. oseltamivir phosphate) [11, 12]; and the PA endonuclease

54 blocker baloxavir marboxil [13, 14]. Although originally effective when administered early after
55 infection, each of these classes has a low genetic barrier against viral resistance. Excessive
56 veterinary use of the adamantes has led to widespread preexisting presence of the signature
57 M2 S31N resistance mutation in circulating human and animal influenza A virus (IAV) strains
58 [15, 16], and their use for influenza therapy is no longer recommended by the Centers for

59 Disease Control and Prevention since 2006 [17, 18].

60 Whereas neuraminidase inhibitors are still in clinical use, resistance mutations emerge

61 rapidly in the viral NA protein in treatment-experienced virus populations and have been found
62  in circulating strains. For instance, over 99% of seasonal H1N1 isolates was oseltamivir-

63  resistant in April 2009, immediately before the emergence of the 2009 swine origin IAV

64  pandemic [19, 20]. Although pandemic 2009 (pdm09) H1N1 strains were initially sensitive to
65  oseltamivir, pre-existing resistance emerged in later stages of the pandemic and high

66  transmission of oseltamivir-resistant pdmQ9 viruses was detected in some communities [20, 21].
67 The most recent addition to the antiviral arsenal against influenza, baloxavir marboxil,

68 demonstrated strong efficacy after administration of a single dose [22]. However, treatment-

69  emergent resistance, a signature PA 138T/M/F substitution, appeared almost instantaneously,
70  resulting in rebound of virus replication in 10% of treated patients in a phase 3 clinical trial [14,
71 23]

72 The nucleoside analog inhibitor favipiravir, which was conditionally approved in Japan for
73  treatment of pandemic influenza virus infections when other influenza drugs are ineffective [24,
74  25], has a substantially higher barrier against viral escape. Favipiravir-resistant variants did not
75 emerge in clinical trials [24], but an in vitro adaptation identified a K229R mutation in the PB1
76  subunit of the RARP complex that reduced viral susceptibility to the drug when combined with a
77  compensatory PA P653L mutation that partially restored viral fitness [26]. It is uncertain,

78  however, whether escape from favipiravir may amount to a clinical problem.
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79 We have recently identified 4’-FIU, an orally efficacious nucleoside analog with broad

80  spectrum activity against multiple positive and negative strand RNA viruses including beta-
81  coronaviruses [27, 28], RSV and paramyxoviruses [27], and both seasonal and highly

82  pathogenic avian influenza viruses [29]. Inducing immediate chain termination of the IAV

83  polymerase, 4’-FIU displayed an unusually wide therapeutic time window in the lethal pdm09
84  H1N1 mouse model, mediating complete survival of animals when treatment was initiated up to
85 60 hours after infection [29].

86 To explore the developmental potential of 4'-FIU for influenza therapy, we resistance

87  profiled the compound in this study and assessed fitness and pathogenesis of resistant

88 recombinants in vitro and in vivo, employing both the lethal mouse and ferret transmission

89  model. We have identified three distinct clusters that induce moderate resistance to 4’-FIU. All
90 three are predicted to affect the geometry of the central polymerase cavity that harbors the

91 active site for phosphodiester bond formation. Resistance in all cases coincided with viral

92  attenuation in vitro and in vivo. 4'-FIU treatment at the lowest efficacious (2 mg/kg) and/or

93 moderately elevated (10 mg/kg) dose mediated complete survival after inoculation of animals
94  with 10 LDsp of the different resistant strains and suppressed viral transmission. These results

95 define a high genetic barrier of 4’-FIU against influenza virus escape from inhibition.

96
97 Results
98 Dose-response assessment of 4’-FIU against recCAQ9 returned 50 and 90% inhibitory

99 concentrations (ECso and ECq, respectively) of 0.14 and 0.24 uM (S1 Fig), which was
100 consistent with our previous observations [29].
101 IAV adaption identifies distinct mutations mediating partial escape from 4’-FIU
102 Starting with an ECgo-equivalent compound concentration, we gradually adapted recCAQ09
103  to growth in the presence of 4’-FIU through dose-escalation serial passaging in six independent

104 lineages (Fig 1a). At every passage, progeny virus titers were determined, viral RNA extracted,
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105 and fresh cells infected at a controlled multiplicity of infection (MOI) of 0.01 TCIDsq units/cell.
106  Four additional adaptation lineages were carried out in the presence of vehicle (DMSO) volume
107  equivalents. After 9-10 passages gradually exceeding 2.5 «dM 4’-FIU, which was the sterilizing
108 concentration of recCAQ9 at study start (S1 Fig), adaptation candidates replicated productively
109 in the presence of 6 to 20 uM 4’-FIU (Fig 1b), whereas DMSO-experienced virus populations
110 remained fully sensitive to 4’-FIU (Fig 1c). Whole genome sequencing of 4’-FIU-experienced
111 virus populations at study end and selected intermediate passages identified in each lineage at
112 least one, and up to three, point mutations in RARP subunits that had become allele-dominant,
113  but were absent in the vehicle-treated virus populations (Fig 1d; S1 Table; S1 Data). Two

114  adaptation lineage pairs, #1/#5 and #4/#6, shared one common substitution, PB1 V285I and
115 PB2 488C, respectively (Fig 1e). Although not identical, lineages #2 and #3 harbored allele-
116  dominant mutations in immediate vicinity of each other in PB2 (E191K and K189R,

117  respectively). Other mutations were unique to the individual lineages. Individual mutations in
118 three lineages (#4, #5, and #6) emerged with distinct dynamics, possibly indicating fithess

119  compensatory effects of the substitutions appearing in later passages.

120 We rebuilt all mutations in polymerase subunits in a recCA09-maxGFP background, which
121  expresses a maxGFP from the HA segment [29, 30]. Infection of MDCK cells with the resulting
122 recombinants in the presence or absence of 4’-FIU revealed different degrees of reduced

123 susceptibility to the inhibitor compared to that of the genetic parent virus (Fig 1f; S2 Fig).

124  Three pathways to achieve viral resistance to 4’-FIU

125 To quantify robustness of viral resistance in an otherwise unchanged viral background, we
126  rebuilt in parallel a set of non-reporter recCAQ9 variants. Dose-response assays against 4’-FIU
127 demonstrated a 2 to 25-fold increase in ECgg concentrations of 4’-FIU against the different virus
128 lineages, confirming moderate resistance to 4'-FIU (Fig 2a; S2 Table). A favipiravir-resistant
129  recCA09 carrying the PB1 K229R and PA P653L point mutations previously described [26]

130 showed unchanged sensitivity to 4'-FIU. The inverse experiment, testing the recCA09 panel
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against nucleosides analogs currently in clinical use for respiratory virus indications, favipiravir
and molnupiravir [31, 32], revealed slightly decreased (favipiravir) or increased (molnupiravir)
viral susceptibility, but only lineage #4 showed cross-resistance with favipiravir that reached an
ECg change >10-fold (Fig 2b and c; S3 and S4 Tables).

Whereas maximal growth rates of resistant viruses were unchanged to that of their genetic
parent in multi-step growth curves on MDCK cells, maximal progeny titers reached were
reduced by up to 1.5 orders of magnitude (Fig 2d; S5 Table). To directly compare relative
fitness of mutants and their genetic parent, we co-infected cells with a 10:1-mixture of mutant to
parent, followed by five serial passages with whole genome sequencing of the viral populations
after each passage (Fig 2e). Relative allele frequencies of mutations in lineages #1, #2, and #3
plummeted rapidly, indicating a fitness penalty compared to the parent virus (Fig 2f; S2 Data).
Lineage #4 co-replicated with the genetic parent without substantial change in relative allele
frequencies, and one substitution each of lineages #5 and #6, V285! in PB1 and Y488C in PB2,
respectively, disappeared rapidly, whereas others co-existed with the parent allele.

To better differentiate the contribution of discrete mutations to the resistance phenotype, we
rebuilt all substitutions individually in recCAQ9 reporter virus expressing a nano luciferase from
the HA segment (recCA09-nanoLuc), followed by luciferase-based dose-response assays (Fig
2g; Table 1; S3 Fig). Three different pathways to viral escape emerged: i) individual mutations
caused resistance (i.e. PB1 V285l in lin #1 and #5), sometimes in combination with an enhancer
(lin #5); ii) resistance was based on additive effects (i.e. lin #3); or iii) resistance arose from
synergy (i.e. lin #2, #4, and #6). In one case (lin #4), the individual role of one mutation (PB2
T491M) could not be assessed, since this substitution was viable only in the context of the PB2
Y488C exchange (Table 1).

None of the combinations of mutations required for moderate resistance to 4'-FIU existed in
complete IAV genome sequences available in the NCBI Virus database (S4 Fig). Although

some mutations were present individually, all remained below 1% relative frequency except PB1

118
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157  M339I and PB2 E191K in complete and partial sequences (S6 Table), confirming our previous
158  observation that circulating human and avian IAVs are efficiently inhibited by the compound
159  [29].

160 Spatial localization implicates resistance mutations with altered RARP geometry

161 We localized all resistance mutations in structural models of the influenza virus polymerase
162  complex, built on the coordinates released for influenza virus C (ICV) [33], the 1918 H1IN1 IAV
163  [34], and a bat IAV [35] (Fig 3a; S5a to c Fig). The spatial positions of the mutations were

164  virtually identical in the ICV (Fig 3a) and 1918 H1N1 structures (S5a Fig), which are both

165 considered to represent a pre-initiation conformation of the polymerase. However, mechanistic
166  assessment was based on the ICV structure, which represents the intact RARP complex,

167  whereas the 1918 H1N1 IAV model lacks parts of the PA and PB2 subunits and the bat IAV
168 represents an alternate cap-binding conformation. Most mutations were posited in the central
169 RdRP cavity, either in immediate proximity to the catalytic site for phosphodiester bond

170  formation (lin. #1 and 5; Fig 3b and lin. #4 and 6; Fig 3c) or at positions in short-range proximity
171  to the GDN active site (lin. #2 and 3; Fig 3d). Noticeable exceptions were the PB2

172 E180K/E191K and PB2 K189R charge-reversal substitutions in lin. #2 and lin. #3, respectively,
173 which may affect structural mobility of PB2 and may alter cap RNA loading into the central

174  cavity.

175 Overall, altered geometry of the polymerase active site, achieved through combinations of
176  mutations in distinct sets, emerged as the common theme across all resistance lineages (S7
177  Table). These changes may either increase selectivity of the polymerase complex for substrate
178 triphosphates or, more likely based on in vitro RARP assay results of immediate chain

179  termination [29], increase spatial flexibility at the active site to better accommodate secondary
180  structure changes introduced by incorporation of the 4’-FIU analog into the nascent RNA strand
181  [27, 29]. Structural limits for flexibility appear to be tight, however, since different artificially

182  engineered combinations of independently emerged signature resistance mutations did not
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183  result in bioactive polymerase complexes that could support productive virus replication (S8

184  Table).

185 These findings pinpoint residues defining the geometry of the central RARP cavity as

186 instrumental for moderately reduced polymerase susceptibility to inhibition by 4’-FIU, and

187  suggest that the genetic barrier preventing emergence of more robust resistance may be major.
188  All 4’-FlU-experienced resistant variants are attenuated in vivo

189 In the Balb/cJ mouse model, infection of animals with equal infectious particle amounts of
190 the resistant variants or parent recCAQ9 followed by daily monitoring of clinical signs provided
191  no indication of enhanced disease (S6 Fig). To compare pathogenicity with parent recCA09, we
192  determined LDso inoculum amounts (Fig 4a). Relative to recCAQ09, all resistant strains were

193  attenuated, ranging from 25-fold (lin. #4) to 1,000-fold (lin. #5) higher LDs, values (Fig 4b to d).
194  Despite the fitness disadvantage in vitro and attenuation in vivo, genetic stability of the resistant
195  strains was high in mice in the absence of compound (Fig 4e). Relative allele frequency of all
196  mutations but PB1 M290V was near 100% in virus populations isolated from lung tissue 5 to 10
197 days after infection (S3 Data), when individual animals reached endpoints.

198 To explore the effect of resistance on in vivo drug efficacy, animals were infected with

199  10xLDsp equivalents of each variant, followed 24 hours after infection by five doses of 4’-FIU at
200 2 (lowest efficacious standard dose) or 10 (elevated dose) mg/kg bodyweight, administered

201  orally q.d. (Fig 4f). Animals in survival groups were monitored for 14 days, lung virus loads were
202  determined in subgroups 4.5 days after infection. Standard dose resulted in complete survival of
203  animals infected with parent recCAQ9 or all resistant variants except lin. #5, which showed 50%
204  survival (Fig 4g and h; S7 Fig). All vehicle-treated animals succumbed by day 4 after infection.
205 Elevated dose of 4-FIU resulted in complete survival also of animals infected with lin. #5. Lung
206  virus loads mirrored survival data, showing significant reductions in all cases after both standard
207 and elevated dose of 4'-FIU (Fig 4h). However, effect size was greatest in the case of parent

208 recCAQ9 and lin. #2 (undetectable after elevated dose) and least pronounced in animals
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infected with lin. #5.

These data demonstrate that resistant variants are attenuated, albeit still pathogenic in the
mouse model. However, moderate resistance to 4’-FIU can be overcome pharmacologically in
vivo.
4’-FIU prevents transmission of resistant variants in the ferret model

Two resistant variants, lin. #4 and lin. #5, were selected for direct-contact transmission
studies in the ferret model based on highest pathogenicity and greatest resistance to 4’-FIU,
respectively. Treatment of source ferrets with three oral doses of 4-FIU at 2 mg/kg bodyweight
each was initiated 12 hours after infection and 36-hour\co-housing started 2.5 dpi, after
administration of the last compound dose (Fig 5a). Source animals were euthanized at the end
of the co-housing period and contacts monitored until study day 8.

Treatment of source animals with 4’-FIU alleviated clinical signs in all study arms (S8 Fig).
recCAO09 was first detectable in nasal lavages of all sentinels of vehicle-treated ferrets at the
end of the contact period (Fig 5b), confirming efficient IAV transmission in the ferret model [29].
Consistent with our previous observations [29], 4'-FIU was highly efficacious of reducing shed
virus load in the treated source animals, resulting in a complete block of transmission. Peak
shed virus load of recCAQ9 lin. #4 was reduced in vehicle-treated animals by approximately one
order of magnitude compared to parental recCA09 (Fig 5c), whereas recCA09 lin. #5 reached
similar peak titers (Fig 5d). However, recCAOQ9 lin. #4 efficiently spread from vehicle-treated
source to contact animals, while recCAQ9 lin. #5 was transmission-incompetent. Oral treatment
of recCAO09 lin. #4-infected animals with standard dose 4’-FIU completely blocked transmission,
suggesting that moderate resistance does not compromise pharmacological control of IAV.

Nasal turbinate (Fig 5e), trachea (Fig 5f), and lung (Fig 59) titers determined at study end
reflected the efficient block of parent and mutant recCAQ9 transmission by 4’-FIU. Independent
of inoculum variant, virus was undetectable in all tissues harvested from sentinels of 4’-FIU-

treated source animals. Treatment furthermore suppressed viral invasion of the lower
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235  respiratory tract in animals infected with recCAQ9 (Fig 5f and g). In contrast, trachea load of

236  vehicle-treated animals infected with recCAOQ9 lin. #4 or #5 was reduced by approximately 2.5
237  orders of magnitude compared to parental recCA09 and viral pneumonia was alleviated in the
238  absence of treatment, confirming attenuation of these variants.

239 Whole genome sequencing of the different virus populations extracted from animal lungs at
240  study endpoints revealed genetic stability of recCAQ9 lin. #4 through the course of the study in
241  both source and, after successful transmission from vehicle-treated animals, contact ferrets (Fig
242  5h; S4 Data). However, both mutations present in the recCAQ9 lin. #5 inoculum, PA N222S and
243  PB1 V285I, were rapidly counter-selected against in ferrets, resulting in relative allele

244 frequencies of approximately 25 and 5%, respectively, in the vehicle-treated source animals at 4
245  dpi. Virus load in all other recCAOQ9 lin. #5 groups was too low to support a reliable whole

246  genome analysis.

247 These data demonstrate that moderate resistance to 4’-FIU is achievable, but in all cases
248  coincided with viral attenuation represented by alleviated clinical signs, reduced tissue virus

249  burden, and impaired invasion of the lower respiratory tract. Even transmission of variants with
250 the most robust resistance phenotype or greatest residual pathogenicity is compromised an/or
251  readily controlled by standard dose 4’-FIU.

252

253 Discussion

254 Pre-existing or rapidly emerging widespread resistance to antiviral countermeasures, both
255  small-molecule drugs and biologics, has undermined antiretroviral monotherapy [36], invalidated
256  the use of first-generation therapeutic antibodies against SARS-CoV-2 [37], negatively impacted
257  COVID-19 vaccine efficacy [38], destroyed efficacy of one of three FDA-approved influenza

258  drug classes [17, 18], and compromises the benefit of a second influenza drug class [39]. Early
259  profiling of the viral escape landscape is therefore essential in drug development. Although

260 there is little precedent for antivirals inducing resistant variants with increased pathogenicity, the

10
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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 fithess [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  asingle causal substitution, optionally combined with an enhancer; additive action of mutations

11
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287  of minor phenotypic effect in isolation; and synergy between substitutions, that in isolation do
288  not alter sensitivity to 4’-FIU. The viral fitness landscape especially for some synergistic

289  mutations was extremely narrow, since rebuilding them in isolation (i.e. PB2 T491M) or in

290 subsets (i.e. PB2 Y488C with PA S395N or PB2 T491M with PA S395N) did not result in viable
291  polymerase complexes. The dynamics of gradual acquisition of these mutations in viral

292  adaptation and their disappearance during ex vivo co-culture with standard recCAQ9 are

293  consistent with strong interdependence of specific combinations for RARP bioactivity. Precedent
294  for synergistic effects of individual mutations leading to reduced viral drug susceptibility was

295  established by drug resistant HIV [44], SARS-CoV-2 escape from protease inhibitors [45], and
296 reduced IAV resistance to neuraminidase [46, 47] and experimental entry [48] inhibitors.

297  Exploitation of three distinct mechanistic pathways to reduce viral susceptibility to inhibition is
298 unique to 4’-FIU, however, and suggests that a dominant hot spot of viral escape that results in
299 robust resistance does not exist. Multiple avenues for viral escape furthermore distinguish 4’-
300 FIU from favipiravir, for which only a single combination carrying resistance was previously

301 identified [26]. Our work expanded the favipiravir resistance panel by a novel combination of
302  substitutions that provided moderate escape from favipiravir. However, introducing the

303  previously identified favipiravir escape mutation [26] into the recCA09 background did not result
304 in resistance to 4’-FIU. Resistance to 4’-FIU did furthermore not coincide with reduced sensitivity
305 to broad-spectrum molnupiravir, establishing a promising foundation for combination therapies
306  with nucleoside analog inhibitors.

307 i) Although mechanistically distinct, escape mutations of all lineages located predominantly
308 to the central cavity of the RARP complex, either in direct proximity to residues contacting the
309 RNA template and nascent strands (i.e. lineages #1, 4, 5, 6) or at domains predicted to affect
310 the spatial orientation of these residues through long-range structural effects. In all cases, these
311  substitutions are predicted to alter the symmetry of the central polymerase cavity, most likely

312 increasing tolerance of the RARP complex to accommodate secondary structure changes

12
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introduced by addition of 4’-FIU to the nascent RNA strand. We have demonstrated previously
that 4’-FIU inhibits IAV RdRP by immediate chain termination, but acts as a delayed or
sequence context-dependent delayed chain terminator on RSV and SARS-CoV-2 polymerases,
respectively [27, 29]. These changes were reflected by corresponding potency differences of 4’-
FIU against these viral targets in cell culture. Coincidentally, attempts to resistance profile RSV
against 4’-FIU have been unsuccessful to date. We hypothesize that IAV RdARP may have
access to a fitness landscape of moderately increased structural flexibility in the central RARP
cavity while maintaining bioactivity, whereas tolerance of RSV and SARS-CoV-2 to
accommodate secondary structure changes cannot be further expanded without loss of
polymerase function. This notion implies that a hard ceiling of reducing susceptibility to 4’-FIU
exists also for IAV RdRP that cannot be broken without eliminating all bioactivity.

iv) Resistant variants are attenuated in vivo, albeit not apathogenic, and remaining clinical
signs can be mitigated with 4’-FIU therapy. A primary objective of resistance profiling a novel
developmental candidate is to establish whether viral escape may coincide with increased
pathogenicity. Although rare in response to small-molecule drugs, any risk of triggering
enhanced disease would halt further preclinical and clinical development of a compound. Our
study returned a clean escape profile for 4’-FIU without any evidence of exacerbated disease by
resistant variants in a rodent and non-rodent model. To our surprise, only the least pathogenic
resistant variant, based on LDsp, could not be fully controlled in vivo by standard dose 4’-FIU.
The data provide strong evidence, however, that viral escape will not undermine sustained
therapeutic benefit of 4'-FIU, since a moderate increase in dose levels fully suppressed clinical
signs caused by this variant and resulted in complete survival of infected animals. This feature
distinguishes 4’-FIU from non-competitive IAV inhibitors such as baloxavir marboxil and
oseltamivir, that do not show a strong direct correlation between resistance and virus fitness
penalty.

V) 4’-FIU resistant variants are transmission-impaired, and spread of those with residual
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339 transmission competence can be suppressed with 4’-FIU treatment. Two constellations pose a
340 particular risk to trigger the development of wide-spread pre-existing resistance to an antiviral in
341 circulating viruses: an escape mutation that provides a transmission advantage; or a

342  combination of saturating selective pressure on circulating viruses with unaltered transmissibility
343  of resistant variants. The former drove, for instance, the evolution of SARS-CoV-2 variants of
344  concern with increasingly greater transmissibility [38] and the latter is best exemplified by large
345  scale use of the adamantes in the poultry industry, which destroyed clinical benefit of the M2
346  channel blockers [15, 16]. Neither of these constellations appears to be met in the case of 4’-
347  FIU, since signature resistance mutations of adaptation lineage pair #1/5 interrupted

348 transmission competence and spread of moderately resistant variants of the lineage #4/6 pair
349  could be readily suppressed with 4’-FIU treatment. These results suggest that clinical use of 4-
350 FIU would be unlikely to promote evolution of circulating IAV strains, thus setting the stage for
351 long-term therapeutic benefit.

352 Although results in cell culture and rodent and non-rodent in vivo models of 1AV infection
353  support that the 4’-FIU resistance profile determined in this study is not limited to a specific

354  experimental system, it is currently unknown whether ex vivo and animal model-based results of
355  viral attenuation equally apply to the human host. Other limitations of the study include that

356 individual resistance mutations could be IAV strain and/or subtype specific, that the specific

357  structural state of the RARP complex targeted by the inhibitor is unknown, and that human dose
358 levels, and therefore by extension drug tissue exposure in the clinic, are currently undetermined.
359  These precautions notwithstanding, this study defines mechanisms reducing susceptibility of the
360 IAV polymerase complex to a chain-terminating nucleoside analog inhibitor and demonstrate in
361 rodent and non-rodent animals models that influenza virus escape from the developmental drug
362  4-FIU is mandatorily linked to viral attenuation and reduced transmission competence.

363

364 Material and Methods
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Study design

Cells, mice, and ferrets were used as in vitro and in vivo models to examine the resistance
profile of 4'-FIU against influenza viruses. In silico modelling was added for mechanistic
characterization. Viruses were administered through intranasal inoculation and virus load
monitored periodically in nasal lavages (ferrets only), and in respiratory tissues of ferrets and
mice extracted 4 days (mice and ferrets) and 8 days (ferret contacts) after infection. Virus titers
were determined through 50% tissue culture infectious dose (TCIDso) titration.
Cells and Viruses

HEK293T human kidney cells (293T; ATCC® CRL-3216) and Madin-Darby canine kidney
cells (MDCK; ATCC® CCL-34™) were maintained at 37°C and 5% CO: in Dulbecco’s Modified
Eagle’s medium (DMEM) supplemented with 7.5% fetal bovine serum (FBS). Mammalian cell
transfections were performed using GeneJuice transfection reagent (Invitrogen).
TCIDs, titration

For virus titrations, MDCK cells were seeded in 96-well plates (1.5 x 10* cells/well) in 8
replicates/dilution tested. Virus samples were serially diluted 10-fold, and diluents transferred to
each well. After incubation at 37°C for 72 hours, viral presence in culture supernatants was
determined by hemagglutination assay using 0.5% chicken erythrocytes or direct assessment
through fluorescence microscopy in the case of GFP-expressing recCAQ9 reporter viruses. Raw
data were analyzed by the Reed and Muench method.
Virus adaptation

MDCK cells were infected with IAV recCA09-GFP at an MOI of 0.01 TCIDsg units/ml and
incubated with 0.25 yM of 4’-FIU or DMSO. Green fluorescence was monitored as a marker for
virus replication and virus populations were harvested based on fluorescence saturation. Virus
populations were titered after each passage. Fresh MDCK cells were infected with the
harvested virus populations at an MOI of 0.01 TCIDso units/cell in the presence of 4’-FIU at

specified concentrations or vehicle (DMSO) volume equivalents. Each passage was MOI
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controlled and the drug concentration kept fixed or doubled for the subsequent passage
depending on visual assessment of fluorescence intensity. Viral RNA was isolated from different
passages of all lineages for whole genome sequence analysis.
Sequencing

For the determination of viral RNA from stocks and supernatants/organ homogenates,
Quick-RNA Viral Kit (Zymo Research) was used and cDNA copies were generated using
random hexamer primers and SuperScript |l reverse transcriptase (Invitrogen). To identify
mutated genomic regions, RNA extracts of virus populations were subjected to Sanger and/or
whole genome sequencing as specified.
qPCR for CA09 matrix and hemagglutinin

RT-gPCR was used to measure IAV RNA abundance. Primers and probes were designed
to hybridize to the matrix or hemagglutinin sequences. AgPath-ID™ One-Step RT-PCR
reagents (Thermo AM1005) kit was used according to manufacturer’s instructions.
Amplifications were carried out on a QuantStudio5 (Thermo # A34322) instrument.
Sequencing protocol selection

All viral samples derived from in vitro experiments were sequenced by shotgun
metagenomics. All samples derived from in vivo studies were sequenced using hybridization
capture (only exception sample “ferret WT-C1-1: wildtype untreated contact replicate 1”7, which
was sequenced by amplification of the genomic RNA segments with primers specific for the
homologous termini of each genomic segment).
Metagenomic cDNA synthesis

Metagenomic sequencing libraries were prepared by DNAse-treatment of RNA extracts,
followed by double-stranded cDNA synthesis, bead-linked tagmentation and adapter-ligation of
double-stranded cDNA, cycle-limited amplification of tagmented cDNA with primer pairs that
contain unique 10nt indexes. The indexed libraries were normalized and pooled for 1 x 101 or 2

x 151 cycle sequencing. Before cDNA synthesis, RNA extracts were treated with Turbo DNAse
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417  (Thermo #AM1907). After DNA digest, first-strand cDNA synthesis was performed using

418  SuperScript IV (Thermo #18090010) and random hexamers (Thermo #N8080127).

419 Subsequent second-strand synthesis was performed using the Sequenase 2.0 kit (Thermo
420 #70775Z1000UN) and amplicons cleaned with 1.8 x AMPure XP magnetic beads (Beckman
421  Coulter #A63882). Purified cDNA samples were stored at -20°C until library preparation.

422  Metagenomic DNA library preparation

423 Metagenomic libraries were prepared from the double-stranded cDNA using the Illlumina
424  DNA Prep with Enrichment Kit (lllumina #20025524) and IDT® for lllumina® DNA/RNA UD
425 Indexes Set D (lllumina #20042667). Concentrations of 1.8 x AMPure XP magnetic bead

426  purified libraries were measured using Qubit™ 1x dsDNA High Sensitivity Assay Kit (Thermo
427  #Q33231) and a Qubit™ Flex Fluorometer (Thermo #Q33327). Library concentrations were
428 normalized and libraries were pooled. The average library size for the pool was determined
429  using an Agilent DNA D1000 Tape Station kit (Agilent #5067).

430 lllumina respiratory virus hybridization capture

431 Hybridization capture was performed with an lllumina RNA Prep with Enrichment (L)

432  Tagmentation kit (lllumina #20040537), IDT for lllumina DNA/RNA UD Indexes (lllumina

433 #20027213), and Respiratory Virus Oligo Panel v2 (lllumina #20044311). Tagmented cDNAs
434  were amplified to add indexes and adapters, and the resulting libraries normalized using Qubit
435  for 1- or 3-plex enrichment by hybridization to sequence-specific biotinylated probes. The

436  captured sequences were washed, eluted, and amplified to generate copies of the enriched
437 libraries, which were further amplified and cleaned with AMPure XP Beads, normalized, and
438  pooled for 1 x 101 or 2 x 151 cycle sequencing on an lllumina NovaSeq or NextSeq2000

439  instrument.

440 1AV whole genome sequencing by amplification

441 Three primers that hybridize to the 12 nucleotides at the 3’ end and 13 nucleotides at the 5’

442  end of each IAV genomic RNA segment were used to amplify the viral genome: Unil2/Inf-1 (5'-
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443 GGGGGGAGCAAAAGCAGG-3'), Unil12/Inf-3 (5-GGGGGGAGCGAAAGCAGG-3’), and

444  Unil3/Inf-1 (5-CGGGTTATTAGTAGAAACAAGG-3') [49]. One-step RT-PCR was performed
445  using the Superscript Ill One-Step RT-PCR System with HiFi Platinum Taq DNA polymerase
446  (Thermo #12574035). After amplification, samples were cleaned with 0.8 x AMPure XP Beads
447  (Beckman Coulter #A63882) and products fractionated on a 1.2 % Lonza FlashGel to visualize
448  sizes. Of the cleaned PCR product, 25-100 ng were used to prepare sequencing libraries.

449  Sequencing data processing

450 Sequencing reads from raw FASTQ files were trimmed and filtered using fastp. The reads
451  were trimmed to remove adapter sequences and long homopolymer sequences (>10 base
452  pairs). Reads with more than 50 % unqualified bases (phred <15) and reads shorter than 50
453  base pairs for 101 bp cycles or shorter than 75 bp for 151 bp cycles were filtered from

454  downstream analysis. After timming and filtering, reads from Influenza A/California/07/2009
455  (H1N1) cultured in MDCK cells were assembled into a consensus sequence using REVICA
456  (https://github.com/greninger-lab/revica) with the A/California/07/2009 (H1N1) isolate sequence
457  (RefSeq GCF_001343785.1 [50]) as the initial reference. This wildtype inoculum consensus
458  sequence was used as the reference for variant analysis in the subsequent experiments.

459  Variant analysis was performed using RAVA (https://github.com/greninger-

460 lab/lava/tree/Rava_Slippage-Patch). Samples with average depth <20 were excluded from the
461  in vitro sequencing experiments. Samples with depth <20 at any of the lineage-associated

462  mutation loci were excluded from the in vivo sequencing experiments. /n vivo samples with low
463  coverage by hybridization capture were re-sequenced. The reads from each replicate were
464  analyzed separately, then combined if both replicates had similar allele frequencies at each
465 lineage-associated locus. Raw reads are available in NCBI BioProject PRINA1028360 (S1 to
466  S4 Data).

467 Recovery of recCA09 variants
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HEK 293T cells (2.5 x 10%/ml) were seeded in 6-well plates with DMEM (7.5 % FBS). After
overnight incubation, wells were transfected with 0.5 ug DNA total concentration of eight (NA,
M1, NP, NS, PA, PB1, PB2, HA/HA-nLuc/HA-maxGFP) viral plasmids, followed by 14-hour
incubation and media replacement with DMEM containing 1 ug/ml tosylsulfonyl phenylalanyl
chloromethyl keton (TPCK)-trypsin. Two days after media replacement, 2 ml of cell culture
supernatant was collected and transferred to fresh MDCK cells, followed by incubation for 2
days collection of culture supernatants, amplification of recovered virus populations, and TCIDso
titration. Total RNA was extracted from the infected MDCK cell supernatants and viral genomes
authenticated by Sanger sequencing and/or whole genome sequencing.

Dose-response inhibition assays

To measure inhibition of recCA09-nanoLuc reporter viruses, 3-fold serial dilutions of 4’-FIU
were prepared in 96-well plate format. MDCK cells were seeded in white-clear bottom 96 well
plates (1.5 x 10* cells/well) and 4’-FIU serial dilutions added. After incubation for 30 hours,
luciferase activities in each well were determined, and raw data normalized for equally infected
wells that had received vehicle (DMSO) volume equivalents. For virus yield-based dose-
response assays with non-reporter viruses, MDCK cells were plated in 24 well plates (1 x
10%/well), infected with the different virus lineages as specified (MOl 0.01 TCIDs, units/cell), and
compound added in 3-fold serial dilutions. After 3 days of incubation, progeny virus titers were
measured by TCIDsy titration.

Fluorescence microscopy

MDCK cells were plated in 96 well plates (1.5 x 10*well) and incubated overnight.
Following infection with an MOI of 0.01 TCIDso units/cell and addition of 4’-FIU after removal of
the virus inoculum, plates were incubated for 60 hours at 37°C. Microphotographs were taken at
10x magnification at a ZEISS Observer.D1 fluorescence microscope, using the X-Cite Series
120Q; AxioCam MRc software package (AxioVision Rel. 4.8). All fluorescence conditions were

examined and documented in two independent repeats.
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494  \Viral fitness tests

495 MDCK cells (2.5 x 10%well) in 6-well plate format were infected with a mixture of mutant
496  and genetic parent recCA09 at an MOl ratio of 0.1 (mutant) to 0.01 (WT) TCIDso units/cell.

497  Culture supernatants were harvested after 72-hour incubation, subjected to TCIDso titration and
498  total RNA extraction, and infection of fresh MDCK cells at an MOI of 0.01 TCIDs, units/cell. The
499  procedure was repeated for a total of 5 passages and all RNA extracts subjected to whole

500 genome sequencing.

501 Viral growth curves

502 95%-confluent MDCK cells were infected with mutated influenza viruses at an MOI of 0.01
503  TCIDsp units/cell, followed by incubation in TPCK-trypsin media at 37°C and 5% CO.. Cell

504  supernatants were harvested in 12-hour intervals for a total experiment window of 84 hours and
505  progeny virus titers determined through TCIDso titration. Growth curves for each variant were
506 generated in three independent experimental repeats.

507 Homology modeling and structural mapping of 4’-FIU resistance mutations

508 Homology models of HIN1 CAQ9 polymerase were generated based on the coordinates
509 reported for influenza C (PDBID 5d9a) [33] or bat influenza A (PDB 4wsb) [35] polymerase.
510 Homology models were generated using the SWISS-MODEL homology modeling server.

511  Spatial organization of 4’-FIU mutations was determined by mapping each mutation in Pymol.
512  The structure of authentic 1918 H1N1 influenza polymerase (PDBID 7ni0) [34] was used to
513  verify the accuracy of homology models. Although each structure analyzed were in pre-initiation
514  states, the locations of all identified mutations, except Y488C and T491M, were conserved

515 across all models. The positions of the Y488C and T491M differed between the homology

516 model based on the bat influenza virus (PDBID 4wsb) and the other structures, reflecting a

517  different orientation of the PB2 cap binding domain.

518 Sequence alignments
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Mutated residues were aligned to all complete and partial influenza A virus sequences
available in the NIH NCBI Virus sequence database. FASTA files were downloaded and opened
in MAFFT version 7. Sequences were aligned and alignments downloaded, opened in Jalview
(2.11.2.7), and the relative frequencies of allele polymorphisms at 4’-FIU resistance sites
determined.

Intranasal infection of mice

Female mice (6-8 weeks of age, Balb/c) were purchased from Jackson Laboratories. Upon
arrival, mice were rested for at least 5 days, then randomly assigned to study groups and
housed under ABSL-2 conditions for infections with recCA09. Bodyweight was determined twice
daily, body temperature determined once daily rectally. For infections, animals were
anesthetized with isoflurane, followed by intranasal inoculation with 1x10° — 5x10° TCIDso
units/animal of recCAQ9 variants. In all cases, virus inoculum was administered in amounts of
50 pl/animal (25 pl/nare). Animals were euthanized and organs harvested at predefined time
points or when animals reached predefined humane endpoints.

Pathogenicity and efficacy studies in mice

Mice were inoculated intranasally with IAV stocks as above, followed in efficacy studies by
g.d. oral treatment with 4’-FIU at 2 or 10 mg/kg BW, starting 24 hours after infection, for 5 doses
total. Each study contained animals receiving equal volumes of vehicle through oral gavage. At
study end, lung tissues were harvested and subjected to virus titration or RNA extraction and
whole genome sequencing.

Ferret transmission studies

Female ferrets (5-8 months of age) were purchased from Triple F Farms. Upon arrival,
ferrets were rested for 1 week, then randomly assigned to study groups and housed under
ABSL-2+ conditions. Bodyweight and body temperature (rectally) were determined once daily.

Dexmedetomidine/ketamine anesthetized animals were inoculated intranasally with 1x10°
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544  TCIDso units of recCA09 in a volume of 500 pl per nare (1,000 ul per animal). Nasal lavages
545  were performed twice daily using 1 ml of PBS containing 2x antibiotics-antimycotics (Gibco).
546  Oral treatment with 2 mg/kg bodyweight 4’-FIU or vehicle control (source animals only) was
547 initiated 12 hours after infection, and continued g.d. for 3 doses total. Beginning 2.5 dpi,

548  uninfected and untreated contact animals were added to the infected and treated source ferrets
549  ina 1:1-ratio to allow direct-contact transmission. Co-housing continued until termination of the
550 source ferrets 4 days after the original infection. Respiratory tissue samples (lungs, tracheas,
551 and nasal turbinates) were extracted for virus titrations and whole genome sequencing (lungs
552  only). Sentinels were subjected to once daily nasal lavages and monitored until study day 8,
553  when respiratory tissues were harvested and analyzed.

554  Virus titration and whole genome sequencing from in vivo tissue samples

555 Organs were weighed and homogenized in 300 ul PBS (for titrations) or 300 pl RLT (for
556  RNA extraction) using a beat blaster, set to 3 cycles of 30 seconds each at 4°C, interspersed
557  with 30-second rest periods. Homogenates were cleared (10 minutes at 10,000 x g and 4°C),
558 and cleared supernatants stored at -80°C until virus titration/ spin through a QIA shredder

559  column (Qiagen). Viral titers were expressed as TCIDso units per gram source tissue.

560 Statistical analyses and software

561 For statistical analysis of studies consisting of two groups, unpaired two-tailed t-tests were
562  applied. When comparing more than two study groups, 1-way or 2-way analysis of variance
563  (ANOVA) with multiple comparison post hoc tests as specified were used to assess statistical
564  difference between samples. The number of individual biological replicates (n values) and exact
565 P values are shown in the figures or schematics. The threshold of statistical significance (a) was
566 setto 0.05. Source data and statistical analysis are shown in the S5 Data and S6 Data files,
567  respectively. Statistical analyses were carried out in Prism version 10.0.3 (GraphPad), graphs

568 were assembled in R, Prism 10.0.3, Adobe illustrator 2022, or PyMOL. Sequence alignments
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569  were performed with MAFFT version 7 and Jalview 2.11.2.7. Cartoons and study design

570  overviews were created in Biorender and assembled in Adobe lllustrator 2022.

571 Ethical compliance

572 All animal work was performed in compliance with the Guide for the Care and Use of

573  Laboratory Animals of the National Institutes of Health and the Animal Welfare Act Code of

574  Federal Regulations. Experiments involving mice and ferrets were approved by the Georgia
575  State University Institutional Animal Care and Use Committee (IACUC) under protocols A20012
576  and A21020, respectively. All experiments using infectious material were approved by the

577  Georgia State University Institutional Biosafety Committee (IBC) and performed in BSL-2/ABSL-
578 2+ containment facilities.
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Table 1. Polymerase mutations that emerged in adaptation to 4’-FIU, rebuilt as emerged

(lineages #1-6) and individually or sub-combinations (sub-lineages #l1-VI) in recCA09.

adaptation predicted
lineage PA PB1 PB2 ECqo [UM] effect
#1 V285l 16.8 uM causal
#5 N222S V285l 49.4 uM
V-1 N222S 3.9 uM enhancer
#2 T46A E191K + E180K 6.5 uM
-1 T46A 0.4 uM synergistic
-2 E191K + E180K 1.3 uM synergistic
#3 M290V K189R 13.2 yM
-1 M290V 3.5 uM additive
-2 K189R 5.2 uM additive
#4 S395N Y488C + T491M 7.2 uM
V-1 S395N 0.9 uM synergistic
V-2 Y488C + T491M 3.4 uM synergistic
A revertant to
V-3 S395N Y488C WT
A revertant to
V-4 T491M WT
V-5~ S395N T491M no
recovery
#6 M579I M339I Y488C 5.8 uM
VI-1 Y488C 0.7 uM synergistic
VI-2 M579I M339I 3.7 uM synergistic
VI-3 M579I 1.0 yM synergistic
VI-4 M339I 1.3 uM synergistic
VI-5 M579I Y488C 1.1 uM synergistic

Anot recoverable
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797  Figure 1: Adaptation of CA09 to 4'-FIU. a) Schematic of the adaptation strategy. Six

798 independent lineages were generated in 10 consecutive passages. b) Virus titers after each
799 passage (P1-P10). Corresponding 4’-FIU concentrations are shown for each passage and

800 lineage. LoD, limit of detection. ¢) Virus titers of four vehicle (DMSO) volume equivalent

801 adaptation lineages generated in parallel. Shown are titers after passages 0 (P0), 5 (P5), and 10
802 (P10). d) Whole genome sequencing (WGS) of adaptation lineages from (b). Shown are relative
803 allele frequencies of mutations in RARP subunits that reached >50% prevalence and were

804  absent in DMSO-experienced reference lineages. e) Color-coding schematic and substitutions
805 in RARP subunits in the six adaptation lineages after P10. Relative allele frequencies at

806 adaptation end are shown in parenthesis. f) Fluorescence microphotographs of genetic parent
807 recCA09-GFP (WT) and variants harboring the mutations shown in (e) after growth in the

808 presence or absence of 4’-FIU. Scale bar, 100 ym.
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Figure 2: Validation of moderate resistance to 4’-FIU through engineered recCA09. a-c) Virus

titer reduction-based dose response assays of six recCA09 harboring candidate mutations from

(Fig 1e) against 4’-FIU (a), favipiravir (T-705) (b), and the active metabolite of molnupiravir
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(EIDD-1931) (c). Upper panels: dose response assay results. Symbols represent geometric
means + geometric SD, lines show 4-parameter variable slope regression models. Bottom
panel: fold change ECys relative to parental recCA09. Symbols show means, whiskers denote
95% confidence intervals (Cl); n = 3. d) Growth curves of the rebuilt recCA09 adaptation
lineages and parental recCAQ09. Symbols show geometric means + geometric SD, lines connect
means. e) Schematic of ex vivo assessment of relative viral fitness through coinfection with
parental recCA09 in a 10:1 ratio. f) Whole genome sequencing of co-infection populations from
(e). Relative allele frequencies of resistance mutations in RARP subunits are shown after each
of five consecutive passages. Symbols represent medians + 95% confidence intervals (Cl), lines
connect medians; n=3. Next generation sequencing over time. Lineages 1 to 6 with co-infected
WT are displayed. h) Re-validation of resistance mutations singly and in combination in
recCA09-nanoLuc reporter virus background. Fold-change of ECqy values relative to parental
recCA09-nanoLuc are shown. Regression models were developed based on luciferase dose-
response assays. Columns show mean ECgq values + SD; n=3; greyed virion schematics

denote mutation combinations that were non-recoverable.
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829  Figure 3: Structural mechanism of CA09 resistance to 4-FIU. a) Overview of the locations of
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830 resistance mutations identified in viral adaptation to growth in the presence of 4’-FIU. Mutation
831 denotations are color-coded by polymerase subunit (PA=green, PB1=cyan, PB2=magenta). The
832 active site of the RARP complex for phosphodiester bond formation is shown in red. b-d) Ribbon
833  representations (top) and polymerase schematics (bottom) highlighting the mutations

834  associated with the distinct paths to resistance identified for lineages #1/5 (b), #2/3 (c), and #4/6
835  (d). Motif A-F [51] of the IAV RARP are shown; orange, template RNA strand; yellow, nascent
836 RNA strand. Homology models of the CA09 polymerase were created using SWISS-MODEL

837 based on PDB ID 5d9a; images were created using Pymol.
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Figure 4: 4’-FIU-resistant recCAQ9 are attenuated in mice. a) Schematic of the pathogenicity
study. Mice were monitored for 14 days or until predefined endpoints were reached. b-d)
Assessment of LDso nasal inoculum. Survival curves after infection with varying inoculum
amounts of parent recCA09 (WT) (b) and resistant recCAQ9 (c) were used to calculate LDso
values (d) through Mantel-Cox analysis; n numbers as specified. e) Whole genome sequencing
of virus populations recovered from mouse lungs at endpoint. Relative allele frequencies of
resistance mutations at the time of infection (Inoc) and endpoint for each of the different
inoculum groups are shown. Symbols represent virus populations recovered from individual
animals. f) Schematic of in vivo efficacy study. Mice were infected with 10 LDso units of parent or
resistant recCAQ9; treatment with 4’-FIU at standard (2 mg/kg) and elevated (10 mg/kg) oral
dose was initiated 24 hours after infection. g) Survival curves. Shown are results for parental
recCA09 (WT) and lineages #1/2/3/4/6 (left) and parental recCA09 and lineage #5 (right); n=4.
h) Lung virus load 4.5 dpi of animals from (f). Symbols represent individual animals, columns
show geometric means + geometric SD. Statistical analysis with 1-way ANOVA and Dunnett's

multiple comparison post-hoc test; p values are stated; n=4.
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855  Figure 5: 4’-FIU-resistant CAQ9 are transmission-impaired in ferrets. a) Schematic of the direct

856  contact transmission study, assessing parent recCAQ09 (WT) and representatives of lineages
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857  #1/5 and #4/6. b-d) Nasal lavage titers of source (solid lines) and contact (dashed lines) animals
858 infected with parental recCAQ9 (b), recCAQ9 lineage #4 (c), or recCAQ9 lineage #5 (d). Vertical
859 dashed blue line indicates start of treatment of source animals, yellow bar denotes time of co-
860  housing. Symbols represent geometric means + geometric SD, lines connect means. 2-way-
861  ANOVA with Sidak’s multiple comparison post-hoc test; p values are stated. e-g) Virus load in
862 nasal turbinates (e), trachea (f) and lung (g) of animals from (a), determined 4 and 8 dpi for

863  source and contact animals, respectively. Symbols represent individual animals, columns show
864  geometric means + geometric SD; 1-way ANOVA with Tukey’s multiple comparison post-hoc
865  test; p values are stated. h) Whole genome sequencing of virus inoculum (Inoc) and virus

866  populations extracted from animals from (a) at study endpoint when possible. Relative allele

867  frequency cut-off 3%; symbols represent individual animals.
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Respiratory syncytial virus (RSV) is a leading cause of lower respiratory infections in infants and the immuno-
compromised, yet no efficient therapeutic exists. We have identified the AVG class of allosteric inhibitors of RSV
RNA synthesis. Here, we demonstrate through biolayer interferometry and in vitro RNA-dependent RNA poly-
merase (RdRP) assays that AVG compounds bind to the viral polymerase, stalling the polymerase in initiation
conformation. Resistance profiling revealed a unique escape pattern, suggesting a discrete docking pose. Affinity
mapping using photoreactive AVG analogs identified the interface of polymerase core, capping, and connector
domains as a molecular target site. A first-generation lead showed nanomolar potency against RSV in human
airway epithelium organoids but lacked in vivo efficacy. Docking pose-informed synthetic optimization generated
orally efficacious AVG-388, which showed potent efficacy in the RSV mouse model when administered therapeu-
tically. This study maps a druggable target in the RSV RdRP and establishes clinical potential of the AVG chemotype

against RSV disease.

INTRODUCTION

Respiratory syncytial virus (RSV) caused an estimated 33.1 million
cases worldwide in 2015 that required 3.2 million hospitalizations
and resulted in 59,800 deaths (I). To address this health threat, a
number of vaccine and drug candidates were tested clinically. How-
ever, inducing lasting vaccine protection turned out to be challenging
(2) and the entry inhibitor presatovir that has completed several
phase 2b trials has disappointed in subsequent trials (3, 4). Rapid
RSV escape from all advanced entry inhibitor candidate classes
through mutations mediating pan-resistance (5) further questions
clinical potential of RSV entry inhibition. Biopharmaceuticals for
immunoprophylaxis have shown promise (6) and the monoclonal
anti-RSV antibody palivizumab is approved for human use, but the
high cost of antibody therapy has prohibited broad application.
Accordingly, palivizumab is predominantly reserved for high-risk
patients such as the immunocompromised and infants born pre-
maturely or with congenital heart or lung disease (7).

To overcome the limitations of RSV entry inhibitors (8), drug
development efforts targeting the viral RNA-dependent RNA
polymerase (RARP) complex have intensified, motivated by the
prospect of a broader window of opportunity through interference
with both viral genome replication and transcription. Composed of
the viral large (L) and phospho- (P) proteins, all enzymatic centers
of the RARP complex that are necessary for RNA synthesis,
polyadenylation, capping, and cap-methylation of viral transcripts
are located in the L protein (9). The template for replicase and tran-
scriptase is a nonsegmented, single-stranded 15-kilobase RNA of
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negative polarity that is encapsidated by the viral nucleoprotein (N)
(10). Accordingly, RARP bioactivity depends on multiple intra- and
intermolecular protein-protein interfaces to enable interactions
between P and L (11), the P-L complex and the N encapsidating
genomic viral RNA (12), P-L and the viral anti-termination cofactor
M2-1 (13), and P-L and host cell cofactors (14-16).

In the past decade, structural insight was gained in the spatial
organization of the RSV L protein (17, 18), which was in all cases
complexed with a fragment of P. Although some experimental RSV
polymerase inhibitors are considered to interact with the N (19) or
M2-1 proteins (20), most developmental candidates are thought to
target the L protein directly (21, 22). The two RSV L structural
models offer a clear view of the core RARP and capping domains.
However, these L structures are thought to represent the conforma-
tional state of active transcription, based on the position of a “priming”
loop away from the polymerase catalytic center. Conformational
insight into L in initiation configuration has remained elusive, since
flexibility of connector and methyltransferase (MTase) domains
located downstream of the capping domain prevented structural
characterization. These limitations have impaired the mechanistic
understanding of allosteric polymerase inhibitors that are associated
with resistance mutations located in the C-terminal regions of L
(Fig. 1A), such as AstraZeneca’s inhibitor AZ-27 (23).

We have recently identified a unique chemotype that potently
blocks RSV RARP bioactivity (24). A first-generation lead compound
of this class, AVG-233, has nanomolar activity against a panel of
clinical RSV isolates and has a promising selectivity index [SI = 50%
cytotoxic concentration (CCsg)/half-maximal effective concentra-
tion (ECsg)] > 1660. In preparation of formal development, this
study has subjected the AVG chemotype to target site identifica-
tion, characterization of the molecular mechanism of action, and
efficacy profiling in primary human airway epithelium (HAE)
organoids and in vivo, resulting in the identification of an orally
efficacious developmental lead.
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Fig. 1. Resistance and mechanistic profiling of AVG-233. (A) Chemical structure of AVG-158, AVG-233, and AZ-27. (B) Schematic of the escalating-dose viral adaptation
of recRSV-mKate with AVG-158 or AVG-233. (C) Schematics of RSV L with candidate resistance sites for AVG-233 and AVG-158 and a reported resistance site to polymerase
inhibitor AZ-27. (D and E) Dose-response inhibition of AVG-233 (D) and AZ-27 (E) against recRSV-mKate harboring L1502Q, Y1631H, or H1632Q substitution. Insets show
ECq fold changes relative to L wild type (WT). Highest AZ-27 concentration tested, 6 uM; dotted area and star based on reported values (23). (F to J) In vitro RSV RdRP assays
using synthetic primer/template pairs (G to J) or promoter sequence (). Representative autoradiogram (G) with densitometric analysis (H). (I) Relative in vitro RNA elongation
in the presence of indicated doses of AVG-233 compared to vehicle treated, in the presence of L1502Q, Y1631H, or H1632Q substitution. (J) Densitometric quantitation
of in vitro RNA elongation at each incorporated position in the presence of indicated concentration of AVG-233. In all panels, symbols represent independent biological

repeats (n = 3), bars represent means, and lines represent four-parameter variable slope regression modeling. Two-way ANOVA with Dunnett’s post hoc tests (I and J).

RESULTS

We have demonstrated that compounds of the AVG series potently
inhibit RSV RNA synthesis (24). To identify the molecular target of
this class, we resistance-profiled the chemotype through serial
passaging of a recombinant RSV expressing a red fluorescent pro-
tein (recRSV-mKate) in three independent lines each in the pres-
ence of increasing concentrations of either AVG-233 or an earlier
developmental intermediate of the series, AVG-158 (Fig. 1A).
Virus populations were considered adapted when inhibitor con-
centrations exceeding the original ECs value by 100-fold were
tolerated (Fig. 1B).

Unique resistance profile of the AVG series chemotype

Sanger sequencing revealed a unique substitution in the L open
reading frame for each lineage that affected either residue 1502
(L115020) or 1632 (Lie3q) (Fig. 1C). Resistance site Lijje32q is located
in immediate proximity to a known Ly¢311 hotspot that is reportedly
involved in escape from several chemically unrelated allosteric RSV
polymerase inhibitor classes such as the benzothienoazepines
YM-53503 (25), AZ-27 (23), and PC786 (26) and the AstraZeneca
inhibitor cpdl (27). We therefore reengineered Ly 15020, Lu16320
and Lye3in independently in RSV L expression plasmids and

Sourimant et al., Sci. Adv. 8, eabo2236 (2022) 24 June 2022

recRSV, and determined susceptibility to both AVG-233 and AZ-27 in
minigenome and/or virus dose-response inhibition assays (fig. S1).

In the minigenome assays, the Li1502q and Liui632q mutations
caused a >100-fold increase in ECsy, whereas Lyj¢3;1 had only a
minor (approximately fivefold increase) effect (fig. S1). Rebuilding
of the mutations in recRSV did not adversely affect viral growth
rates and maximal progeny titers reached in multistep growth
curves (fig. S2). Consistent with the minireplicon data, L1502 caused
a >2000-fold increase in ECyg against AVG-233, whereas Lyje311
barely conferred resistance to the compound (Fig. 1D). However,
the L6329 mutation had only a moderated effect in the context of
recRSV infection, increasing in ECyg values only by approximately
10-fold. Resistance profiles of AZ-27 drew a mirror image of those
of AVG-233; the Lyig314 substitution resulted in robust resistance
(>2000-fold increase in ECqgg) consistent with previous reports (23),
whereas Lijj632q did not mediate viral escape and Ly 1502 had only a
moderate effect (Fig. 1E).

To better understand the molecular basis for L inhibition and
resistance, we purified RSV P-L polymerase complexes harboring
the different substitutions (fig. S3) and subjected the preparations
to in vitro RARP assays using synthetic RNA templates and a
32p_GTP (guanosine triphosphate) tracer (Fig. 1F). Consistent with
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previous observations (24), AVG-233 dose-dependently impaired
RNA elongation of synthetic primer/template RNA pairs (Fig. 1G),
exhibiting a ~39 pM median inhibitory concentration (ICs;
Fig. 1H). RNA incorporation in vitro was reduced to 36% (+14.6) in
the presence of 100 uM AVG-233, but the L1502Q escape mutation
restored activity to 98.7% (+12.9), indicating robust resistance
(Fig. 11 and fig. S4). By comparison, Y1631H and H1632Q mediated
only moderate escape from AVG-233, represented by restoring
polymerase activity to 69% (+5.1) and 60% (+4.0) of untreated,
respectively. Similar resistance profiles were observed when using a
single-stranded RSV promoter as a template to initiate de novo
RNA synthesis at the promoter. RNA incorporation after initiation
was reduced to 21.7% (£11.8), 96.6% (+4.0), 66.0 (+20.8), and 79.7%
(+14.5) when AVG-233 was added to complexes containing L,
Li1s02q Lyiesin» or Luiesaqs respectively (Fig. 11 and fig. S5). The
arrest of polymerization occurred predominantly after incorporation
of four nucleotides and thus after an initial delay (Fig. 1J). However,
we noted some variation in the extent of the delay depending on
primer/template sequence (fig. S6).

To test for competition of AVG-233 with endogenous RSV
polymerase substrates, we added increasing amounts of exogenous
nucleosides to the culture medium of RSV-infected cells grown in
the presence of a sterilizing concentration of AVG-233 (20 uM). In
contrast to the known competitive inhibitor 4’-FIU (22), AVG-233
inhibition of RSV replication was unaffected by exogenous nucleo-
sides, indicating that AVG class compounds block the viral RARP
by a noncompetitive mechanism (fig. S7). These results define a

noncompetitive blockage of RNA synthesis after the initiation step
as the primary mechanism of L inhibition by AVG-233. Whereas
mechanistically similar to AZ-27, the nonoverlapping resistance
profiles indicate distinct docking poses.

Positive AVG-233 target identification

A biologically active RSV polymerase can reconstitute from two
independently expressed fragments that are split between the
connecting and MTase domains (28) (Fig. 2A), indicating that each
of these individual fragments retains folding competence. Using
baculovirus/insect cell protein expression, we prepared full-length
L and the larger N-terminal fragment of the split L (residues L;_1749)
that harbors all of the RARP domain and all AVG-233 resistance
sites (Fig. 2B). Direct binding of AVG-233 to these L preparations
was tested through biolayer interferometry (BLI). Both standard
L and the L;_;74 fragment bound AVG-233 with similar affinities
[dissociation constants (Kp’s) were 38.3 uM (16.9 to 138.8) and
53.1 uM (33.5 to 97.5), respectively] (Fig. 2, C and D), providing
positive confirmation of L as the molecular target of the compound
and demonstrating that the inhibitor binding site is fully present in
the Li_1740 fragment.

Since this fragment contains the catalytic site for phosphodiester
bond formation (17, 18, 29), we explored its ability to synthesize
RNA in vitro, using the biochemical RARP assay setup. Consistent
with proper folding into a native conformation, the Li_1749 subunit
was RNA synthesis competent in the biochemical assay (Fig. 2E),
although with a noticeable drop in processivity after the ninth

A E  L[-1749] §L[1-2165]F
1 200 it poi 2165 2 ! Marker
Split point (Dochow et al.) w AVG-233: 1000_f 0100 { T ' 04
Lizes RaRP o (o) ) Ht talzo
N-ter. C-ter. * ! T 37 [0} T
. A N A
Lit-17ae) RdRP H__Cer ” i 183
N-ter. C-fer. @ | 33 [T 2
2 =
£ | 100/
B Cc L+AVG-233 & 0" 0 LN812A
- = < | L 0
o o . A K.:38.3 uM Z
£ fosociaton DEOC;EZ";’TMM) o1 (169510 138.8) = —~ RS LEEIEEEE Position
Mw, = = 0.08 | —250(M) E r:096 8 -4 | G w0
W T I _ | 5.00 (uM) £ o 4 <
(kDa) : £ 006 oot 8 s - - § @100
< ' 2 . B S
250 ! < =004 ) 200 (um) § %0 £ - - 22 &5 IC,: 13.7 uM
Bl R i h— 400 (uM) c g3 (85 to 40.1)
130 0.02 ; 8 £ g
100 1 oy © g2
i - f 0.00 0.00 = 110 100
70- ! 0 100 200 300 0 10203040 AVG-233 (M)
1 Time (s) AVG-233 (uM) H X Vehice @ 04pM W 12pyM A37pM V11.1uM & 333uM @ 100.0 uM
55- e D Ty AVG-233 P<0.001 P<0.001 P<0.001
i B 0 P=0.004 p<0.001 P<0.001 P<0.001
d K,:53.1 uM — v T pooo017 P=0032 | y
35_ e W <P Association Dissociation 010, (3351097.5) 2 2 . tTee s y Pzoow7 ; X P <0.001
i — 1.25(uM . . = . m e v A
: 0.08 — z.soﬁjM; 3 099 2100 W gol XTI §PT xo¥ o xgl g0 XMW X Xe,
2%- 5,00 (uM) € 3
' £ 0.06 M) =
g 100 (M) 8 0,05 S
= 004 200 (uM) & g 50
£ 8 s
% 0.02 8 3
8
0.00 0.00 L
0 100 200 300 0 10203040 ,,1 2 +3 + +5 +6 +7
Time (s) AVG-233 (uM) Nucleotide position

Fig. 2. Label-free positive target identification of AVG-233. (A) Schematic of two RSV L targets examined, representing the full-length polypeptide (top) and a folding-
competent (28) truncated Ly_1749 polypeptide lacking the MTase and C-terminal (CTD) domains. (B) Purification of polymerase complexes specified in (A) after expression
in insect cells. Coomassie blue stain after SDS-PAGE fractionation. (C and D) Dose-dependent BLI-based association (120 s) and dissociation (200 s) curves (left) of AVG-233
with full-length RSV L (C) and L1749 (D), with nonlinear fit with one-site specific binding (right). (E) In vitro RdRP assay using a synthetic promoter RNA template for
de novo RNA synthesis; representative autoradiogram. (F to H) Primer/template-based in vitro RNA elongation assay, assessing bioactivity and AVG-233 inhibition of Ly_1740,
with representative autoradiogram (F), densitometric quantitation of elongation products (G), and relative quantitation of each RNA product (H). Symbols represent
independent biological repeats (n = 3), and bars represent means. Two-way ANOVA with Dunnett’s post hoc tests.

Sourimant et al., Sci. Adv. 8, eab02236 (2022) 24 June 2022

30f13

154



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES

SCIENCE ADVANCES | RESEARCH ARTICLE

155

incorporated nucleotide compared to full-length L. This L fragment
was equally susceptible to inhibition by AVG-233 in de novo RNA
synthesis (Fig. 2E), confirming productive inhibitor binding.

When testing primer/template-based RNA elongation by the
Lj_1749 fragment, we observed dose-dependent inhibition by AVG-233
with an ICsg of 13.7 uM (Fig. 2, F and G), which did not substantially
differ from the value (ICs of 39.2 uM) calculated for full-length
L (Fig. 1, G and H). AVG-233 suppression of RNA synthesis by the
Li-1740 fragment was again delayed, since a significant inhibitory
effect was first detectable after incorporation of four nucleotides
(Fig. 2H).

Photoaffinity-based AVG-233 target site mapping

To map the molecular target site of AVG-233, we developed three
chemical analogs of the compound capable of carrying diazirine or
aryl azide moieties that become covalently reactive when photo-
activated through exposure to high-energy ultraviolet light (Fig. 3A).
The design of these analogs was guided by the three-dimensional
(3D) quantitative structure-activity relationship (3D-QSAR) model
that we have developed for the AVG-233 chemotype (24). Consistent
with QSAR predictions, all three analogs retained bioactivity in cell-
based assays without photoactivation with only minor (approximately
2- to 10-fold) potency penalties (Fig. 3B). Mass spectrometry (MS)

analysis after photocrosslinking of these analogs to purified RSV
polymerase and trypsin digestion of the covalent complexes identi-
fied for each compound a narrow set of peptides (one to four) with
covalently bound ligand, consistent with high target site specificity
of the cross-links (Fig. 3C). Specifically, analog A labeled a cluster
of four peptides that was located in L region 1693-1749, which is
thought to be part of a flexible linker between the connecting and
MTase domains (Fig. 3D) (30). Analog B also highlighted four pep-
tides, in this case spanning a larger area composed of the L capping
(1376-1409), connecting (1554-1576 and 1675-1678), and MTase
(1880-1892) domains. Analog C identified a single peptide located
in the L connecting domain (1548-1576).

When projected on the structural model of the RSV L core
polymerase domain (17, 18), only peptide 1376-1409 could be
directly observed due to poor structural resolution of the L C-terminal
domain. We therefore generated a homology model of the C-terminal
residues of RSV L based on the coordinates reported for the related
vesicular stomatitis virus (VSV) and rabies L proteins (31-33). This
model posited the AVG-233 resistance mutations and nearly all
proximity residues identified through photoaffinity labeling at an
interface formed by the L capping, connecting, and MTase domains
(Fig. 3E). Data-guided in silico docking of AVG-233 into this site
suggested that the compound may broadly restrict structural flexibility
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Fig. 3. AVG-233 target site mapping through ph ffinity labeling. (A) Chemical structures of the AVG-233 analogs synthesized. Photoactivatable groups are highlighted
in colored boxes. (B) Dose-response curves of the AVG-233 photoreactive analogs and standard AVG-233 against recRSV-fireSMASh. Symbols represent independent
repeats (n = 3). Four-parameter variable slope regression modeling. (C) RSV L-P peptides in close proximity of bound AVG-233, identified through photoaffinity labeling
and LC-MS/MS analysis. Specific residue(s) engaged (cross-link localization) and confidence [peptide-spectrum matches (PSM) score] are shown. (D) Schematic representation
of the three sets of peptides identified through each photoactivatable AVG-233 analog. (E) Cartoon representation of a structural model of the RSV P-L complex in the
putative pre-initiation state, based on RSV P-L reconstruction (PDB 6PZK) with residues (1461-2165) modeled after VSV P-L (PDB 6U1X). Color coding as in Fig. 1.
Photocrosslinking target peptides from (C) and resistance mutations from Fig. 1 are highlighted. (F) Molecular docking of AVG-233 into proximity of photocrosslinking
targets and resistance sites L1502 and H1632. Residues involved in RNA synthesis (H1338 and R1339) and the putative priming loop are highlighted. (G) Predicted
priming loop positions in postulated polymerase initiation and elongation conformations. Labeled are residues identified through photocrosslinking and the adjacent,
predicted priming loop pivot residue G1264.
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of this interface or specifically interfere with conformational re-
arrangement of the L priming-capping loop (Fig. 3, F and G) that
facilitates polymerase switch from RNA synthesis initiation to elonga-
tion mode (33) through large spatial movement.

Efficacy of AVG-233 in air-liquid interface cultures of
primary epithelium

Well-differentiated HAE organoids grown at air-liquid interface
(Fig. 4A) represent a premier model to test potency of antivirals
directed, for instance, against RSV (34) or influenza viruses (35)
in disease-relevant primary human tissues. These cultures develop
tight junctions and feature, among others, into mucus-producing
goblet and ciliated cells (Fig. 4B and figs. S8 to 12). Following apical
infection with recRSV-mKate, we noted sustained, robust virus
replication resulting in peak shedding of approximately 1 x 10°
infectious particles into the apical space per day over a 10-day
experimental window (Fig. 4C). Consistent with previous reports
(36), virus replicated predominantly in ciliated cells (fig. S13),
forming characteristic (37) cytoplasmic inclusions (Fig. 4D). Our
previous studies have also demonstrated that AVG-233 is well
tolerated without any signs of cytotoxicity at concentrations of
100 uM. Continued multiday exposure of the airway epithelium
cultures to 200 uM compound had no negative effect on tissue orga-
nization and tight junction integrity, based on confocal microscopy
after ZO-I immunostaining (fig. S14) and stable trans-epithelial
electrical resistance (TEER) between the basolateral and apical
chambers (Fig. 4E). Basolateral AVG-233 at 5 uM strongly reduced
RSV protein expression (Fig. 4F) without detectable negative effect
on epithelium integrity (Fig. 4G). Dose escalation resulted in gradual
inhibition of apical RSV shedding, reaching sterilizing conditions at
approximately 3 uM (Fig. 4H). Regression modeling revealed an ECsg
of 0.07 uM, which closely resembled that of N*-hydroxycytidine
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(NHC) (ECs, 0.05 uM), the parent molecule of the recently autho-
rized broad-spectrum inhibitor molnupiravir (38, 39). These per-
formance parameters correspond to a robust SI > 2850 of AVG-233 in
the human airway organoids.

Development of orally efficacious developmental
candidates of the AVG series

When examining in vivo efficacy of AVG-233 in the mouse model
of RSV infection, we noted that neither prophylactic nor therapeutic
administration of the compound at a twice-daily dose of up to
200 mg/kg significantly reduced lung virus load (Fig. 5, A and B).
We previously reported that AVG series compounds are rapidly
metabolized in mice lung microsomes (24). To minimize potential
metabolic liabilities, we designed a series of eight analogs with
fluorine atoms introduced to block potential sites of oxidative
hydroxylation on the (a) and (b) rings, and/or substitution of the
chemically labile ortho-chloropyridine (c) ring (40-42) with a more
inert ortho-trifluoromethyl pyridine (Fig. 5C). This series retained
potent antiviral activity in cell culture (Fig. 5D and table S1) and
primary HAE cells (fig. S15 and table S1). Mechanism of action was
unchanged from that of AVG-233 (Fig. 5E and fig. S16), and even
the substantially modified analog, AVG-388, shared resistance
profile (fig. S17 and table S2) and very low cytotoxicity (fig. S18)
with AVG-233.

To assess the effect of these substitutions on in vivo efficacy, we
tested the six most potent analogs in the RSV mouse model. Com-
pounds were administered orally at 50 mg/kg body weight in a
twice-daily regimen, starting 12 hours after infection (Fig. 5F).
Replacing the ortho-chloropyridine in ring (c) of AVG-233 with a
trifluoromethyl group (AVG-436) caused a statistically significant
reduction in lung viral load of 0.89 (+ 0.14) log;o TCIDs, (median
tissue culture infectious dose)/ml (Fig. 5F and table S3). A slightly
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Fig. 4. Efficacy of AVG-233 in well-differentiated HAE (3D-HAE) cells grown at air-liquid interface. (A) Schematics of 3D-HAE. (B) Confocal imaging of 3D-HAE. Tight
junctions immunodetected with anti-ZO-I (white). Mucus-producing goblet cells immunodetected with anti-Muc5AC (green). Ciliated cells immunodetected with
anti-B-tubulin (pink). Nuclei stained with Hoechst 35443 (blue). Scale bars, 10 um. (C) Multistep growth curve of recRSV-mKate in 3D-HAEs. Viral titers were assayed from
the apical chambers. Symbols show biological repeats (n = 3); curve connects means + SD. (D) Immunolabeling of recRSV-fireSMASh-induced inclusion bodies with
specific anti-RSV N antibody. Scale bar, 2 um. (E) Transepithelial electrical resistance of 3D-HAEs exposed basolaterally to 200 uM AVG-233 or vehicle (DMSO) for up to 3 days.
Symbols represent means + SD (n = 3). Two-way ANOVA with Sidak post hoc test. (F) Inmunostaining of RSV N in RSV-infected cells with or without AVG-233 5 uM at
3 days postinfection (d.p.i.). Scale as in (B). (G) Immunostaining of tight junctions in RSV-infected cells with AVG-233 5 uM at 3 d.p.i. Scale as in (B). (H) AVG-233 and NHC
virus yield reduction against recRSV-mKate in 3D-HAEs. Progeny virus titers were determined 6 days after infection; symbols show biological repeats (n = 3); curve
connects mean values. ECsq calculation through four-parameter variable slope regression modeling.
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Fig. 5. Identification of orally efficacious developmental analogs of AVG-233. (A and B) Effect of AVG-233 given orally twice daily at 12 hours postinfection (A) to
RSV-infected Balb/c mice on lung titers at 4.5 d.p.i. (B). (C) Chemical structures of AVG-233 analogs with fluoro- or ortho-chloropyridine groups. (D and E) Comparison of
AVG fluorine and ortho-chloropyridine analogs on antiviral potency in cell culture against recRSV-mKate (D) and in in vitro primer extension RARP assays (E). (F and G) Effect of
AVG-233 analogs given orally twice daily at 12 hours postinfection and 50 mg/kg (F) or 50 and150 mg/kg (G; AVG-388 only) to recRSV-mKate-infected Balb/cJ mice on
lung titers at 4.5 d.p.i. (H and 1) Lung histopathology. Representative photomicrographs of lung sections after H&E staining of two animals per treatment group (H) and
histopathology scoring (I; n =3 each for AVG-388- and vehicle-treated groups, n = 2 for mock-infected group). Bl, blood vessel; Br, bronchiole; arrow, interstitial pneumonia;
asterisks, alveolitis. Scale bars, 50 um. The histopathology scoring scale applied is defined in Materials and Methods. Symbols in (B), (F), (G), and (I) show individual biological
repeats (independent experiments or individual animals); columns represent sample means. Unpaired t test (B) or one-way ANOVA (F, G, and |) with Dunnett’s (F and G)

or Tukey’s (1) multiple comparisons post hoc test; P values are shown.

lower antiviral effect resulted from fluorine substitutions on both
the a and b moieties (AVG-390). Combining these strategies,
fluorines on the (a), (b), and (c) rings (AVG-388) yielded strong
antiviral efficacy with a lung virus load reduction of 1.3 (+ 0.25)
log1o TCIDsp/ml compared to vehicle-treated animals. We did not
observe as much benefit from combining fluorines on b and ¢
(AVG-435), but replacing the anisole moiety of AVG-233 with a
1,3 dichlorobenzene (AVG-445) resulted in a lung titer reduction
of 1.1 (£ 0.16) log;o TCIDso/ml, nearly as potent as that seen with
AVG-388.

Antiviral efficacy of AVG-388 was dose dependent, resulting
in a strong reduction of 1.9 (+ 0.23) log;y TCIDso/ml when dosed

Sourimant et al., Sci. Adv. 8, eabo2236 (2022) 24 June 2022

orally at 150 mg/kg twice daily (Fig. 5G and table S3) without any
signs of adverse effects (fig. S19). Histopathology analysis of lung
tissue extracted 4 days after infection from vehicle-treated animals
revealed prominent interstitial pneumonia with multifocal pleuritis
and moderate perivascular lymphohistiocytic cuffing (Fig. 5, Hand I,
and fig. $20). Treatment with AVG-388 at 50 mg/kg initiated 12 hours
after infection prevented disease progression to viral pneumonia.
Only one animal of the AVG-388 group showed mild vasculitis and
perivascular cuffing. These results demonstrating oral efficacy of
AVG-388 against RSV confirm successful synthetic optimization
of the AVG-233 scaffold and identification of a developmental
candidate for the treatment of RSV disease.
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DISCUSSION

Our initial characterization of the AVG-233 class revealed that the
inhibitor does not block phosphodiester bond formation per se but
disturbs initiation of viral RNA synthesis at the promoter (24). This
inhibition pattern may reflect pharmacological interference with a
predicted conformational rearrangement of the polymerase com-
plex during initiation (43, 44). Three lines of experimental evidence
support this view: the AVG class resistance profile, the mechanism of
action (MOA) characterization in biochemical RARP assays, and the
photoaffinity labeling-based mapping of the target site.

The primary resistance hotspot of the AVG class, L residue 1502,
is positioned at the interface between the large RARP domains
mediating RNA synthesis and the MTase domain required for
capping of nascent viral mRNAs. A secondary escape residue, L 1632,
likewise locates to this junction, as does residue 1631, which is
the primary resistance site for the experimental RSV inhibitors
YM-53503 (25), AZ-27 (23), PC786 (26), and cpdl (27). Cross-
resistance among chemically distinct antivirals with comparable
MOA is not uncommon. However, distinct resistance profiles of
mechanistically related chemotypes predicted to engage the same
target domain such as AVG-233 and AZ-27 are rare but open interest-
ing future possibilities for combination therapies. Divergent resistance
profiles from mechanistically similar RSV L inhibitors indicate a
unique docking pose of the AVG class.

Biochemical RARP assays using different types of synthetic RNA
templates demonstrated that compounds of the AVG class block de
novo initiation of RNA synthesis and extension of a paired primer
in a synthetic primer/template after the first few nucleotides. This
initial delay does not represent an artifact of the RARP assay, since
we found previously that ERDRP-0519, a small-molecule inhibitor
of measles virus polymerase that we have developed, completely
blocks all phosphodiesterbond formation in the equivalent measles
virus RARP assay (45). Both AVG-233 inhibitory activities were
sensitive to the L residue 1502 resistance mutation, indicating that
suppressed de novo initiation and impaired RNA elongation are a
consequence of a uniform AVG-233 docking pose to the L target.
The apparent difference in AVG-233 EC5 values between cell-based
and in vitro RARP assays likely reflects a high representation of
bioinactive L complexes in the P-L preparations, which is typical for
purified mononegavirus polymerase complexes (46). However, other
mechanisms are also conceivable. While absent in cellula, this un-
productive material may absorb compound in the biochemical assay
without appreciable inhibitory effect. Although less likely, the AVG-
233 could alternatively affect transcription, since photocrosslinking
proposed a docking pose in which the compound could also inter-
fere with L activities such as cap binding and/or cap methylation.
We furthermore cannot fully exclude that AVG-233 may be meta-
bolically modified by cellular enzymes, increasing its target affinity.

Beyond resistance profiling, no physical target site has been
mapped for any of the experimental RSV RdRP inhibitors. We
closed this knowledge gap for the AVG class, identifying L residues
in direct proximity to the docked ligand that spanned an interface
between the L capping, connecting, and MTase domains. Confidence
in specificity and physiological relevance of the photoaffinity labels
comes from three sources: three chemically distinct analogs were
generated that differentially interrogate the target site; each of these
analogs maintained potent anti-RSV activity; and residues covalently
identified by these analogs lined a continuous physical site in the
native polymerase complex.
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Structural reconstructions of RSV (17, 18), closely related human
metapneumovirus (47), and more distantly related paramyxovirus
(48) L-P complexes have highlighted a dynamic organization of the
C-terminal L domains relative to the polymerase core composed of
RdRP and capping domains. On the basis of the mechanistic inhibi-
tion profile in the in vitro RARP assays, the resistance data, and the
photoaffinity maps, we considered two mechanistic alternatives as
possible molecular basis for AVG-233 inhibition of L: structural
lockdown of the MTase domain or positional fixation of the puta-
tive priming-capping loop.

Specifically, AVG-233 docking may trap L capping, connecting,
and MTase domains in a fixed position relative to each other, resulting
in a polymerase complex that is permanently locked in initiation
conformation. Preventing relative repositioning of these three
domains should impair proper mRNA synthesis, since the MTase
must swing away from the product exit channel after cap methylation
to allow nascent mRNA elongation. However, our studies revealed
that AVG-233 is also active against truncated L;_749 RARP com-
plexes lacking the MTase domain, arguing against this model of
MTase blockage of the exit channel.

We therefore favor the alternative explanation that AVG-233
prevents reorganization of the L priming-capping loop (49) after
incorporation of the first few nucleotides. In RSV L structural models,
the loop is retracted downstream of a pivotal residue G1264, which
clears a path for the newly synthesized RNA strand to exit the
polymerase complex in post-initiation configuration (17, 18). Residue
G1264 is located in immediate spatial proximity to V1384, which
photoaffinity mapping identified as a direct anchor point for AVG
inhibitors, thus positing the docked ligand at the hinge region of the
priming-capping loop. Although an actual role of the loop in priming
of pneumovirus polymerases has not yet been formally proven (47),
we note that a purified mutant RSV RdRP complex bearing a
G1264A substitution was unable to elongate RNA beyond the addi-
tion of two to three nucleotides (50), thus mimicking the inhibition
phenotype of AVG-233.

Despite predicted oral bioavailability in mice (24), in vivo efficacy
of AVG-233 was disappointing. Our targeted synthetic program
identified a trifluoromethyl substitution in the ¢ ring as instru-
mental for establishing robust oral efficacy. Since antiviral activity
of AVG-233 in cell-based anti-RSV and the in vitro RdRP assays
closely resembled that of the efficacious analogs, we hypothesize
that the chloro-substituent in ring (c) of AVG-233 presented a
metabolic liability in vivo that was overcome with the trifluoromethyl
replacement.

Substantiated by a robust SI profile, potent antiviral perform-
ance in human tissue organoids, and favorable pharmacokinetic
properties, the orally efficacious AVG class leads have strong
developmental potential. In addition to its immediate impact as a
clinical candidate, the AVG chemotype has identified the inter-
face between the RSV L capping, connecting, and MTase domains
as a major druggable site that is likely mechanistically conserved
in all mononegavirus polymerase proteins. Considering the
available resistance information, we propose that all allosteric RSV
RdRP inhibitors interfering with polymerase initiation at the pro-
moter that have been developed to date physically engage this
interface. Our results lay the foundation for formal develop-
ment of the AVG class and the structure-guided identification of
companion drugs with overlapping target sites but distinct resist-
ance profiles.
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MATERIALS AND METHODS

Experimental design

In this study, we explored the preclinical efficacy of a series of
allosteric inhibitors of RSV RdRP using both the mice model and the
disease-relevant differentiated primary cells from human bronchial/
tracheal epithelium, and we determined the mechanism of action of
this class in vitro. The efficacy models were chosen because they
jointly provide the closest model available to RSV replication in
human lungs and constitute the premier system to evaluate efficacy
of drug candidates. We determined the effect of treatment on viral
replication at different oral doses in a prophylactic or therapeutic
setting. Efficacy was considered as a statistically significant
reduction in viral titers in mice lungs and in apical shedding
from differentiated human epithelium. Efficacy and cytotoxicity in
cell culture were determined in a dose-dependent manner using
four-parameter variable slope regression modeling and calculation
of 50% maximal efficacious concentrations. The end points were
predefined for each experiment. Animals were randomly assigned to
each group. Numbers of independent biological repeats for all
experiments are specified in the figure legends. No blinding was
performed. Complete raw and analyzed numerical data are openly
provided in data file S1.

Cell lines, plasmids, and viruses

HEp-2 cells [American Type Culture Collection (ATCC), CCL-23],
human embryonic kidney (HEK)-293T (ATCC, CRL-3216), and
baby hamster kidney cells (BHK-21; ATCC, CCL-10) stably ex-
pressing either T7 polymerase (BSR-T7/5) were grown at 37°C and
5% CO, in Dulbecco's modified Eagle's medium supplemented
with 7.5% heat-inactivated fetal bovine serum. Insect cells from
Spodoptera frugiperda (SF9; ATCC, CRL-1711) were propagated in
suspension using Sf-900 II serum-free medium (Thermo Fisher
Scientific) at 28°C without CO,. Experiments with primary HAE
cells involved tissues from the following donors: Primary human
bronchial tracheal epithelial cells from a 30-year-old female (“F1”
donor, LifeLine Cell Technology, catalog no. LM-0050, lot no. 3123,
passage 2) and primary human normal bronchial/tracheal epithelial
cells (“M4” donor, Lonza Bioscience, catalog no. CC-25408, lot no.
0000646466, passage 2) from a 38-year-old male were cultured in
BronchiaLife complete cell culture medium (LifeLine Cell Technology,
catalog no. LL-0023). Differentiated HAE from F1 donor (3D-HAE) was
obtained as described previously (35). Briefly, 33,000 low-passage
(<4) cells were seeded in polyester, tissue culture-treated, 0.33-cm?
growth area, 0.4-um membrane pore size Transwell (Corning,
catalog no. 3470). Basal medium was replaced with Pneumacult-ALI
(Stemcell Technologies, catalog no. 05001) when confluency was
reached, and apical medium was removed. TEER was monitored to
validate differentiation with EVOM volt/ohm meter and STX2
electrode (World Precision Instruments). All cell lines used in this
study were authenticated and checked for mycoplasma and micro-
bial contamination. Note that the International Cell Line Authenti-
cation Committee lists HEp-2 cells as a commonly misidentified
cell line; however, their unique ability to efficiently propagate RSV
justifies their use to generate and titrate viral stocks. Recombinant
RSV strain A2 with linel9F and mKatushka or fireSSMASh reporter
gene, recRSV-mKate or recRSV-fireSMASh, respectively, was rescued
and amplified as described previously (51, 52). L1502Q, H1632Q,
and Y1631H substitutions were introduced following a protocol
described previously (5).
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Dose-response antiviral assays

Compound stocks were prepared in dimethyl sulfoxide (DMSO)
and, upon dilution in cell culture medium, reached in all wells a
final DMSO concentration of 0.1%. For luciferase-based dose-
response assays, HEp-2 or primary HAE cells were seeded a day
before to reach 50% confluence in 96-well white plates. Threefold
serial dilutions of compounds were prepared in triplicate using an
automated Nimbus liquid handler (Hamilton) and transferred to
the cells. Immediately after addition of compound, cells were infected
with recRSV-fireSMASh. Each plate contained four wells each of
positive and negative control (medium containing 100 uM cyclo-
heximide or vehicle, respectively). Luciferase activities were
determined at 48 hours after transfection using One-GLO buffer
(Promega, catalog no. E6130) and a Synergy H1 (BioTek) plate
reader. Normalized luciferase activities were analyzed with the
following formula: % inhibition = (Signalgample = Signalmin)/
(Signalp,y — Signalmin) x 100, and dose-response curves were further
analyzed by normalized nonlinear regression with variable slope to
determine ECsy and 95% confidence intervals (ClIs) with Prism
9.0.1 for MacOS (GraphPad).

Minireplicon assays

A set of helper plasmids expressing codon-optimized RSV P, L, N,
and M2-1 proteins (A2 strain) under the control of cytomegalovirus
promoter and a plasmid expressing the RSV minigenome cassette
containing the firefly luciferase reporter, expressed under control of
RNA polymerase I promoter, were cotransfected with GeneJuice
reagent (MilliporeSigma) following the manufacturer’s instructions
in 50% confluent HEK-293T cells or BSR-T7/5 cells as described
previously (5). To assay RARP complex inhibition in dose-response
experiments, cells were transfected in 96-well white plates. At 4 hours
after transfection, compounds were added to the cells and analyzed
as described above.

Cytotoxicity assays

HEp-2 or primary HAE cells were seeded at 50% confluence in
96-well plates and incubated with threefold serial dilution of com-
pound with positive and negative controls as described above. After
48-hour incubation at 37°C, cells were incubated with PrestoBlue
(Thermo Fisher Scientific, catalog no. A-13262) for 1 hour at 37°C
and fluorescence was measured with an H1 synergy plate reader
(BioTek). CCsp and 95% ClIs after normalized nonlinear regression
and variable slope were determined using Prism 9.0.1 for MacOS
(GraphPad).

Growth curves

HEp-2 cells seeded in 12-well plates were infected with recRSV-
fireSSMASh in the absence or presence of L1502Q, H1632Q, or
Y1631H substitution in L, at a multiplicity of infection of 0.1 in
three independent replicates. Cells were scrapped and harvested
every 12 hours for 4 days following infection. After virus release
through freeze-thaw and clarification, viral titers were determined
through TCIDs, titration with firefly luciferase bioluminescence as
the readout, using One-GLO buffer (Promega, catalog no. E6130)
and a Synergy H1 (BioTek) plate reader.

Confocal microscopy
3D-HAEs were fixed for 30 min at room temperature with a solu-
tion of 4% paraformaldehyde diluted in phosphate-buffered saline
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(PBS). After permeabilization and blocking with PBS + 3% bovine
serum albumin (BSA) + 0.1% Triton X-100 (45 min), cells were
incubated at room temperature for 1 hour with primary antibodies
diluted in PBS + 0.3% BSA+ 0.05% Tween 20 (wash buffer). After
three 5-min washes, cells were incubated with a secondary antibody
in wash buffer for 45 min and incubated with Hoechst 34580 (BD
Biosciences, catalog no. 565877) (1:1000) in wash buffer for 5 min.
Membranes were mounted on glass slides with ProLong Diamond
Antifade Reagent (Thermo Fisher Scientific, catalog no. P36970) and
imaged with a Zeiss Axio Observer Z.1 and Zeiss LSM 800 + AiryScan
module. Image analyses were performed with Zeiss Zen 3.1 Blue
software (Windows 10). Representative pictures were taken with a
63x Plan Apochromat (numerical aperture, 1.40, oil) objective. Digital
pictures are pseudocolored for optimal presentation. Each sample
was reconstructed by stacking 0.22 pum thick optical slices for a total
depth of 35 m, unless stated otherwise in the figure legend.

Apical shed viral titer determination

3D-HAEs were washed apically with PBS without calcium and mag-
nesium. Cells were infected apically with recRSV-mKate (500,000
TCIDs) for 2 hours at 37°C. Compound was added in the basal
medium (vehicle, 0.1% final DMSO). Shed virus was harvested by
incubating the apical side with 200 pl of PBS without calcium and
magnesium at 37°C for 30 min. Aliquots were stored at —80°C
until titration by standard TCIDs using fluorescence to detect
infected cells.

Antibodies

Antibodies used for viral titration (TCIDsy) were RSV: goat anti-
RSV polyclonal antibody (1:1000 dilution) (MilliporeSigma, catalog
no. AB1128), followed by donkey anti-goat antibody conjugated with
horseradish peroxidase (1:1000 dilution) (Jackson ImmunoResearch,
catalog no. 705-035-147). Infected cells were detected using Trueblue
peroxidase substrate according to the manufacturer’s instructions
(Fisher Scientific, catalog no. 5067428).

Primary antibodies used for confocal microscopy: Adherens
junctions were visualized with E-cadherin mouse antibody (1:100
dilution) (BD Biosciences; 610181). Goblet cells were visualized with
mouse anti-MUC5AC (1:200 dilution) (Thermo Fisher Scientific,
catalog no. MA5-12175). Ciliated cells were visualized with rabbit
anti-B IV tubulin recombinant antibody conjugated with Alexa
Fluor 647 [EPR16775] (1:100 dilution) (Abcam, catalog no. ab204034).
Tight junctions were visualized with mouse anti-ZO-1 (1:50 dilu-
tion) (BD Biosciences, catalog no. 610966). RSV-infected cells were
visualized either as a whole with goat anti-RSV polyclonal antibody
(1:1000 dilution) (MilliporeSigma, catalog no. AB1128) or with a focus
on RSV-induced cytoplasmic inclusion bodies using mouse anti-RSV
nucleoprotein, clone 130-12H (1:100 dilution) (MilliporeSigma,
catalog no. MAB858-3). The following antibodies were used as
secondary antibodies as appropriate: rabbit anti-mouse IgG (H+L)
cross-adsorbed secondary antibody, Alexa Fluor 488 (1:500 dilution)
(Thermo Fisher Scientific, catalog no. A-11059), or donkey anti-goat
Alexa Fluor 568 (1:500 dilution) (Thermo Fisher Scientific, catalog
no. A-11057).

Protein purification

RSV L + P complexes were prepared as previously described (53, 54).
Briefly, codon-optimized sequences of RSV L and a 6xHIS-tagged
P were coexpressed in SF9 cells in serum-free medium SF900-II
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(Thermo Fisher Scientific) from a recombinant baculovirus vector
generated with the pFastBac dual system. Cells were harvested at
78 hours after infection and lysed in 50 mM NaH,PO, (pH 8.0), 150 mM
NaCl, 20 mM imidazole, and 0.5% Igepal (MilliporeSigma). After
purification through immobilized metal affinity chromatography
with Ni-NTA Superflow resin (Qiagen), cells were dialyzed into
storage buffer: 20 mM tris-HCI (pH 7.4), 150 mM NaCl, 10%
glycerol, and 1 mM dithiothreitol.

In vitro polymerase assay

De novo RNA synthesis using the purified L + P complex was
performed as previously described (54). Briefly, 100 to 200 ng of
RSV L in complex with P were incubated with 2 uM RNA template
corresponding to the 25 nucleotides of the RSV trailer complement
sequence (3’ UGCUCUUUUUUUCACAGUUUUUGAU) (Horizon
Discovery), 8 mM MgCl,, 1 mM dithiothreitol, 1 mM adenosine
triphosphate (ATP), 1 mM uridine triphosphate (UTP), 1 mM
cytidine triphosphate (CTP), 50 uM GTP, 10 uCi of a-**P-labeled
GTP (Perkin-Elmer), 20 mM tris-HCI (pH 7.4), 15 mM NaCl, and
10% glycerol. Reaction was equilibrated for 10 min at 30°C before
addition of L + P complexes and then incubated for 3 hours at
30°C. RNAs were precipitated for 16 hours at —20°C with 2.5 volumes
of ice-cold ethanol, 0.1 volume of 3 M sodium acetate, and 625 ng of
glycogen (Thermo Fisher Scientific). Pellets were washed with
ice-cold 75% ethanol, dried, and resuspended in 50% deionized
formamide. After a 3-min denaturation at 95°C, RNAs were
separated on 7 M urea/20% polyacrylamide tris borate-EDTA gels
and visualized by autoradiography using either CL-XPosure Film
(Thermo Fisher Scientific) or a storage phosphor screen BAS IP MS
2040 E (GE Healthcare Life Sciences) and imaged with Typhoon
FLA 7000 (GE Healthcare Life Sciences). Densitometry analysis was
performed using Fiji 2.0 (55).

3’ Extension assays were performed on the basis of slight
modifications of established assays (46, 56, 57). Briefly, 1 uM RNA
template (3 UGGUCUUUUUUGUUUC) and 200 uM 5’ phos-
phorylated RNA primer (5" pACCA) (Horizon Discovery) were
incubated with 8 mM MgCl,, 1 mM dithiothreitol, 10 uM ATP, 10 uM
UTP, 10 uM CTP, 10 uM GTP, 10 pCi of a->*P-labeled GTP
(Perkin-Elmer), 20 mM tris-HCl (pH 7.4), 15 mM NaCl, and 10%
glycerol and, after 10 min at 30°C, with 100 ng of RSV L in complex
with P in a final volume of 5 pl. After 60-min incubation at 30°C,
reaction was stopped with 5 pl of deionized formamide with 25 mM
EDTA. After denaturation at 95°C, RNAs were separated on 7 M
urea/20% polyacrylamide tris borate-EDTA gels and visualized by
autoradiography using a storage phosphor screen BAS IP MS 2040 E
(GE Healthcare Life Sciences) and imaged with Typhoon FLA 7000
(GE Healthcare Life Sciences). Densitometry analysis was performed
using Fiji 2.0 (55).

Biolayer interferometry

Purified RSV L-P complexes were buffer-exchanged for PBS (pH 7.4;
room temperature) on PD-10 desalting columns (GE Healthcare),
mono-biotinylated with the EZ-Link Sulfo-NHS-SS-Biotin reagent
(Thermo Fisher Scientific), and loaded on Super-Streptavidin
sensors (Molecular Devices) for 2 hours at 30°C to reach a shift of
1 nm. Uncoupled streptavidin was quenched for 15 min with a
solution of 2 mM biocytin. In parallel, a solution of thyroglobulin
(1 mg/ml; GE Healthcare) was biotinylated and loaded to 1-nm
shift on control sensors. Kinetic experiments were performed at
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30°C with 1000 rpm shaking in 96-well plates using the Octet Red
96 system (Fortebio). Biosensors loaded with L-P and thyroglobulin
were successively equilibrated for 100 s in assay buffer (PBS, 0.01%
BSA, 0.005% Tween 20, and 1% DMSO) (baseline), incubated in a
dilution of compound (twofold from 40 nM to 40 uM) for 120 s
(association), and then incubated in assay buffer for 200 s (dissoci-
ation). Real-time binding kinetics were analyzed and calculated
using the Octet Red software package. Raw signal was processed using
the double-reference method, by subtracting both the thyroglobulin
signal (unspecific signal) and the signal in the absence of compound
(drift), after baseline alignment and interstep correction at the
dissociation. Kinetic modeling was done by analyzing association
and dissociation signals using global fitting with a 1:1 model.

Photolabeling of the AVG-233 binding site

Two micrograms of RSV L-P complexes in PBS was mixed with 100 uM
of compound a, b, or ¢ for 5 min on ice and then photocrosslinked
for 10 min (compound a) or 45 min (compounds b and c) at 365 nm.
Samples with compounds b and ¢ were further treated with the
auto-crosslink mode of Stratalinker 1800 (Stratagene). Samples
were fractionated on Bolt 4-12% Bis-Tris Plus Gels (Thermo Fisher
Scientific) and MES buffer and analyzed by MS.

LC-MS/MS analyses and data processing

Liquid chromatography-MS/MS (LC-MS/MS) analysis was per-
formed by the Proteomics and Metabolomics Facility at the Wistar
Institute using a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific) coupled with a Nano-ACQUITY UPLC system (Waters).
Following procedures originally described in (45), gel bands were
excised, digested in-gel with trypsin, and injected onto a UPLC
Symmetry trap column (180 pm inside diameter x 2 cm packed
with 5-um C18 resin; Waters). Tryptic peptides were separated by
reversed-phase high-performance LC on a BEH C18 nanocapillary
analytical column (75 pum inside diameter x 25 cm, 1.7-um particle
size; Waters) using a gradient formed by solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile). A
30-min blank gradient was run between sample injections to minimize
carryover. Eluted peptides were analyzed by the mass spectrometer
set to repetitively scan mass/charge ratio (m/z) from 300 to 2000 in
positive ion mode. The full-MS scan was collected at 70,000 resolu-
tion followed by data-dependent MS/MS scans at 17,500 resolution
on the 20 most abundant ions exceeding a minimum threshold of
20,000. Peptide match was set as preferred, exclude isotopes option,
and charge-state screening was enabled to reject unassigned charged
ions. Peptide sequences were identified using pFind 3.1.5 (58). MS/MS
spectra were searched against a custom database containing Sf9,
baculovirus, and hRSV protein sequences. Search parameters include
full tryptic specificity with up to three missed cleavages, peptide
mass tolerance of 10 parts per million (ppm), fragment ion mass
tolerance of 15 ppm, static carboxamidomethylation of Cys, and
variable oxidation of Met. In addition, mass addition of 537.117924
(compound a), 470.125788 (compound b), or 484.165901 (com-
pound c) was also considered for all amino acid residues. Consensus
identification lists were generated with false discovery rates of 1% at
protein and peptide levels.

Molecular modeling and docking
RSV L-P available structure encompasses residue 1-1460 of RSV,
likely in a post-initiation conformation [Protein Data Bank (PDB):
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6PZK] (18). Modeling of full-length RSV L in putative pre-initiation
conformation was performed using I-Tasser server and the RSV L
strain A2 (GenBank: AAC14905.1) using as a template related
vesicular stomatitis virus L (PDB: 5a22), L + P (PDB: 6U1X), rabies
virus L + P (PDB: 6UEB), and human metapneumovirus L C-terminal
domain (PDB: 4UCY).

In vivo efficacy testing

Female Balb/cJ] mice (The Jackson Laboratory, catalog no. 000651)
6 to 8 weeks of age were housed in an Animal Biosafety Level 2
(ABSL-2) facility (4- to 5-day rest). Mice were divided randomly
into groups of five and infected intranasally with 500,000 TCIDs,
(25 ul per nare) of recRSV-mKate in PBS. Mice were anesthetized with
ketamine/xylazine. Treatments were administrated via oral gavage
in a 200-pl suspension of 1% methylcellulose in water. Temperature
and body weight were determined on a daily and twice-daily basis,
respectively. Efficacy studies were terminated at peak viral replica-
tion at 4.5 days after infection, mice were euthanized, and lungs
were harvested and weighted. Lung viral titers were determined
after tissue homogenization with a bead beater with 300 pl of PBS
(three bursts of 30 s at 4°C, separated by 30-s rest at 4°C). Homoge-
nates were clarified (5 min at 4°C and 20,000g), aliquoted, and
stored at —80°C until titration. Viral titers were determined by
TCIDs titration, adjusted to weight (grams) of lung tissue.

Histopathology analysis

For histopathology, mice were subjected to cervical dislocation
4.5 days after infection and lungs were perfused with 10% neutral buff-
ered formalin (NBF) before extraction. Lungs were stored in 10%
NBEF for 24 hours, followed by incubation in 70% EtOH for 2 days
and embedding into wax blocks, using a 21-hour alcohol-xylene-wax
embedding sequence. Blocks were sectioned at ~4 pum thickness,
and sections were mounted onto microscopy slides and stained with
hematoxylin and eosin (H&E). Slides were examined by a board-
certified veterinary pathologist, who was blinded to the treatment
groups. Lesions were scored according to the following scale.
Alveoli, bronchiolar, and pleuritis scores were as follows: 1 = focal,
2 = multifocal, and 3 = multifocal to coalescing; perivascular cuffing:
1 = one layer of leukocytes cuffing vessel, 2 = two to five layers, and
3 = six to nine layers; vasculitis score: 1 = leukocytes infiltrating
vessel wall, 2 = leukocytes and smooth muscle cell separation, and
3 = fibrinoid necrosis; interstitial pneumonia: 1 = alveolar septa infil-
trated by one leukocyte thickness, 2 = two leukocytes thick, and
3 = three leukocytes thick.

Chemical synthesis

All materials were obtained from commercial suppliers and used
without purification, unless otherwise noted. Dry organic solvents,
packaged under nitrogen in septum-sealed bottles, were purchased
from EMD Millipore and Sigma-Aldrich Co. Reactions were moni-
tored using EMD silica gel 60 Fps4 TLC plates or using an Agilent
1200 series LCMS system with a diode array detector and an Agilent
6120 quadrupole MS detector. Compound purification was accom-
plished by liquid chromatography on a Teledyne Isco CombiFlash
RF+ flash chromatography system. Nuclear magnetic resonance
(NMR) spectra were recorded on an Agilent NMR spectrometer
(400 MHz) at room temperature. Chemical shifts are reported in ppm
relative to residual solvent signal. The residual shifts were taken as
internal references and reported in ppm.
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General reaction strategy

An overview of the general synthesis strategy of the AVG chemo-
type is shown in fig. S21. Dimethyl-1,3-acetonedicarboxylate (6.6 ml,
45.81 mmol) was added to a suspension of 2-hydrazinopyridine
(compound 1; fig. S21) (5.0 g, 45.81 mmol) in anhydrous toluene
(50 ml) to synthesize compound 2 (fig. S21). The reaction mixture
was refluxed for 12 hours. After completion, the reaction mixture
was concentrated under reduced pressure. The brown solid product
(9.60 g, 90% yield) obtained was washed with diethyl ether and dried
in vacuum oven at 50°C and used as such for further reactions.

"H NMR 400 MHz, DMSO-dg, 8 12.45 (s, 1H), 8.43 (d, ] = 8 Hz,
1H), 8.02 (pseudo t, ] = 8 Hz, 1H), 7.74 (d, ] = 8 Hz, 1H), 7.35 (pseudo
t,] = 8 Hz, 1H), 5.58 (s, LH), 3.64 (s, 3H), 3.61 (s, 2H). >°C NMR
100 MHz, DMSO-dg, 6 170.67, 155.88, 153.23, 147.70, 146.90, 140.83,
121.25,112.97, 88.68, 52.33, 34.99. MS [electrospray ionization and
atmospheric pressure ionization (ES-API)] [M + 1]*:234.0.

For synthesis of compound 3 (fig. S21), triethyl orthoacetate
(11.8 ml, 64.32 mmol) and acetic acid (0.25 ml, 4.30 mmol) were
added to a solution of compound 2 (5.0 g, 21.43 mmol) in anhydrous
acetonitrile (50 ml). The reaction mixture was stirred at 70°C for
12 hours. After completion, the reaction mixture was concentrated
under reduced pressure and washed with diethyl ether to obtain
compound 3 as brownish yellow solid. 'H NMR 400 MHz, DMSO-ds,
8 14.95 (broad s, 1H), 8.43 (d, J = 8 Hz, 1H), 8.26 to 8.16 (m, 2H),
7.42 to 7.40 (m, 1H), 3.78 (s, 2H), 3.60 (s, 3H), 2.31 (s, 3H); °C
NMR 100 MHz, DMSO-dg, 6 190.38, 169.41, 163.57, 150.71, 148.11,
143.64, 141.81, 119.75, 112.63, 102.78, 51.70, 34.78, 28.11. MS
(ES-API) [M +1]*: 276.0.

For synthesis of compound 4 (fig. S21), (6-chloropyridin-2-yl)
methanamine dihydrochloride (0.64 g, 3 mmol) and triethylamine
(1.25 ml, 9 mmol) were added to a solution of compound 3 (0.8 g,
3 mmol) in anhydrous acetonitrile (20 ml), and the reaction mixture
was stirred at room temperature. After 2 hours, 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) (0.9 ml, 6 mmol) was added and stirred at
room temperature for another 5 hours. After completion, the reac-
tion mixture was concentrated under reduced pressure and the
crude product was purified by flash column chromatography using
dichloromethane and methanol as eluent. Product was obtained as
yellow solid (0.40 g, 36% yield). "H NMR 400 MHz, DMSO-dg, &
11.48 (s, 1H), 8.48 to 8.46 (m, 1H), 8.37 (d, ] = 8 Hz, 1H), 7.95 to
7.91 (m, 1H), 7.84 (pseudo t, ] = 8 Hz, 1H), 7.42 (d, ] = 8 Hz, 1H),
7.28 to 7.22 (m, 2H), 5.68 (s, 1H), 5.37 (s, 2H), 2.83 (s, 3H); °C
NMR 100 MHz, DMSO-ds, 190.38, 169.41, 163.57, 150.71, 148.11,
143.64, 141.87, 119.77, 112.62, 109.58, 102.79, 51.65, 28.11. MS
(ES-API) [M + 1]*: 368.0.

For synthesis of analogs A and B (fig. S21), N)N-diisopropylethylamine
(0.10 ml, 0.60 mmol) and respective substituted benzyl halide
(0.60 mmol) were added to a solution of compound 4 (0.18 g,
0.5 mmol) in anhydrous N,N-dimethylformamide (5 ml), and the
reaction mixture was stirred at 50°C for 6 hours. After completion,
the reaction mixture was concentrated under reduced pressure and
the crude product was purified by flash column chromatography
using dichloromethane and methanol as eluent. Desired products
were obtained in 25 to 35% isolated yield.

Analog A: 'H NMR 400 MHz, CDCls, § 8.54 (d, ] = 8 Hz, 1H)
7.85t0 7.78 (m, 2H), 7.61 (pseudo t, ] = 8 Hz, 1H), 7.26 to 7.16 (m, 4H),
7.06 t0 6.99 (m, 3H), 6.06 (s, 1H), 5.40 (s, 2H), 4.98 (s, 2H), 2.89 (s, 3H);
"F NMR 376 MHz, CDCl3, § —65.08 (s); °C NMR 100 MHz, CDCl;
(includes multiplets from C-"°F couplings), & 162.91, 162.16, 156.01,
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155.20, 154.40, 151.01, 148.65, 148.31, 148.21, 139.62, 138.25, 135.33,
129.31, 129.25, 129.16, 129.09, 126.62, 126.53, 126.45, 123.53, 123.38,
123.27, 121.08, 120.93, 120.64, 120.54, 120.49, 117.17, 101.66, 90.88,
90.71, 77.09, 53.82, 48.14, 15.33. MS (ES-API) [M + 1]*: 565.9.

Analog B: '"H NMR 400 MHz, CDCls, & 8.54 (d, ] = 8 Hz, 1H),
7.85 (m, 2H), 7.61 (pseudo t, ] = 8 Hz, 1H), 7.26 to 7.16 (m, 3H),
7.06 to 6.99 (m, 4H), 6.06 (s, 1H), 5.40 (s, 2H), 4.98 (s, 2H), 2.89
(s, 3H); *C NMR 100 MHz, CDCls, § 162.95, 162.16, 156.09, 155.31,
154.22, 151.01, 148.68, 148.25, 140.28, 139.64, 138.24, 130.44, 130.31,
130.12, 123.38, 120.89, 120.64, 120.49, 119.15, 117.19, 101.90, 91.02,
53.91, 48.17, 15.31. MS (ES-API) [M + 1]*: 498.9.

An overview of the preparation of analog C is shown in fig. $22.
Sodium azide (0.32 g, 5.0 mmol) and ammonium chloride (0.26 g,
5 mmol) were added to a solution of compound 5 (0.25 g, 0.5 mmol;
fig. S22, prepared as shown in fig. S21 for the synthesis of analogs
A and B) in anhydrous dimethylformamide (DMF) (3 ml) and stirred
at 110°C for 48 hours. After completion, the reaction mixture was
concentrated under reduced pressure. The crude reaction mixture
was dissolved in dichloromethane (50 ml) and extracted with water
(50 ml) and brine (50 ml). The organic layer was dried over anhy-
drous sodium sulfate and concentrated under reduced pressure.
The crude product was purified by flash column chromatography
using dichloromethane and methanol as eluent. Product was isolated
as pale yellow solid (0.093 g, 36% yield). '"H NMR 400 MHz,
CDCl;, & 8.56 (ddd, ] = 5.2 Hz, 2 Hz, 0.8 Hz, 1H), 8.01 (dd, ] = 8
Hz,0.8 Hz, 1H), 7.84 t0 7.80 (m, 1H), 7.72 t0 7.70 (m, 1H), 7.61 (dd,
J =12 Hz, 8 Hz, 1H), 7.22 (ddd, ] = 5.2 Hz, 2 Hz, 0.8 Hz, 1H), 6.88
(dd,J = 8.4 Hz, 6.4 Hz, 1H), 6.76 to 6.74 (m, 1H), 6.50 to 6.41
(m, 2H), 6.18 (s, 1H), 5.95 (s, 2H), 5.04 (s, 2H), 3.50 (s, 3H), 2.84
(s, 3H); ’F NMR 376 MHz, CDCls, § —109.51 to —109.57 (m);
3C NMR 100 MHz, CDCl; (includes multiplets from '>C-'’F
couplings) 8 164.90, 162.67, 162.44, 162.10, 158.86, 155.12, 152.77,
148.94, 148.76, 148.17, 137.97, 134.09, 131.88, 120.96, 117.73, 117.40,
114.78, 113.43, 106.79, 106.58, 102.59, 99.03, 98.78, 90.84, 55.31,
48.44, 42.44, 14.86; MS (ES-API) [M + 1]": 513.0.

Statistical analysis

GraphPad Prism software (v8.3.0 Mac OSX) was used for all statis-
tical analyses. Multiple comparisons were analyzed with one-way or
two-way analysis of variance (ANOVA) with Dunnett’s or Sidak’s
post hoc tests, as specified in figure legends. Fifty percent and
90% maximal effective concentrations were calculated using four-
parameter nonlinear regression modeling. Individual biological
replicates (n = 3) are represented as symbols or means with SDs.
Significance threshold was set to 0.05. P values are represented as
stars (*P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001).

Ethics statement

All animal work was performed in compliance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health as well as the Animal Welfare Act Code of Federal
Regulations. Experiments involving mice were approved by the
Georgia State University Institutional Animal Care and Use
Committee under protocols A17019 and A20012.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2236

View/request a protocol for this paper from Bio-protocol.
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22 Abstract (132 words)

23 Investigating the influence of intestinal microbiota composition on respiratory viral infection
24 (RVI) revealed that segmented filamentous bacteria (SFB), naturally acquired or exogenously
25  administered, protected mice against influenza virus (IAV) infection, as assessed by viral titers,
26 histopathology, and clinical disease features. Such protection, which also applied to RSV and
27  SARS-CoV-2, was independent of interferon and adaptive immunity but required basally

28  resident alveolar macrophages (AM), which, in SFB-negative mice, were quickly depleted as

29  RVI progressed. Examination of AM from SFB-colonized mice revealed that they were

30 intrinsically altered to resist IAV-induced depletion and inflammatory signaling. Yet, AM from
31 SFB-colonized mice were not quiescent. Rather, they directly disabled IAV via enhanced
32 complement production and phagocytosis. Transplant of SFB-transformed AM into SFB-free

33 hosts recapitulated SFB-mediated protection against IAV mechanistically linking intestinal

34  microbiota, AM phenotype, and RVI severity.

35

36 One sentence summary: Intestinal segmented filamentous bacteria reprogram alveolar
37  macrophages enabling their host to withstand respiratory viruses.

38
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INTRODUCTION

Outcomes following exposure to respiratory viruses, such influenza A viruses (IAV),
respiratory syncytial virus (RSV), and SARS-CoV-2, vary widely amongst individuals, ranging
from asymptomatic infection to severe lung pathology and/or death. While determinants of such
heterogeneity to respiratory viral infection (RVI) are likely numerous and complex, we
hypothesized that one important factor is gut microbiota composition [1], which is now
appreciated to have broad influence over a range of chronic inflammatory diseases and the
immune responses with which such diseases are associated [2]. For example, studies comparing
mice captured in the wild to those bred for generations in well-controlled vivaria revealed vast
differences in their microbiomes that resulted in wild mice having highly and broadly activated
immune systems and being relatively resistant to IAV [3, 4]. Yet, differences in specific
microbial species that can impact RVI outcomes, and how they might do so, have not been well
defined. Hence, we studied mice raised in vivaria with discrete defined microbiome differences
and, subsequently, mice differing in only the presence or absence of a single common species,
namely segmented filamentous bacteria (SFB). We found that gut SFB dictated the phenotype of

alveolar macrophages and, consequently, outcomes of RVI.



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES 169

bioRxiv preprint doi: https:/doi.org/10.1101/2023.09.21.558814; this version posted September 22, 2023. The copyright holder for this preprint

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

RESULTS

SFB protects mice from IAV infection

Appreciation of the potential of microbiota to broadly impact health led one commercial
rodent supplier to offer “excluded flora (EF)” mice, which were bred in a restricted vivarium that
assured absence of a discrete panel of disease-modulating commensal microbes, which might or
might not otherwise be present in colonies of “specific pathogen-free (SPF)”” mice commonly
used in biomedical research [5]. We used such mice as a starting point to probe the influence of
microbiota composition on RVI. Specifically, we compared proneness of SPF and EF mice to
IAV infection 4 days following intranasal administration of 2009 pandemic A/CA/07/2009
(H1INZ1), herein referred to as CA09, which readily infects mice without need for species
adaptation and recapitulates major clinical features of human disease in the animal model [6].
Compared to EF mice, SPF mice exhibited significantly reduced lung viral titers. Furthermore,
SPF mice did not show hypothermia and weight loss observed in EF mice (Figure 1A).
Additionally, although not designed as a survival experiment per se, we noted that some mice of
the EF mice required euthanasia. These results suggested that one or more of the microbes
specifically excluded from EF mice might confer protection against IAV.

Of the panel of organisms known to be absent in EF mice, segmented filamentous
bacteria (SFB) stood out as a potential modulator of 1AV proneness in that SFB, despite being a
strict anaerobe and, thus, restricted to the intestinal luminal surface, is known to systemically
impact T-lymphocytes [7, 8]. Furthermore, SFB is a major contributor to, albeit not the sole
mediator of, the spontaneous resistance to rotavirus (RV), an intestinal pathogen, that

spontaneously arose in some mouse colonies [9]. SFB is very challenging to culture but can be
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isolated, maintained, and studied by administering it via fecal microbial transplantation (FMT).
Hence, mice lacking SFB but otherwise carrying a complex SPF microbiota, herein referred to as
SFB- mice, were administered a FMT from other SFB- mice, mice containing SFB as one natural
component of their SPF microbiota, or germ-free mice that had been monoassociated (MA) with
SFB. Such mice were inoculated with CA09 one-week post-FMT and euthanized 4d later to
measure lung viral titers or monitored for 14 days to assess clinical-type disease parameters.
Mice receiving FMT from mice naturally colonized with SFB exhibited 1AV titer reductions of
approximately one order of magnitude compared to animals that lacked SFB and, concomitantly,
clinical signs of 1AV infection were ameliorated (Figure 1B). FMT from SFB-MA mice fully
recapitulated such protection while administering feces from germ-free mice was without effect
(Figure S1A). Thus, administering SFB- mice a FMT from SFB-MA mice, hereafter referred to
as administering SFB, recapitulated the differential proneness of EF and SPF mice to IAV
infection, thus providing a tractable model to investigate how the presence of this specific gut
microbiota constituent, within a complex microbial ecosystem, reduced IAV infection in the
lung.

SFB-mediated protection against IAV infection was evident, albeit seemingly not
maximal, two days post SFB administration and was undiminished three months later (longest
time tested) despite gut SFB levels having declined by over 60-fold from peak to a stable plateau
by this time (Figure 1C and Figure S1B). In accord with its relative abundance not being a
critical variable, SFB colonized 24-week-old mice at 10-fold lower levels than 5-week-old mice
but still protected them against IAV infection (Figure S1C). Consistent with previous
observations that SFB only resides in the gut lumen or attached to the apical epithelial gut

surface [10], SFB was readily detected by PCR in the ileum, but was not found in the lung or
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spleen (Figure 1D). Histopathologic examination of lung tissue did not detect any impact of SFB
itself on the lung but revealed a striking suppression of IAV-induced lung pathology (Figure
1E). Such protection of lung tissue was potentially attributable to the one-log reduction in
observed in viral tiers conferred by SFB colonization but also hinted at the possibility that SFB

had reduced IAV-induced inflammatory signaling.

SFB’s protection against IAV not explained by known candidate mechanisms

SFB-mediated lasting protection against IAV contrasted with its transient protection
against RV [9], suggesting that the former might be mediated by adaptive immunity. However,
SFB-mediated protection against IAV was fully maintained in Ragl”~ mice, which lack most T
and B lymphocytes, arguing against this notion (Figure 2A). Innate antiviral immunity typically
involves interferon and can involve innate lymphoid cells (ILC) and/or IL-22 and IL-17. Yet,
SFB-mediated protection against IAV was maintained in Ifiar”- mice, which lack type |
interferon signaling, Rag!™"-112rg”", which lack type 3 ILC, and upon antibody-mediated
neutralization of IL-17 and IL-22 (Figure 2B-D). SFB-mediated protection against IAV was also
maintained in Stat1”~ animals, which are broadly compromised in IFN signaling (Figure 2E).
These results argue against a role for any of these candidate host mechanisms in mediating
SFB’s protection against IAV infection. We also considered a candidate microbial mechanism.
Specifically, we hypothesized that the protection against 1AV conferred by SFB might reflect
that it induced an array of complex changes in other taxa that might then broadly impact innate
immunity. However, SFB’s protection was maintained in Altered Schaedler flora (ASF) mice,
which harbor only a minimal 8-species microbial community [11] thus arguing against this

possibility.
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128

129  SFB’s protection against IAV, RSV and SARS-CoV-2 associated with preservation of resident
130  lung phagocytes

131 That candidate mechanisms were not experimentally substantiated led us to utilize less
132 targeted approaches to investigate how SFB gut colonization protected mice against IAV. First,
133 we performed transcriptomic profiling of whole lungs harvested from mice thar were untreated
134  (naive) or administered SFB, CAQ9, or a combination thereof. The results of this RNA-seq

135  analysis were presented as a heat map, showing 4-5 individual mice per condition, of all genes
136  whose expression was significantly altered in response to any of the three treatments (Figure
137 3A). Itillustrated that SFB, by itself, had almost no impact on lung gene expression, whereas, as
138  expected, IAV infection, by itself, markedly remodeled the lung transcriptome. Strikingly, such
139  IAV-induced changes in gene expression were absent in SFB-colonized mice, indicating that the
140  presence of SFB in the gut broadly ameliorated IAV’s impact on lung tissue. The majority of
141 genes induced by CAQ09-induced were related to immunity and inflammation thus according with
142  the view that much of the lung pathology in IAV infection is driven by the immune system [12]
143 and, furthermore, the notion that SFB strongly dampened such responses.

144 We next used flow cytometry to examine the impact of SFB and 1AV on lung populations
145  of immune cells, focusing on innate cells given our results from KO mice had suggested

146  lymphocytes were not required SFB-mediated protection against IAV. Consistent with other

147  studies, intranasal administration of CAQ9, by itself, induced a stark depletion of basally-resident
148  CD103* dendritic cells (cDC1) and alveolar macrophages (AM), which was followed by

149  increased abundance of a panel of inflammatory cells including neutrophils, monocytes, and

150  natural Killer cells [13]. Analogous to the RNA-seq and histopathology results, SFB, by itself,
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did not significantly impact levels of lung leukocytes but wholly prevented the changes induced
by CAQ9 (Figure 3B and Figure S2). Preventing these CA09-induced changes in lung
cellularity and disease was not SFB strain-specific as similar protective effects resulted from
colonization of the gut by SFB strains isolated in 3 different continents (Figure S3). Nor were
SFB impacts specific to IAV. Rather, SFB colonization also reduced viral loads and prevented
changes in lung cellularity, and reduced pro-inflammatory gene expression, following
inoculation of mice with respiratory syncytial virus (RSV) and mouse-adapted SARS-CoV-2
(Figure S4). which, irrespective of SFB, did not cause clinical signs of disease.

To investigate the extent to which SFB-mediated prevention of IAV-induced changes in
lung cellularity simply reflected lower IAV loads, we pharmacologically restricted IAV
replication via 4’-fluorouridine (4’-FIU), a broad-spectrum nucleoside analog inhibitor that we
recently reported impedes IAV, RSV, and SARS-CoV-2 [14, 15]. SFB- mice received 4’-FIU via
oral gavage at different dose levels in a once daily (g.d.) regimen beginning 24 hours post-
inoculation. At this time, IAV levels and immune cell populations were similar in SFB- and SFB-
administered mice (Figure S2C), which we hereafter refer to as SFB* mice. As expected,
administration of 4’-FIU to SFB-mice dose-dependently suppressed 1AV replication to a similar
or greater extent than SFB (Figure 3C). Like SFB, 4’-FIU administration prevented the CA09-
induced appearance of inflammatory cells in the lung. However, even the highest dose of 4’-FIU,
which lowered AV titers by over three orders of magnitude, did not mitigate CA09-induced
ablation of cDC1 or AM suggesting that their persistence in SFB* mice may have contributed to,

rather than resulted from, suppression of IAV.

Alveolar Macrophages are required for SFB-mediated protection against IAV
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Potential roles for cDC1 and AM in SFB-mediated protection against IAV were tested in
mice harboring deficiencies in these cells. We observed that SFB-mediated protection against
IAV was maintained in Batf3” mice, which wholly lack cDC1 [16], but was greatly reduced in
Csf2”- mice, which have a 70% reduction in basal AM levels [17] (Figure 4 A&B). The role of
AM was further examined by depleting these cells with clodronate liposomes [18], an approach
that we verified efficiently depleted AM but did not alter levels of other lung innate immune
cells (Figure 4Ci). Depletion of AM, by itself, did not significantly impact IAV titers or clinical
signs of disease but eliminated the ability of SFB to lower lung IAV titers, ameliorate
hypothermia and weight loss, and prevent death (Figure 4Cii). These results suggested that SFB-
mediated impacts on AM were germane to its protection against RVI. SFB-mediated
maintenance of AM levels could conceivably have reflected increased generation of these cells,
which can occur from monocyte progenitors migrating to the lung or local self-renewal [19], or
that SFB colonization had resulted in AM resisting death upon RVI. SFB’s prevention of AM
depletion following CAQ9 inoculation associated with prevention of IAV-induced caspase-3
activation (Figure 4D), which marks AM commitment to cell death [20], and increased
expression of CD71 (Figure 4E), which associates with enhanced phagocytosis and survival [21,
22]. These results suggest that SFB colonization had “emboldened” AM to resist IAV-induced

depletion.

SFB’s preservation of AM enables their sustained protection of EC from IAV infection
Airway epithelial cells (AEC) are primary sites replication sites of respiratory viruses,
including 1AV, RSV, and SARS-CoV-2. Specifically, in the case of highly pathogenic HIN1

IAV, AEC are the only site in which hemagglutinin is effectively cleaved to allow infection,
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replication, and generation of new infectious virions [23]. AM are known to protect lung airway
epithelial cells (AEC) from IAV infection, particularly at early time points following IAV-
infection, i.e. prior to their depletion [24]. Thus, we predicted that SFB’s preservation of AM
following CAQ9 inoculation might result in lower viral loads in AEC in SFB* mice. Indeed, the
percentage of lung AEC, type | and 11, as well as conducting AECs, displaying detectable levels
of CA09, which encodes GFP, by flow cytometry, was significantly reduced in SFB* mice 4
days post-inoculation (Figure 4E and Figure S5). Depletion of AM by clodronate in SFB* mice
increased 1AV levels to that of SFB~ mice in all three lung AEC types (Figure 4F). These results
indicate that SFB-induced AM persistence following IAV infection enables sustained AM-

mediated protection of EC, likely contributing to lower IAV burden and ameliorated pathology.

Persistence of SFB* AM upon RVI is cell-intrinsic

Persistence of AM in CA09-infected SFB* mice was potentially attributable to SFB
altering the lung environment and/or reflect that AM themselves had been intrinsically
transformed to better withstand 1AV challenge. To differentiate between these possibilities, we
adoptively transferred FACS-sorted AM from SFB* and SFB- mice to SFB- mice using donor
mice with a CD45.1 subtype, thereby enabling distinction of endogenous and transplanted cells
(Figure 5). The degree to which AM harvested from SFB* and SFB- mice, hereafter referred to
as SFB* and SFB- AM, engrafted following transplant was similar, comprising about 20% of the
total AM in their new host. CA09 infection did not significantly alter proportions of endogenous
vs. engrafted AM in recipients of SFB- AM but led to SFB* AM (i.e. engrafted) becoming their
host’s majority AM population. This shift in AM proportions reflected that endogenous AM in

both recipient groups as well as engrafted SFB- AM were all depleted by CAQ9 infection,



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES 176

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.21.558814; this version posted September 22, 2023. The copyright holder for this preprint

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

whereas engrafted SFB* AM fully resisted CA09-induced depletion and, concomitantly, lacked
Caspse-3 activation, despite having been transplanted into an SFB-free host. Thus, colonization

of the gut with SFB intrinsically altered AM to withstand IAV-induced depletion.

SFB* AM exhibited inflammatory anergy and enhanced antiviral function

Differences between SFB* and SFB- AM were characterized ex vivo as schematized
(Figure 6A). Profiling of basal gene expression (i.e. without IAV exposure) by RNA-seq found
that only 24 of the 15,510 genes expressed by AM were differentially expressed between SFB*
and SFB* AM (Figure 6B), 18 of which were both confirmed by PCR and biologically
replicated in a distinct mouse cohort (Figure S6A). Six of the genes upregulated in SFB* AM are
associated with an M2 macrophage phenotype. Yet, quantitation of surface expression markers
previously used to distinguish M1 vs. M2 phenotypes [25] did not reveal differences between
SFB* and SFB- AM (Figure S6B). The genes most prominently up- and down-regulated,
respectively, in SFB* AM were Tsc22d3 and Notch 4, which, respectively, function in
suppressing and activating pro-inflammatory gene expression [26, 27] suggesting such signaling
might be dampened in SFB* AM. Indeed, we found SFB* AM lacked the robust UV-irradiated
IAV-induced activation of pro-inflammatory gene expression exhibited by SFB- AM (Figure 6C
and Figure S7A). Such lack of pro-inflammatory responsiveness was partially recapitulated by
antibody-mediated neutralization of Notch 4 suggesting that the reduced Notch 4 expression in
SFB* AM contributed to their inflammatory anergy and, consequently, the reduced inflammation
observed in IAV-infected SFB* mice.

The small panel of genes upregulated in SFB* AM also included those known to function

in antiviral resistance, including complement Clga and Ifitm1 thus suggesting that SFB* AM
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were not anergic to 1AV per se but, rather, might have better virus neutralizing capacity. We
examined this possibility by incubating CA09 stocks with AM for 45 min at which time AM
were removed by centrifugation and supernatant infectious titers and IAV genomes quantified.
SFB- AM lowered the infectious titers of the CA09 stocks to which they were exposed, at 37°C
but not 4°C, but the extent of reduction was 150-fold greater for SFB* AM (Figure 6Di). This
greater reduction in titer was accompanied by only 5-fold lower levels of PCR-quantifiable IAV
genomes in supernatants of SFB* AM (Figure 6Dii). This led us to hypothesize enhanced
neutralization of IAV by complement and/or other products secreted by SFB* AM. Indeed, we
found that, even when SFB* AM were not exposed to virus, their supernatants from 18h cultures
had greater capacity than those from SFB- AM to lower CAQ9 infectious titers (Figure 6Diii).
Such enhanced ability of SFB* AM supernatants to lower IAV titers was fully reversed by
antibody-mediated removal of C1qa and, moreover, was not observed in C1ga™ mice (Figure
S6C). These results accord with recent observations that C1ga can directly bind IAV and reduce
its infectivity [28]. Yet, in contrast to AM themselves, addition of AM supernatants to CA09
stocks had no impact on levels of viral genomes (Figure S6D) suggesting the enhanced antiviral
capacity of SFB* AM might also involve increased viral absorption and/or uptake, potentially as
a result of viral particles being more decorated with C1ga [29]. In accord with this notion,
reductions in IAV genomes in supernatants of AM/CAQ9 mixtures were paralleled by increased
IAV genomes in AM lysates (Figure 6Div). The relative increase in IAV genomes in SFB®,
compared to SFB", AM lysates was maintained amidst chlorpromazine, but not latrunculin
treatment, neither of which impacted cell viability, suggesting it might reflect enhanced
phagocytosis uptake by SFB* AM (Figure S6F). In accord with this notion, SFB* AM exhibited

modestly greater uptake of 1IgG-coated fluorescent beads (Figure S6E). Exploring the fate of
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CADO09 internalized by AM during the 45 min exposure period found that, 24 h following media
replacement, AM supernatants had few infectious virions while lysates contained few detectable
IAV genomes (Figure 6Div) thus suggesting that AMs were not permissive for CA09
replication, but rather constituted a dead end for the virus. Collectively, these results indicate that
elevated Clga expression and, perhaps consequently, enhanced phagocytosis drove the increased

antiviral capacity of SFB* AM.

SFB-induced reprogramming of AM protects mice against IAV infection

Lastly, we examined the extent to which SFB-induced reprogramming of AM contributed
to SFB’s protection against IAV infection. Specifically, we performed an additional series of
AM transplant experiments designed to measure impacts on 1AV levels and clinical-type
parameters. Consistent with the notion that AM, prior to their depletion, protect against IAV
infection [24], we observed that administration of SFB- AM to a host replete with endogenous
AM resulted in a modest reduction in 1AV titers, gross lung damage, hypothermia, weight loss,
and death following CA09 inoculation (Figure 7A). Administration of SFB* AM provided
markedly greater protection against this IAV challenge, approximating the level conferred by
administration of SFB itself, as assessed by all parameters measured. Analogous patterns of
results were seen following transfer of SFB* and SFB~ AM into mice deficient in endogenous
AM, achieved via use of Csf2”~ mice or chlodronate administration (Figure 7B and 7C). Ex vivo
blockade of Notch4 on SFB- AM prior to transplanting them also enhanced their ability to
withstand 1AV-induced depletion, protect EC from 1AV infection, and ameliorate CA09-induced
disease, but did not impact level of viral genomes in the lung (Figure S7B), suggesting the

ability of transplanted SFB* AM to do so was not mediated solely by dampened inflammatory
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289  signaling but also required such AM have enhanced antiviral function. Thus, SFB colonization of
290 the gut stably and broadly altered the AM phenotype enabling these cells to better protect their
291  hosts from lethal RVI.

292

293

294
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DISCUSSION

Positioned in the lung lumen to enable their guarding the surfaces of 0, and CO;
exchange, AM are amongst the first cells to encounter inhaled threats including respiratory
viruses. We show herein that how AM respond to respiratory viruses is dramatically altered by
the composition of the intestinal microbiota. Specifically, we report that colonization of the
intestine by SFB, naturally acquired, or exogenously administered, markedly attenuates IAV-
induced AM pro-inflammatory gene expression while increasing ability of AM to directly
disable IAV. SFB-induced reprogramming of AM manifested in vivo by them resisting RVI-
induced depletion thereby enabling their sustained protection of lung epithelial cells from
infection. Collectively, these consequences of SFB-induced AM reprogramming resulted in
lower viral titers, reduced inflammation and, consequently, reduced disease severity. While the
general concept that microbiota composition in total can influence immune phenotype and,
proneness to infection is established [30, 31], we were quite surprised that the presence of a
single common commensal bacterial species, amidst the thousands of different microbial species
that variably inhabit the mouse gut, had such strong impacts in RVI models and, furthermore,
that such impacts were largely attributable to reprogramming of AM.

The extent to which SFB is present in humans is not well defined but it has been reported
to be frequently present in children in some regions [32] and was unequivocally shown to be
present in some adult individuals [33]. Yet independent of a specific role for SFB, however, our
findings speak strongly to the potential of gut microbiota to influence proneness to RVI,
especially via programming of AM. Both AM pro-inflammatory gene expression and AM
depletion are known to correlate with RV severity in humans but determinants of inter-

individual heterogeneity in AM responses have not been defined [32]. We consider it highly
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unlikely that SFB is the only gut microbe capable of impacting AM phenotype and,
consequently, proneness to RVI. Rather, we posit that AM are a key component of the gut-lung
axis wherein an individual’s microbiota in its entirety is a determinant of disease outcome
following exposure to an array of respiratory viruses.

The observation that SFB* AM maintained an IAV-resistant phenotype following
transplant to SFB- mice is consistent with observations that AM have stable cell-type specific
patterns of gene expression and methylation even when cultured extensively ex vivo [34].
Moreover, it accords with recently increasing appreciation that AM can be “entrained” to display
long-lasting phenotypic alterations that impact their ability to manage pathogens and tumors
[35]. Yet, mechanisms governing such AM entraining are not clear and, moreover, may be
distinct from the AM reprogramming observed here. Specifically, previously observed AM
entraining has generally involved large-scale depletion of AM, which are then replaced by cells
newly recruited from bone marrow that, even after establishing residency in the lung, exhibit
stark global differences in gene expression profiles. In contrast gene expression profiling of SFB"
and SFB* AM revealed only modest differences, likely reflecting that both AM had been
generated by AM self-renewal processes that normally maintain AM homeostasis in non-
traumatic states. Nonetheless, changes in basal AM gene expression we observed likely
contributed to the enhanced ability of SFB* AM to protect their host against RVI. Indeed, the
inflammatory anergy, mediated in part by reduced Notch-4 expression, and enhanced antiviral
function, mediated in part by elevated Clga expression, of SFB* AM plausibly directly
contributed to, respectively, the reductions in lung pathology and viral loads that followed 1AV

inoculation. Much less clear, and thus warranting further research, is the nature of the signal that
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is generated by SFB colonization of the luminal surface of the intestine that drives AM
reprogramming.

In addition to directly disabling AV, AM can also protect lung EC from IAV infection
via suppressing EC CysLT1 signaling, which might mediate IAV entry into these cells [24].
Thus, persistence of AM in SFB* mice, by itself, likely contributed to SFB’s protection against
IAV. That mechanisms driving RVI-induced AM depletion are not clear, makes determining
how SFB colonization prevents such depletion challenging. Nonetheless, we speculate that
reductions in inflammatory gene expression and viral loads, which SFB+ AM mediated, may
have contributed to increased persistence of SFB* AM. In addition to mitigating primary RV1,
AM persistence may help prevent secondary consequences of RVI. Many of the severe
consequences of IAV infection in humans result from secondary bacterial infections, to which
the lung is made more permissive by loss of IAV-induced AM depletion [36]. Such impaired
antibacterial immunity can persist for prolonged periods perhaps reflecting that the bone-marrow
derived replacement AM are not quickly optimized for mucosal host defense. Thus, microbiota
mediated AM programming may not only influence severity of acute RVI but may also be a long

term post-RVI health determinant.
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357 MATERIALS AND METHODS

358  Mice

359  The following mice were purchased from The Jackson Laboratory: C57BL/6 (B6 WT),

360  B6.129S(C)-Batf3™!Kmm|) B6.129S-Csf2m ™[], B6.129S7-Ragl™Mom]), B6.129S2-

361 Ifnar]™“¢/Mmjax, NOD.Cg-Rag ™™™ [12rg™"1'|Sz7], B6.129S(CQ)-Stat1™P"1], B6(Cg)-
362 Clgatmld(EUCOMM)Witsi/TennJ. The Jackson laboratory does not test mice for the presence
363  of segmented filamentous bacteria (SFB), but all mice we tested that were purchased from this
364  provider for this study were SFB-negative upon arrival at GSU. The following mice were

365 purchased from Taconic Biosciences: C57BL/6 (B6 WT) Excluded Flora (EF) mice and Specific
366  Pathogen-Free (SFP) mice, which we verified were SFB* and SFB', respectively. Unless

367  otherwise stated, mice were used at 4-5 weeks of age, and experiments were carried out using
368  age- and gender-matched groups. The Institutional Animal Care and Use Committee of Georgia
369  State University approved animal studies.

370

371  PCR primers, FACs antibodies, neutralization antibodies and other reagents

372 All reagents used in these manuscripts can be seen in Tables S1 and S2.

373

374  Cells and viruses

375  Madin-Darby Canine Kidney (MDCK; ATCC CCL-34), HEp-2 (ATCC CCL-23), and VeroE6
376  TMPRSS2 (BPS Bioscience #78081) cells were cultured in Dulbecco's Modified Eagle's

377  Medium (DMEM) supplemented with 7.5% heat-inactivated fetal bovine serum (FBS) at 37°C
378  and 5% COs.. All cell lines used in this study were authenticated and checked for Mycoplasma

379  and microbial contamination. Recombinant Influenza A virus was recovered based on original
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380 reports for laboratory-adapted IAV [37]. A/CA/07/2009 (HIN1) was grown on MDCK cells

381  using serum-free DMEM supplemented with 0.5% Trypsin. Recombinant RSV strain A2 with
382  linel9F reporter gene recRSV-mKate was rescued and amplified as described previously [38],
383  and the SARS-CoV-2 MA10 strain [39] was passaged in VeroE6 TMPRSS?2 cells. All viruses
384  used were clarified, aliquoted, and stored at -80°C. Virus stock titers were determined through
385  TCIDso-titration.

386

387  Complex microbiota and mono-associated SFB transplantation

388  Fecal samples were collected from donor mice, suspended in 20% glycerol PBS solution at 40
389 mg/mL concentration, passed through a 40 um filter, and stored at -80C. Frozen fecal

390  suspensions were orally administered to recipient mice at 200 pl per mouse.

391

392  Virus infection

393  Unless otherwise stated, mice were 5 weeks of age at the time of infection. Mice were randomly
394  assigned to study groups and housed under ABSL-2 or ABSL-3 conditions for infections with
395  A/CA/07/2009 (HIN1) recombinant, recRSV-mKate, or SARS-CoV-2 MA10 strain,

396  respectively. Seven days prior to virus infection, mice were subjected to microbiota manipulation
397  (administration of feces from SPF or SFB-monoassociated mice). Bodyweight was determined
398 twice daily, and body temperature determined once daily rectally. For infections, animals were
399 anesthetized with isoflurane [rec A/CA/07/2009 (HIN1) (CA09)] or ketamine/xylazine (recRSV-
400 mKate and MA-SARS-CoV-2), followed by intranasal inoculation with 2.5x10?- 2x10* TCIDs
401  units/animal of GFP-expressing reporter virus version of A/CA/07/2009 (HIN1) (CA09),

402  5.5x10° of recRSV-mKate, or 4.2x10° of MA-SARS-CoV-2. In all cases, virus inoculum was
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diluted in 50 pl and administered in amounts of 25 ul per nare, followed by treatment with 4°-
FIU at specified dose levels and starting time points through oral gavage. Each individual study
contained animals receiving equal volumes of vehicle through oral gavage. Animals were
euthanized and organs harvested at predefined time points or when animals reached humane
study endpoints. At study end point, lung tissue was harvested for virus titration or

histopathology.

Histopathologic analysis

Lungs were perfused using 10% neutral-buffered formalin, dissected, and fixed. Formalin-fixed
lungs were transferred to 70% EtOH, embedded in paraffin, sectioned, stained, and scored by a
board-certified veterinary pathologist (KS), who was blinded to the study groups. For each
parameter, the most severe lesion in the section was scored. Pleuritis, bronchiolitis, and alveolitis
scoring was based on distribution: 1 = focal, 2 = multifocal, 3 = multifocal to coalescing, 4 =
diffuse. For interstitial pneumonia (IP): 1 = alveolar septa expanded by 1 leukocyte thickness, 2
= 2-leukocytes thick, 3 = 3-leukocytes thick, 4 = 4-leukocytes thick. For vasculitis: 1 = vessel
wall infiltrated by leukocytes, 2 = infiltration and separation of myocytes, 3 = same changes as in
2 with fibrinoid change. For perivascular cuffing (PVC): 1 = vessels surrounded by 1 leukocyte
layer, 2 = 2 to 5-leukocytes thick, 3 = 6 to 10-leukocytes thick, 4 = more than 10-leukocytes
thick.

Virus titration

Virus samples were serially diluted (10-fold starting at 1:10 initial dilution) in serum-free
DMEM (recRSV-mKate and MA-SARS-CoV-2) and supplemented with 0.5% Trypsin (Gibco,

recA/California/07/2009). Serial dilutions were added to cells seeded in 96-well plate at
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1x10* cells per well, 24 hours before infection. Infected plates were incubated for 72 hours at

37°C with 5% COz, and scoring of wells based on reporter activity/syncytia.

Virus titration from tissue samples

Organs were weighed and homogenized in 300 pl PBS using a bead beatter, set to 3 cycles of 30
seconds each at 4°C, separated by 30-second rest periods. Homogenates were cleared (10
minutes at 20,000 x g and 4°C), and cleared supernatants were stored at -80°C until virus

titration. Viral titers were expressed as TCIDso units per gram input tissue.

Neutralization of IL-17 and IL-22
IL-17 (100 pg) and IL-22-Fc (150 pg) neutralizing monoclonal antibody were administered
intraperitoneally shortly before microbiota transplantation and virus inoculation thereafter every

other day until mice were euthanized.

Lung digestion and flow cytometry analysis/isolation of innate immune cells

Lungs were dissected from mice and finely minced with scissors before digestion (40 minutes, at
37°C) with warm RPMI containing 10% FBS, DNase, and 1mg/mL Collagenase type IV
(Sigma); lungs were further homogenized via swishing with a 3-mL syringe every 10 minutes
during digestion. Following digestion, immune cells were purified with 40%/80% isotonic Percol
gradient centrifugation. For flow cytometry analysis, the prepared cells were blocked with 1
pg/million cells with 2.4G2 (anti-CD16/anti-CD32) in 100 L. PBS for 15 minutes at 4°C,
followed by 2-times wash with PBS to remove residue of 2.4G2 and then incubated in

conjugated mAbs CD45 BV605, MHCII BV650, CD11b APC-Cy7, CD11c BV786, Ly6C

186
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PerCp-Cy5.5, Ly6G AF700, CD64 BV421, CD24 FITC, CD117 GV510, SiglecF PE-CF594,
Fcerl APC. Intracellular staining for cleaved caspase-3 was done using FoxP3 staining buffer
purchased from eBioscience. Multi-parameter analysis was performed on a CytoFlex (Beckman
Coulter) and analyzed with FlowJo software (Tree Star). Cell sorting was done using Sony
SHB800Z cell sorter (Sony). Gating strategy for innate immune cells was based on Yu et al., [40]
and gating strategy for airway epithelial cells was based on Cardani et al., [24]. Immune cells and

lung airway epithelial subtypes are defined as follow:

Cell Types Markers

CD45'Ly6G CD11c*CD11b*MHCII*CD64*CD24
Alveolar macrophages Ly6C*SiglecF*
Alveolar macrophages (for cell
sorting) CD45*CD11c*SiglecF*

CD45Ly6G CD11c*CD11b*MHCII*CD64*CD24
Interstitial macrophages Ly6C SiglecF

CD45*Ly6G CD11c*CD11b*MHCII*CD64*CD24
Exudate macrophages Ly6C*SiglecF

CD45'Ly6G CD11c*CD11b*MHCII*CD64
CD103*CD11b DCs (cDcl) CD24*CD11b'CD103*

CD45'Ly6G CD11c*CD11b*MHCII*CD64
CD103CD11b* DCs (cDc2) CD24*CD11b*CD103
Neutrophils CD45*Ly6G*
Eosinophils CD45'Ly6G CD11c*CD11b*MHCIISiglecF*
Basophils CD45'Ly6G CD11c’CD11b*FceRI*CD117
Mast cells CD45'Ly6G'CD11c'CD11b*FceRI*CD117"
NK cells CD45*Ly6G CD11c’CD11b*FceRI
Inflammatory monocytes CD45'Ly6G CD11c*CD11b*MHCII'CD64 Ly6C*
Resident monocytes CD45"Ly6G CD11c*CD11b*MHCII'CD64 Ly6C"

T cells CD45*Ly6G CD11c'CD11b-MHCII'CD24 FceRI
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B cells CD45*Ly6G CD11c'CD11b MHCII*CD24*FceRI
Type 1 airway epithelial cells CD45CD31'EpCAM*T1a*

Type 2 airway epithelial cells CD45CD31EpCAM*T1a MHCII*

Conducting airway epithelial cells CD45CD31'EpCAM*T1laMHCII®

RNA-Seq

RNA was isolated from lungs or FACs-sorted alveolar macrophages using RNeasy Plus Mini Kit
from Qiagen. The prepared RNA samples were then sent to the Molecular Evolution Core of
Georgia Institute of Technology for library preparation and sequencing on the NextSeq
instrument with a high output 2x75bp run. FASTQC was used for sequencing reads quality

screening. The RNAseq data were then analyzed using the Galaxy server.

Adoptive transfer of alveolar macrophages

Lungs were harvested from CD45.1 mice and digested with Collagenase type IV as described
above. Alveolar macrophages (defined at CD45*MHCII*CD11c*Siglect™) were stained and
FACs-sorted. Small aliquot of isolated cells was used to determined purity. Unless stated
otherwise, 5x10° alveolar macrophages in 30 ul PBS were administered intranasally to recipient
mice. One day post cells transfer, some mice were euthanized to determine transfer efficiency
and survival of transferred cells; and some mice were inoculated with IAV. For survival
experiments, mice were monitored twice daily for 14 days. For lung virus titers, mice were

euthanized on day 4.5 post virus inoculation.

Ex vivo inhibiting Notch4 signaling in alveolar macrophages.
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Alveolar macrophages were FACS-sorted as described. After sorting, cells were treated with
either isotype control antibody (Cat# BE0091, BioXCell) or an anti-Notch4 monoclonal antibody
(20pg/mL) (Cat# BE0129, BioXCell), known to neutralize Notch 4 [27] for 30 minutes. Cells

were washed twice and resuspended in PBS and intranasally transferred to mice.

EXx vivo alveolar macrophages culture, virucidal assay, and anti-body mediated removal of
Clqa. Alveolar macrophages were FACS-sorted as described. After sorted cells were incubated
for 18h at 37°C. Cells were washed twice with serum-free media and were incubated with live
CAQ9 (MOI =1) in serum-free DMEM supplemented with 0.5% Trypsin (flu media) for 45min.
In addition, to assess whether alveolar macrophages are the terminal destination for IAV, some
cells had new flu media added and were incubated for another 24h. Viral titer and genomes were
determined via TCIDso and PCR methods. Antibody-mediated removal of Clqa from ex vivo
alveolar macrophages’ supernatants. Cell-free supernatants of 18h AM cultures were treated
with C1qga polyclonal antibodies or isotype for 2 hours at 4°C and protein A/G was added and
centrifuged. Supernatant was harvested and incubated with CAQ9 stocks for 45mins, at which

point IAV infection titers were assayed.

Ex Vivo alveolar AM bead uptake (i.e. Phagocytosis) assay was performed with Phagocytosis
assay kit (Cat#500290, Cayman chemical). Alveolar macrophages were FACs-sorted as
described. After sorting, 1x10° cells were seeded in each well of a 96-well plate and incubated
for 18 h at 37°C. Cells were washed twice, and IgG-FITC beads were added and incubated for 2

hours at 37°C. After incubation period, cells were centrifuged, and supernatants were removed
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and resuspended 300ul of FACs buffer. Level of cell fluorescence, an indicator of bead uptake,

was measured via flow cytometry.

Quantitative real-time PCR

Total RNA from lungs or from FACs-sorted alveolar macrophages were isolated using the
Qiagen RNeasy Mini Kit with on-column DNase digestion according to manufacturer's protocol.
cDNA was generated using the Superscript First Strand Synthesis kit for RT-PCR and random
hexamer primers (Invitrogen). Q-PCR was performed with SYBR Green using StepOnePlus
PCR system (Applied Biosystem), and all genes expression was normalized to GAPDH. Primer

sequences are shown in Table 1.

Quantification and statistical analysis

Results were expressed as mean + SEM. All data was plotted in GraphPad Prism version 10.
Statistical significance was assessed by One-way ANOVA, Student's t test, and Two-way
ANOVA. Differences between experimental groups were considered significant if *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001.
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191

Table 1 qPCR primers

Genes Forward 5' -->3' Reverse 5' --> 3'
Notch4 GAACGCGACATCAACGAGTG GGAACCCAAGGTGTTATGGCA
Retlna CCAATCCAGCTAACTATCCCTCC ACCCAGTAGCAGTCATCCCA
CD209¢g GGCCTCAGCGATCACAGAAG ACAACGGCTGTCATTCCATTTA
Abca9 TCGATAGATGCAGTGAGAGTCA CACAAGGAGCTGAATGGTCTTT
Tsc22d3 CTGTTGGCCTCGACTGCTG GCCGAAAGTTGCTCACGAAG
Sik1 TCATGTCGGAGTTCAGTGCG ACCTGCGTTTTGGTGACTCG
Fcrls CTTCTGGTCTTCGCTCCTGTC ATGGTGTAGCTTGAAGCACTG
Dmkn AGCTGACCAGTTTTCTAAGCC GCCAGTTGTAAGTAGGATTCACC
F13al GAGCAGTCCCGCCCAATAAC CCCTCTGCGGACAATCAACTTA
Ccl24 TCTTGCTGCACGTCCTTTATT GCATCCAGTTTTTGTATGTGCC
Ifitm1 GACAGCCACCACAATCAACAT CCCAGGCAGCAGAAGTTCAT
Ltb4rl ATGGCTGCAAACACTACATCTC GACCGTGCGTTTCTGCATC
Akr1b8 GACCAAGGCAGAATCCTCACC AGATGCCCTTCGAGTGACAGT
Clga AAAGGCAATCCAGGCAATATCA TGGTTCTGGTATGGACTCTCC
Maf AGGAGGAGGTCATCCGACTG CTTCTCGCTCTCCAGAATGTG
Procr AATGCCTACAACCGGACTCG ACCAGTGATGTGTAAGAGCGA
Socs3 ATGGTCACCCACAGCAAGTTT TCCAGTAGAATCCGCTCTCCT
Marcksl1 CAATGGAGACTTAACCCCCAAG GGCCACTCAATTTGAAAGGCT
Kcnn4 GCTCAACCAAGTCCGCTTC GTGATCGGAATCAGCCACAGT
Tmem119 CCTACTCTGTGTCACTCCCG CACGTACTGCCGGAAGAAATC
Acpp CATTGGTGTTTCGGCATGGAG CCAAGTTCGTAGTGCTGTTCC
Gucy2c GACTTTTCTCTCGCTTACTTGGA TGAATGCACGAGCAAACTTGG
16 TGGGGCTCTTCAAAAGCTCC AGGAACTATCACCGGATCTTCAA
Ifnb1 CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT
Cxcl10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA
Cxcl11 GGCTTCCTTATGTTCAAACAGGG GCCGTTACTCGGGTAAATTACA
Irf7 GAGACTGGCTATTGGGGGAG GACCGAAATGCTTCCAGGG
Isg15 GGTGTCCGTGACTAACTCCAT TGGAAAGGGTAAGACCGTCCT
Oas3 TCTGGGGTCGCTAAACATCAC GATGACGAGTTCGACATCGGT
Oasl1 CAGGAGCTGTACGGCTTCC CCTACCTTGAGTACCTTGAGCAC
Oasl2 TTGTGCGGAGGATCAGGTACT TGATGGTGTCGCAGTCTTTGA
Ifit1 CTGAGATGTCACTTCACATGGAA GTGCATCCCCAATGGGTTCT
Ifit2 AGTACAACGAGTAAGGAGTCACT AGGCCAGTATGTTGCACATGG
Ifit3 CTGAAGGGGAGCGATTGATT AACGGCACATGACCAAAGAGTAGA
Gapdh TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT
Inf-NA CAATTCAACTTGGGAATCAAAATCAGA CTGACTGTCCAGCAGCAAAGTT
Inf-M TGTAAAACGACGGCCAGTAGCAAAAGCAGGTAG | CAGGAAACAGCTATGACCAGTAGMAACAAGGTAG

AGAAAAGAATGTAACAGTAACACACTCTGT TGTTTCCACAATGTARGACCAT
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Influenza A
HIN1pdmO09
HA genes
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Probes 5’-(FAM)-CAGCCAGCAATRTTRCATTTACC-(MGB)-3'

Table S2. FACs antibodies

Specificity Clone Fluorochrome Supplier Catalog# Dilution
CD45 30-F11 BV605 Biolegend 103155 1/800
BD
Ly6G 1A8 AF700 Biosciences 561236 1/200
Ly6C HK1.4 PercP-Cy5.5 | Thermo Fisher 45-5932 1/200
BD
CD11b M1/70 APC-Cy7 Biosciences 557657 1/200
BD
CD1lc HL3 BV786 Biosciences 563786 1/100
BD
MHCII M5/114.15.2 BV650 Biosciences 563415 1/1000
CD64 X54-5/7.1 BVv421 Biolegend 139309 1/400
BD
CD24 M1/69 FITC Biosciences 553261 1/1000
CD117 ACK2 BV510 Biolegend 135119 1/100
BD

SiglecF E50-2440 PE-CF594 Biosciences 562757 1/1000

Fcerl Mar-1 APC Thermo Fisher 175898-80 1/100
IC835R-

Capse-3 269518 APC R&D System 100UG 1/50
CD86 GL-1 APC Biolegend 105012 1/100
CD206 C068C2 APC-AF700 Biolegend 141708 1/100

BD
CD200R 0X-90 PE Biosciences 565543 1/100
CD45.1 A20 PE-Cy7 Thermo Fisher | 25-0453-82 1/100
BD
CD45.2 104 FITC Biosciences 561874 1/100
Tla
(Podoplanin) 8.1.1 PE Biolegend 127408 1/100
CD31 MEC13.3 APC Biolegend 102510 1/100
EpCam G8.8 AF700 BioLegend 118240 1/100
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FIGURE LEGENDS

Figure 1. Colonization of the intestine with SFB protected mice from influenza virus
infection.

(A) EF and SPF mice were inoculated with A/CA/07/2009 (H1N1) influenza virus (CA09) as
schematized. Lung viral titers, survival, body weight, and temperature were monitored.

(B) As schematized, conventionally colonized SFB™mice received feces that lacked SFB (SFB),
contained SFB (SFB™), or contained SFB but no other bacteria (SFB-MA). Seven days after post-
transplant, mice were inoculated with CA09. Mice were euthanized 4.5-days later or monitored
daily for survival, body weight, and temperature for 2 weeks.

(C) SFB™mice were administered SFB 3 months or 7 days prior to CA09 inoculation. (i) gRT-
PCR analysis of SFB colonization level over the course of 14 weeks. (ii) Mice were euthanized
4.5-days later or monitored daily for survival, body weight, and temperature for 2 weeks.

(D) gRT-PCR analysis of SFB level in the small intestine, lungs, and spleens after 7 days
colonization.

(E) SFB™mice were untreated (naive) or administrated SFB. Seven days later, mice were
inoculated (or not) with CAQ09. Mice were euthanized 4.5 days later. H&E staining lung sections
scored for pleuritis, bronchiolitis, alveolitis, vasculitis, interstitial pneumonia (IP), and
perivascular cuffing (PVC).

All experiments n = 5 mice per group. Data is representative of two to three independent
experiments. yielding an identical pattern of results. Statistical analysis; Viral titer: One-way
ANOVA or student ¢ test. survival: Log-rank Mantel-Cox test. Body weights and temperature:

Two-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, ns not significant.
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689  Figure 2. SFB mediated protection against IAV was maintained in an array of knockout

690 mice and did not require complex gut microbiota.

691  Lung viral titer, survival rate, body weight change, and temperature of: SFB-negative mice were

692  colonized with SFB for 7 days then inoculated with CA09.
693  (A) ragl”’ mice

694  (B) mice received neutralization of IL-17/IL-22 monoclonal antibodies every other day

695  throughout the experiment

696  (C) Ifiar”" mice

697 (D) ragl”yc’ mice

698  (E) statl”" mice

699  (F) Altered Schaedler flora (ASF) mice.

700  All experiments n =5 mice per group. Statistical analysis; Viral titer: student ¢ test, Survival:
701 Log-rank Mantel-Cox test. Body weights and temperature: Two-way ANOVA. **p<0.01,

702 ***p<0.001.

703
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Figure 3. SFB’s protection against IAV infection associated with preservation of resident
lung phagocytes.

(A) SFB™ mice were untreated (naive) or administrated SFB. Seven days later, mice were
inoculated (or not) with CA09. Mice were euthanized 4.5-days later. (i) Whole lung gene
expression assayed by RNA-seq and data are heatmap of genes that are significantly altered by
2-fold in all treatment groups relative to the naive group. (ii) Quantitation of CAQ9 level in these
extracts by gRT-PCR.

(B) SFB™ mice were untreated (naive) or administrated SFB. Seven days later, mice were
inoculated (or not) with CA09. Mice were euthanized 4.5-days later, and lung assayed by flow
cytometry. (i & ii) Analysis of dendritic cells and alveolar macrophage; representative flow plot
and frequencies and cell numbers (i) cDC1. (ii) alveolar macrophages. (iii) Frequencies and cell
numbers of lung neutrophils, inflammatory monocytes, and NK cells.

(O) (i) Experimental schema: SFB™ mice colonized with SFB, inoculated with CAQ9, and treated
with 4’-FIU at indicated doses. On day 4.5 post virus inoculation, mice were euthanized, and
lungs were harvested to determine virus titers and FACs analysis. (ii) lung viral titer. (iii) FACs
plot graphical representation, frequencies, and cell numbers of lung cDC1, and AMs. (iv) Cell
numbers of lung neutrophils, inflammatory monocytes, and NK cells.

All experiment n = 4-5 per group. Data is representative of two to three independent experiments
(B and C), yielding an identical pattern of results. Statistical analysis: One-way ANOVA.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns not significant.
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Figure 4. SFB-mediated protection against IAV infection and resulting disease required
alveolar macrophages.

(A-B) (A) batf3”" and (B) csf2”- mice were administered SFB and then, 7 days later, inoculated
with CA09. Lung viral titer, body weight change, temperature, and survival were monitored.

(O) (i-ii) SFB™ mice were orally administered with clodronate liposomes one day before mice
were euthanized. FACS analysis to determine the AMs depletion efficacy after clodronate
treatment. (i) FACS graphical representation of lung AMs, frequency of lung AMs and others
immune cells after clodronate treatment. (ii) SFB~ mice were colonized with SFB for 7 days, and
clodronate liposomes were orally administered to mice one day before CAQ9 inoculation. Mice
were euthanized on day 4 post-virus inoculation. Lung viral titer, survival rate, body weight,
temperature was measured.

(D) SFB™ mice were untreated (naive) or administrated SFB. Seven days later, mice were
inoculated (or not) with CA09. Mice were euthanized 4.5-days later. Level of cleaved caspase-3
of alveolar macrophages in lung were measured with FACS

(E) SFB™ mice were untreated or treated as in (D). Level of CD71 expression of alveolar
macrophages in lung were measured with FACS.

(F) SFB™ mice treated as described in (C) FACS plot graphical representation, and frequencies
CAQ9 level in TLACEs, T2AECs, and Conducting AECs were assayed by flow cytometry.

All experiment n = 5 mice per group. Data is representative of two to three independent
experiments (B-F), yielding an identical pattern of results. Statistical analysis; Viral titer, relative
SFB genomes, MFI, frequencies/cell numbers of immune cell data: One-way ANOVA or student
t test. Survival data Log-rank Mantel-Cox. Body weights, temperature: Two-way ANOVA.

*p<0.05, ***p<0.001, ****p<0.0001, ns not significant.
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Figure 5. SFB colonization intrinsically altered AM to withstand IAV-induced depletion.

As schematized, SFB- CD45.1 mice were administered with SFB or PBS. Seven days later, AM
were isolated by FACs-sorting, and transferred to SFB- CD45.2 mice. One day post-transferred,
mice were inoculated with CA09. Four days later, lungs were harvested, and AM analyzed by
FACs. Representative FACs plots, cell frequencies, cell numbers, and cleaved caspase-3 level

are shown.

All experiment n = 5 mice per group. Data is representative of two independent experiments (B-
F), yielding an identical pattern of results. Statistical test: One-way ANOVA. **p<0.01,

***n<0.001, ****p<0.0001, ns not significant.
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Figure 6. SFB* AM exhibited inflammatory anergy and enhanced antiviral function ex

vivo.

(A) Schematic design for ex vivo studies of AM.

(B) Comparison of basal SFB* and SFB~ AM gene expression by RNA-seq, shown as a volcano

plot.

(C) SFB™* and SFB™ AM were exposed to UV-CAQ9 with or without Notch4 neutralizing, or
isotype control antibodies. RNA was harvested 24 hours later, and gene expression assayed by

RT-gPCR. Results are a heat map summary with full results shown in FS7.

(D) AM and CA09 stocks were incubated at 37C, or indicated temperature, for 45 minutes and
supernatant were collected. In addition, some cells had new media added and were incubated for
another 24 hours. (i) virus infection titers in supernatant at 45 minutes and 24 hours were
assayed. (ii) Supernatant were collected after 45 minutes incubated with CAQ9 and viral
genomes quantitated by RT-qPCR. (iii) Cell-free supernatant of 15 hours AM cultures were
incubated with live CAQ9 stocks, with or without C1lga-neutralization or isotype antibody for 45
minutes, at which point virus infection titers were assayed. (iv) Cell lysates were generated upon

CAO09 removal or 24 hours later and viral genomes quantitated by RT-qPCR.

All experiment n = 4-5 mice per group. Data is representative of two independent experiments,
yielding an identical pattern of results. Statistical analysis: One-way ANOVA. *p<0.05,

**p<0.01, , ****p<0.0001, ns not significant.
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778  Figure 7. Adoptive transfer of SFB* AM enabled recipients to better manage IAV infection.

779  (A) As schematized, SFB-mice were administered SFB or PBS. Seven days later, AMs were
780 isolated by FACs-sorting and transferred to SFB- mice. Mice were administered 5x10° cells per
781  mouse. One day post adoptive transfer, mice were inoculated with a lethal dose of CAQ09. Mice
782  were euthanized 4.5 days post-inoculation for viral titer and gross lung assessment or monitored

783  for survival, body weight, and temperature.

784  (B) As schematized, AMs from SFB™ csf2"" mice were administered SFB or PBS. Seven days
785  later, AMs were isolated by FACs-sorting and transferred to SFB~ ¢sf2” mice. One day post-
786  transfer, mice were inoculated with CA09. Mice were monitored for 14 days for clinical

787  symptoms including survival rate, body weight, and temperature.

788  (C) SFB™ mice were administered clodronate liposomes to remove endogenous AM populations.
789  Seven days later after initiation of depletion, mice were administered 5x10° AM cells harvested
790  from the SFB™ or SFB* mice. One day post transfer, mice were inoculated with CA09. Mice were
791  euthanized on day four to assess lung viral titer and gross lung assessment or monitored for

792  survival, body weight, and temperature.

793  All experiments have at least n = 5 mice per group. Data is representative of two independent
794  experiments (A), yielding an identical pattern of results. Statistical analysis; One-way ANOVA:
795  viral titers. Survival: Log-rank Mantel-Cox test. Body weight, temperature: Two-way ANOVA.

796  *p<0.05, **p<0.01, ****p<0.0001, ns not significant.

797
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2.4.2 Gut Microbiota-Derived Metabolites Confer Protection Against SARS-CoV-2 Infection
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Gut microbiota-derived metabolites confer protection against SARS-CoV-2

infection
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ABSTRACT

The gut microbiome is intricately coupled with immune regulation and metabolism, but its role in
Coronavirus Disease 2019 (COVID-19) is not fully understood. Severe and fatal COVID-19 is char-
acterized by poor anti-viral immunity and hypercoagulation, particularly in males. Here, we define
multiple pathways by which the gut microbiome protects mammalian hosts from SARS-CoV-2
intranasal infection, both locally and systemically, via production of short-chain fatty acids
(SCFAs). SCFAs reduced viral burdens in the airways and intestines by downregulating the SARS-
CoV-2 entry receptor, angiotensin-converting enzyme 2 (ACE2), and enhancing adaptive immunity
via GPR41 and 43 in male animals. We further identify a novel role for the gut microbiome in
regulating systemic coagulation response by limiting megakaryocyte proliferation and platelet
turnover via the Sh2b3-Mpl axis. Taken together, our findings have unraveled novel functions of
SCFAs and fiber-fermenting gut bacteria to dampen viral entry and hypercoagulation and promote

adaptive antiviral immunity.

Introduction

Coronavirus disease 2019 (COVID-19), caused by
the newly emerged coronavirus SARS-CoV-2, has
created unprecedented global health and economic
crises." Reduced vaccine efficacy in immunocom-
promised populations, such as patients with cancer
or autoimmune diseases, further underscores the
importance of continued research efforts to develop
therapeutic modalities that complement vaccine-
focused efforts to combat the COVID-19 pandemic.
The human angiotensin-converting enzyme 2
(ACE2) mediates the entry of SARS-CoV-2 for
infection and the manifestation of COVID-19.?
ACE?2 is expressed throughout the body, including

in the intestinal epithelial cells of the gastrointest-
inal (GI) tract.> SARS-CoV-2 has frequently been
detected in stool samples;* GI symptoms are among
the early symptoms in up to 50% of COVID-19
patients.>® Persistent intestinal reservoirs of SARS-
CoV-2 might drive continued evolution of B cell
memory responses in recovered or asymptomatic
COVID-19 patients.” Dysfunction of the coagula-
tion response has emerged as another hallmark that
contributes to the mortality and morbidity of
COVID-19.57"!

The gut microbiome has been found to affect the
outcome of other viral respiratory infections, such
as influenza, as well as the development of chronic
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lung conditions such as asthma and COPD.'>"
Several recent studies have found evidence of
altered gut microbiome composition in COVID-
19 patients."* However, the role of the gut micro-
biome in the susceptibility to SARS-CoV-2 infec-
tion and COVID-19 remains undefined.

In this study, we have demonstrated that short-
chain fatty acids (SCFAs), derived from fiber-
fermenting commensal bacteria, downregulate
ACE2 and reduce infection by a VSV pseudovirus
expressing SARS-CoV-2 spike in both mice and
hamsters, promote antiviral T cell responses and
the formation of spike-specific B and T cells, and
dampen the coagulation response. Our findings
potentially unravel gut microbiome-linked signal-
ing pathways that can be harnessed in the develop-
ment of preventive and therapeutic measures to
mitigate infection by not only SARS-CoV-2 but
other viral pathogens as well.

Results

Clostridia species and SCFAs downregulate ACE2
expression in the intestine and lung

To first address whether Ace2 expression is affected
by the gut microbiome, we compared Ace2 expres-
sion in age- and sex-matched C57BL/6 specific
pathogen-free (SPF) and germ-free (GF) mice via
qPCR. Ace2 expression was elevated at the mRNA
level in the lungs, colons, small intestines, and livers
in GF mice (Figure 1A), suggesting a possible role
for the gut microbiome in the regulation of Ace2.
Flow cytometry analysis of kidney cells revealed
higher protein expression of ACE2 in the kidneys
of GF mice (Figure S1A) despite no significant
difference at the mRNA level, but protein expres-
sion in the other tissues was too low for accurate
quantification. The expression of Tmprss2,
a transmembrane serine protease that primes the
spike protein for viral entry,” was not significantly
altered (Figure S1B).

To identify gut bacteria that modify ACE2
expression, we first treated SPF mice with gentami-
cin or vancomycin in drinking water for 2 weeks.
We observed increased Ace2 expression in the
colons of vancomycin-treated mice (Figure 1B).

Both gentamicin and vancomycin treatments led
to significant alterations of the gut microbiome
and selective depletion of specific bacterial species
(Figure 1C-D). Vancomycin is active against
a diverse range of gram-positive and gram-
negative bacteria, including the bacterial clusters
Clostridium IV (in the family Ruminococcaceae)
and Clostridium XIVa (in the family
Lachnospiraceae), which are major producers of
short-chain fatty acids (SCFAs)."””™"” Accordingly,
16S rRNA sequencing of fecal DNA and qPCR
quantification confirmed a near-total loss of
Clostridia in vancomycin-treated mice (Figure 1C-
E). To determine whether Clostridia specifically
regulate Ace2 expression, we colonized GF mice
with fecal bacteria from SPF mice or fecal bacteria
enriched by chloroform-resistant Clostridia as pre-
viously described'® (Figure S1C). While Tmprss2
was not affected, Ace2 expression was significantly
reduced in the colons of GF mice colonized with
fecal bacteria (CONV, conventionalized); impor-
tantly, colonization with Clostridia-enriched bac-
teria reduced Ace2 expression to the levels seen in
SPF mice (Figure 1F, Figure S1D).

Clostridia are major producers of SCFAs, such as
acetate, butyrate, and propionate.17 Accordingly,
fecal butyrate and propionate concentrations were
drastically decreased in vancomycin-treated mice
(Figure S1E). Likewise, colonization with SPF
fecal bacteria or Clostridia-enriched bacteria in GF
mice significantly increased fecal propionate and
butyrate (Figure 1G). To determine if SCFAs
alone could reduce Ace2 expression, we adminis-
tered a combination of three SCFAs (40mM acet-
ate, 25.9mM propionate, and 67.5mM butyrate'®)
in drinking water to GF mice for 2 weeks, which
reduced Ace2 expression in the colons and kidneys,
and reduced Tmprss2 expression in the lung and
liver (Figure 1H, Figure S1F). Similarly, western
blot analysis (Figure 1I) and immunofluorescence
imaging (Figure 1]) of kidneys from GF mice trea-
ted with the SCFA cocktail or butyrate alone
showed reduced expression of ACE2 at the protein
level. Interestingly, this phenotype was observed
only in male but not female SCFA-treated mice
(Figure S1G), suggesting a sex-biased mechanism
behind SCFA regulation of ACE2 expression.
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Fig 1. Commensal Clostridia species reduce Ace2 expression via SCFA production. (A) Ace2 mRNA expression in male SPF and GF mice.
(B) Ace2 mRNA expression in SPF and GF mice treated with antibiotics for two weeks. (C-D) 16S rRNA sequencing was performed. (C)
Relative abundance is shown at the family level; (D) non-metric multidimensional scaling analysis is shown. (E) The relative abundance
of Clostridia species in fecal pellets of antibiotic-treated mice was measured by qPCR. (F-G) Ace2 mRNA expression (F) and fecal SCFA
concentrations (G) in SPF, GF, and GF mice colonized with either bulk fecal bacteria from SPF mice (CONV, conventionalized) or fecal
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Fig 2. Treatment with SCFAs or SCFA-promoting pectin reduces viral entry in animals. (A) Luciferase activity in tissue homogenates
from control or SCFA-treated Syrian hamsters 24 hours post infection with pVSV/Spike-nLuc pseudovirus. (B) Plasma SCFA concentra-
tions from hamsters given a control diet or 30% pectin diet for two weeks were measured via LCMS; measurements for individual
SCFAs are shown in Figure S2C. (C) Luciferase activity in tissue homogenates from control or pectin-treated Syrian hamsters 48 hours
post infection with replication-competent rVSV/Spike-nLuc. Error bars indicate mean+SEM. Significance was determined using
unpaired t-test. All data represent 2-3 independent experiments. RLU = relative light unit; SI = small intestine. *p<0.05. See also

Figure S2.

SCFAs directly interact with the G protein
coupled receptors GPR41 (FFAR3) and GPR43
(FFAR?2), which are expressed on diverse tissues
including intestinal epithelia and immune cells.”
SCFA treatment did not affect Ace2 expression in
the lungs or colons of Gpr41™~~Gpr43™"~, Gpr41™",
or Gpr43™~ mice (Figure 1K, Figure S1H), indicat-
ing that both receptors are likely involved in med-
iating SCFA regulation of Ace2 expression.
Additionally, the treatment of human liver orga-
noids with SCFAs for 24 hours resulted in
a reduction of Ace2 expression (Figure S2A), sug-
gesting that SCFAs may directly affect Ace2
expression.

SCFAs confer protection against intranasal infection
in animals

Since ACE2 is the major entry receptor for SARS-
CoV-2, we hypothesized that SCFA downregula-
tion of ACE2 might reduce viral entry.
Accordingly, we treated 9-week-old male Syrian
hamsters with SCFA water for 2 weeks before intra-
nasal infection with 5x10° infectious units (IU) of
a replication-incompetent vesicular stomatitis virus
(VSV) pseudovirus expressing SARS-CoV-2 spike
protein and nanoluciferase (designated pVSV/
Spike-nLuc). After 24 hours, we analyzed viral
burdens by measuring luciferase activity in homo-
genized tissues. Luciferase activity in the lung and
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nasal epithelium of SCFA-treated hamsters was
reduced compared to that of control hamsters,
indicating reduced infection (Figure 2A).

Dietary fibers, such as pectin, can be fermented
by gut bacteria into SCFAs.”' We analyzed the
expression of Ace2 and Tmprss2 in mice whose
diets were supplemented with 5% or 30% pectin,
and found both to be reduced in both the lungs and
colons of mice receiving pectin supplementation
(Figure S2B). We gave hamsters a 30% pectin diet
for 2 weeks and found increased total SCFA levels
in the plasma (Figure 2B, Figure S2C) and reduced
luciferase activity in the lung and colon following
infection with a replication competent chimeric
VSV virus expressing SARS-CoV-2 spike and
nanoluciferase (designated rVSV/Spike-nLuc;
Figure 2C). Similar increases in plasma SCFA levels
were observed in mice given 30% pectin for 2 weeks
or hamsters given SCFA water for 2 weeks (Figure
S$2D-E). Of note, measurement of fecal SCFA levels
proved unfeasible due to the high level of fat trap-
ping in the stool of pectin-treated hamsters, which
prevented efficient extraction of fecal metabolites
for quantification. We additionally infected SCFA-
treated GF mice with a replication-competent chi-
meric VSV virus expressing GFP and the SARS-
CoV-2 beta variant spike protein (designated
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rVSV/Spikep-GFP), which can use murine ACE2
to infect cells.”> Consistent with our results in
hamsters, 2 d post infection, we found reduced
infection in the lungs of SCFA-treated GF mice, as
determined by measuring GFP+ cells by flow cyto-
metry (Figure S2F).

In order to confirm whether SCFA treatment is
protective in the context of SARS-CoV-2 infection,
we treated wild-type male SPF mice with SCFA
water for 2 weeks before infection with 4x10° PFU
of SARS-CoV-2 gamma variant, and harvested lung
tissue 2.5 d post infection, when lung viral titer
peak. SCFA-treated mice exhibited a trend towards
reduced weight loss (Figure 3A), as well as reduced
viral titers (Figure 3B) and viral RNA (Figure 3C) in
the lung. Together, these data indicate that SCFAs
reduce viral burden following infection with SARS-
CoV-2 or VSV-SARS-CoV-2 chimeras.

SCFAs enhance adaptive immunity against VSV/
SARS-CoV-2 chimeric viruses via GPR41/GPR43 in a
sex-dependent manner

SCFAs can prime the immune system to respond to
infection."? To examine the impact of SCFA treat-
ment on the immune response to SARS-CoV-2
infection independently of its effect on ACE2

C
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Fig 3. SCFA treatment reduces SARS-CoV-2 viral burdens in mice. Male SPF mice were treated with control or SCFA water for two weeks
before infection with 4x10° PFU of SARS-CoV-2 (gamma variant). (A) Weight change is shown as percentage of starting body weight.
2.5 d post infection, lung tissue was harvested and infectious viral titers (B) and viral RNA (C) were measured. Error bars indicate mean
+SEM. For (A), significance was determined using two-way ANOVA with Sidak’s multiple comparisons test; for (B) and (C), significance

was determined using unpaired t-test. *p<0.05
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expression, we used mice expressing both mouse
and human ACE2,% designated hACE2 mice, in
which human ACE2 is constitutively expressed in
epithelial cells under the K18 promoter and is thus
unaffected by SCFA treatment (Figure S3A). We
treated hACE2 mice with SCFA water for 2 weeks
before intranasal infection with rVSV/Spike-nLuc,
which can interact with human ACE2 but not
mouse ACE2. After 48 hours, we observed reduced
luciferase activity in the nasal epithelium, lungs,
and small intestines of SCFA-treated mice com-
pared to control mice, indicating reduced infection
(Figure 4A, Figure S3B). Flow cytometry analysis
of lung immune cells revealed increased IFNy
expression in CD4+ and CD8+ T cells, increased
Treg development, and heightened granzyme
B production in CD8+ T cells (Figure 4C, Figure
S$3C). SCFA-treated mice also had more dendritic
cells in the lung, although lung macrophages and
polymorphonuclear cells (PMN) were not affected
(Figure S3D). Together, these results suggest that
SCFAs promote antiviral immune responses in the
lung during acute infection.

To determine whether SCFAs affect the memory
response, we treated hACE2 mice with control or
SCFA water for 2 weeks before intranasal adminis-
tration of 6x10* PFU of rVSV/SpikeB-GFP, fol-
lowed by a secondary dose of 3x10° PFU
administered 4 weeks later (Figure 4C). Two
weeks following the primary infection, flow cyto-
metry analysis of blood immune cells showed that
spike-specific B cells and CD4+ T cells were signif-
icantly elevated in the blood of SCFA-treated mice
(Figure 4D). IgG from male SCFA-treated mice also
more effectively neutralized rVSV/Spikef-GFP
infection in Vero cells (Figure 4E); interestingly,
this difference was not found in IgG from female
mice (Figure S4A). Spike-specific B cells remained
elevated for 4 weeks following the primary infection
(Figure S4B). Following the secondary infection,
GFP+ cells were significantly reduced in the lungs
of SCFA-treated mice, indicating reduced viral bur-
dens (Figure 4F). Importantly, SCFA treatment did
not promote the generation of spike-specific B and
T cells, antibody neutralization, or viral clearance
in Gpr41™~Gpr43™~ mice (Figure 4G-K), indicat-
ing a role for one or both of these receptors.

In hACE2 mice, human ACE2 expression is not
affected by SCFA treatment (Figure S3A), which
suggested that the effect of SCFA treatment on the
immune response is independent of its effect on
SARS-CoV-2 viral entry. To confirm this, we
inoculated wild-type control or SCFA-treated
mice with heat-inactivated rVSV/Spikef-GFP (two
doses of 10° PFU each, spaced 1 week apart; Figure
$4C). Seven days following the second dose, SCFA-
treated mice exhibited higher levels of spike-
specific B cells and CD8+ T cells as well as increased
IFNy production in CD4+ T cells (Figure S4D).
Plasma from SCFA-treated mice likewise neutra-
lized rVSV/SpikeB-GFP infection in Vero cells;
consistent with our results in hACE2 mice, this
phenotype was observed primarily in male mice
(Figure S4E). Together, our data suggest that
SCFAs enhance antiviral adaptive responses via
the GPR41/GPR43 axis in a sex-biased manner.

SCFAs regulate the coagulation response via the
Sh2b3-Mpl axis to modulate platelet turnover

In order to identify other mechanisms by which
SCFAs influence the outcome of SARS-CoV-2
infection, we performed RNA-seq on lungs from
male GF mice given control or SCFA water for 2
weeks. Differentially regulated genes with p < 0.001
are shown in Table S1, and a volcano plot showing
significantly altered genes is shown in Figure 5A. Of
particular interest is the gene Sh2b3, also known as
lymphocyte adaptor protein (LNK), which was
upregulated in SCFA-treated mice (Figure 5A).
Sh2b3 is an adaptor protein that regulates
a diverse array of signal transduction pathways,
including the thrombopoietin (TPO) pathway;
importantly, it is a major negative regulator of
megakaryopoiesis and thrombopoiesis, thus play-
ing an important role in regulating the coagulation
response.>* Hypercoagulation and increased mega-
karyopoiesis are features of severe COVID-19.”""
Using publicly available RNA-seq data,”> " we
found reduced expression of Sh2b3 in a lung biopsy
from a deceased COVID-19 patient compared to
lung biopsies from two healthy controls
(Figure 5B), as well as significantly reduced expres-
sion of Sh2b3 in peripheral blood mononuclear
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Fig 4. SCFAs enhance adaptive immunity against rVSV/Spikef-GFP via GPR41/GPR43 in a sex-dependent manner. (A-B) hACE2 mice
were given control or SCFA water for two weeks before intranasal inoculation with replication-competent rVSV/Spike-nLuc. 48h later,
(A) viral burdens were determined by measuring luciferase activity; and (B) lung T cells were stimulated with PMA/ionomycin for two
hours before flow cytometry analysis. (C-K) The impact of SCFA treatment on adaptive immunity to rVSV/Spikep-GFP. (C,G) Overview of
experiment. hACE2 (C) or Gpr41~~Gpr43™'~ (G) mice were given control or SCFA water for two weeks before intranasal infection with
6x10* 1U of replication-competent rVSV/SpikeB-GFP. Blood was collected two and four weeks post infection for analysis of immune
cells. Four weeks post infection, mice were reinfected with 5x10° IU of rVSV/SpikeB-GFP and sacrificed after 3 d. (D-E, H-I) Two weeks
following the primary infection, (D, H) blood immune cells were analyzed via flow cytometry, and purified 1gG (E) or plasma (i)
preincubated with rVSV/SpikeB-GFP before infecting Vero-TMPRSS2 cells. 24 hours later, GFP+ cells were measured via flow cytometry.
Results from only the male mice are shown. Data are shown as percentage of the no IgG/plasma condition. (F, J-K) Lung B and T cells (J)
and GFP+ cells (F, K) in the lung 72 hours after the secondary infection. Error bars indicate mean=SEM. For (E) and (I), significance was
determined using one-way ANOVA with Tukey's test for multiple comparisons; for all other panels, significance was determined using
unpaired t-test. All data represent 2 independent experiments. ¥p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. See also Figures S3-5S4.
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healthy controls (HC). (D) Bone marrow megakaryocytes were measured in control- or SCFA-treated SPF mice via flow cytometry. (E)
Mean platelet volume in control- or SCFA-treated GF mice. (F) Plasma D-dimer levels in control- or SCFA-treated GF mice 72 hours post
infection with rVSV/Spikeb-GFP. (G) Prothrombin time and partial thromboplastin time assay on blood from male SPF mice given
control water or SCFA water for two weeks. (H) Sh2b3 mRNA expression in control- or SCFA-treated GF mice. (I) Sh2b3 mRNA
expression in control- or SCFA-treated SPF WT or Gpr41-/-Gpr43-/-mice. (J) Sh2b3 mRNA expression in PBMCs from healthy human
donors treated with SCFAs or the HDAC3 inhibitor RGFP966. (K) Mp/ mRNA expression in PBMCs from healthy human donors treated
with SCFAs. (L) Possible mechanism behind SCFA regulation of coagulation. Error bars indicate mean+SEM. For (F) and (), significance
was determined using one-way ANOVA with Tukey's test for multiple comparisons; for all other panels, significance was determined
using unpaired t-test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. See also Figure S5 and Table S1.
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cells (PBMCs) from hospitalized COVID-19
patients collected 5-20 d post-symptom onset
(Figure 5C). We thus speculated that SCFA-
mediated upregulation of Sh2b3 might limit the
coagulation response, potentially ameliorating
COVID-19-associated coagulopathy.

Consistent with the established role of Sh2b3 as
a negative regulator of megakaryopoiesis, we found
reduced megakaryocytes in the bone marrow of
WT SPF SCFA-treated mice (Figure 5D). We per-
formed a complete blood count on GF mice treated
with control or SCFA water, and found that while
SCFAs did not affect platelet count or platelet size
distribution (Figure S5A), the mean platelet
volume (MPV) was significantly reduced in SCFA-
treated mice (Figure 5E). A higher MPV is indica-
tive of a younger platelet population, composed of
larger platelet cells that are more metabolically and
thrombocytically active.”® The reduced MPV in
SCFA-treated mice may therefore suggest reduced
platelet turnover. Finally, we treated GF mice with
SCFA water for 2 weeks before infecting with 6x10*
IU of rVSV/Spikep-GFP. Three days post infection,
blood from SCFA-treated mice had significantly
lower levels of D-dimer (Figure 5F) and elevated
prothrombin time and partial thromboplastin time
(Figure 5G), indicating a reduced coagulation
response.

We confirmed our RNA-seq results by measuring
Sh2b3 expression via gPCR in lung tissue from SPF
or GF mice given control or SCFA water for 2 weeks.
Consistent with the RNA-seq results, we found that
SCFA treatment significantly increased Sh2b3
expression in the lungs (Figure 5H). However,
Sh2b3 expression was not affected by SCFA treat-
ment in Gpr41_/ _Gpr43_/ 5 Gpr41_/ -, or Gpr43_/ I
mice (Figure 5I, Figure S5B); likewise, SCFA treat-
ment did not affect MPV, plasma D-dimer levels, or
bone marrow megakaryocytes (Figure S5C) in
Gprd1™~Gpr43™~ mice. Since SCFAs are well-
established inhibitors of histone deacetylases
(HDACs),*and there is evidence that Sh2b3 expres-
sion is sensitive to acetylation,”’30 we treated human
PBMCs from healthy donors with SCFAs or the
HDACS3 inhibitor RGFP966 and found that both
were capable of promoting Sh2b3 expression
(Figure 5J]), suggesting that SCFA regulation of
Sh2b3 may have an epigenetic component in addi-
tion to the GPR41/GPR43 axis. Interestingly, unlike
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the ACE2 and antibody neutralization phenotypes
we observed, SCFA enhancement of Sh2b3 did not
exhibit a sex bias in either human PBMCs or mouse
lungs (Figure S5D-E).

TPO signaling via its receptor, Mpl (myeloproli-
ferative leukemia protein), which is primarily
expressed in hematopoietic cells, drives megakar-
yopoiesis and is negatively regulated by Sh2b3.>**'
Since the liver is the primary producer of TPO, we
investigated the expression of Sh2b3 and TPO in
the livers of control- or SCFA-treated GF mice, and
found that while Sh2b3 was upregulated following
SCFA treatment, TPO expression was unaffected
(Figure S5F). However, we found that in human
PBMC s, SCFA treatment significantly reduced Mpl
expression (Figure 5K). Our data suggest that
SCFA-mediated upregulation of Sh2b3 leads to
inhibition of Mpl signaling in megakaryocytes,
reducing both megakaryocyte proliferation and
platelet production, leading to reduced platelet
turnover, and limiting coagulation (Figure 5L).

Discussion

Altogether, we have elucidated a novel role for the
gut microbiome, via SCFA production, in the host
response to SARS-CoV-2 infection. SCFA treat-
ment reduced the expression of Ace2, lowered
viral burdens, and promoted adaptive immunity
against VSV/SARS-CoV-2 chimeras. We have also
uncovered a novel function of SCFAs in limiting
the coagulation response via the Sh2b3-Mpl axis to
modulate megakaryopoiesis and platelet turnover.
Our work suggests a gut-lung axis during SARS-
CoV-2 infection that may dictate disease severity
by regulating viral entry, adaptive immunity, and
coagulation response. In the context of COVID-
19, several studies have found altered micro-
biomes following SARS-CoV-2 infection.’* >°
However, due to the high variability of the
human microbiomes, which may have been influ-
enced by the infection and medications in
COVID-19 patients, controlled animal studies
might help define the role of the gut microbiome
in host response to SARS-CoV-2 infection.
Interferon signaling is efficiently suppressed by at
least 13 components of the SARS-CoV-2 genome,
including spike protein, the nucleocapsid proteins
nspl and nsp6, and accessory proteins ORF3b and
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ORF6.”” Poor T cell responses, characterized by
low numbers of IFNy+ CD4+ T cells and cytotoxic
SARS-CoV-2-specific CD8+ T cells, are associated
with severe or fatal COVID-19 outcomes.’®
Enhanced megakaryopoiesis and excessive influx
of neutrophils into the lung are further hallmarks
of severe COVID-19.>%° SCFAs modulate the
immune response in many ways, including pro-
moting regulatory and effector T cell develop-
ment, T cell memory, and plasma cell
differentiation.'>**~*' Here, we found that SCFAs
enhance antiviral T cell responses, spike-specific
B and T cells, and antibody neutralization follow-
ing intranasal infection with a VSV pseudovirus
expressing the spike protein. Importantly, we
observed these phenotypes in hACE2 mice, in
which human Ace2 expression is not affected by
SCFA treatment, and in wild-type mice inoculated
with heat-inactivated virus, suggesting that the
enhancement of immune responses that we
observed is independent of the effect of SCFAs
on ACE2-mediated viral entry, and may thus
have an effect on other disease states as well.

We found that SCFAs affected Ace2 expression
and antibody neutralization only in male mice, but
found no sex differences in the effect of SCFAs on
the coagulation response. Our observations of
a sex-biased effect of SCFA on antibody neutraliza-
tion are intriguing. Females tend to have increased
antibody responses to infection or vaccination,*?
which has been reported in COVID-19 as well.*~
*> In mice, the microbiome has sex-specific effects
on antibody production and autoimmunity,** and
X inactivation escape of TLR7 has been linked to
increased B cell responsiveness and class switching
to IgG.*® Likewise, the mechanisms behind sex-
specific regulation of Ace2 are not fully explored,
but Ace2 expression is influenced by both Sry and
17B-estradiol, and Ace2 has been found to escape
X chromosome inactivation.””** The contribu-
tions of sex hormones and chromosomal sex on
the interactions between the immune system and
the microbiome have yet to be fully explored but
may contribute to the sex bias seen in COVID-19
severity. Future work is required to delineate the
mechanism underlying SCFA-mediated sex bias in
adaptive immunity and to address whether this
phenomenon is restricted to SARS-CoV-2
infection.
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Our findings have uncovered a novel function
of the gut microbiome in the regulation of coagu-
lation. Suppression of the coagulation response via
regulation of the Sh2b3-Mpl axis presents a third
potential axis by which SCFAs might promote
better =~ SARS-CoV-2 infection outcomes.
Dysfunction of the coagulation response has
emerged as a hallmark of severe COVID-19,”"!
driven in part by hyperinflammation;” this is also
found in other severe viral pneumonias, including
SARS, MERS, and HINI influenza,””*! and
accounts for a significant percentage of mortality
and morbidity in cancer patients.”> Abnormalities
associated with COVID-19 include capillary
microthrombi, elevated D-dimer, venous throm-
boembolism, elevated risk of stroke, enhanced
megakaryocyte activation, and thrombocytopenia
often followed by rebound thrombocytosis.”' >
The latter, together with observations of elevated
mean platelet volume and increased platelet activ-
ity in COVID-19 patients,'' suggest that COVID-
19-associated hypercoagulation is partly due to
increased platelet production in response to
increased platelet consumption, resulting in
a population of newer, more active platelets. It
remains unclear why certain patients are more
susceptible to hypercoagulation. Our findings sug-
gest that the abundance of fiber-fermenting gut
bacteria or SCFAs may influence the propensity
for overexuberant coagulation in response to
infection, by limiting platelet turnover through
regulation of megakaryocyte responsiveness to
TPO. The SCFA-Sh2b3-Mpl axis might be
a potential therapeutic target to dampen hyper-
coagulation triggered by severe viral infections or
other conditions.

Because SARS-CoV-2 requires BSL-3 conditions,
the majority of experiments in our study were done
using recombinant VSV-based pseudoviruses and
chimeric viruses, which presents a major limitation.
While these constructs enabled us to specifically
examine the effect of SCFAs on viral entry and on
immune responses to the SARS-CoV-2 spike pro-
tein, they may not fully recapitulate the complex
interactions between SARS-CoV-2, the immune
system, and the coagulation response. Our observa-
tions that SCFA treatment can reduce viral RNA
levels following SARS-CoV-2 infection are
encouraging, but more work is required to further
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examine the effect of SCFAs on the immune and
coagulation responses in the context of a genuine
SARS-CoV-2 infection.

Additional future work is also required to further
elucidate the mechanisms underlying SCFA mod-
ulation of Ace2 and Sh2b3 expression. Our observa-
tions indicate that GPR41 and GPR43 are necessary
for SCFA-mediated suppression of Ace2 and
enhancement of immune responses and S$h2b3
expression; however, an epigenetic component
also seems likely, as SCFAs are known histone
deacetylase (HDAC) inhibitors.*® Ace2 is upregu-
lated by the class III HDAC SIRT1,> and the
HDAC inhibitor valproic acid (an SCFA derivative)
reduces Ace2 expression in vitro.”* The epigenetic
regulation of Sh2b3 is less well established, but
there is evidence that Sh2b3 expression is sensitive
to acetylation,”*° further supported by our study.
However, more work is required to determine
whether HDAC inhibition affects Ace2 or Sh2b3
expression in vivo and to define the relative con-
tributions of the GPR41/GPR43 axis and the epige-
netic axis. Further exploration of the mechanism by
which SCFAs mediate Ace2 and Sh2b3 expression
may lead to novel avenues for treatment not only of
SARS-CoV-2 but a variety of disease states ranging
from viral pneumonias to hypertension to stroke.

Materials and Methods
Animals

Wild-type or K18-hACE2 mice on C57BL/6 back-
ground, raised in germ-free or specific pathogen-
free conditions, were originally purchased from the
Jackson Laboratory and maintained and expanded
in-house by the Zeng laboratory. Ffar2™'~ and
Ffar3™~ mice on C57BL/6] background were gen-
erously provided by Dr Brian Layden (University of
Illinois) and maintained and expanded in-house.
Ffar2™"Ffar3™~ mice were generated by crossing
Ffar2”"~ and Ffar3™" mice, and genotypes were
confirmed by PCR. Syrian hamsters were pur-
chased from Charles River Laboratories. All mice
were 8 weeks of age, and all hamsters were 9 weeks
of age at the time treatment commenced. Male mice
were used except where otherwise specified.
Littermate controls were used, and animals were
cohoused after weaning. SPF animals were housed
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in microisolator cages in the barrier facility of Weill
Cornell Medicine. Infected animals were housed in
the BSL2+ biocontainment facility of Weill Cornell
Medicine or the BSL3 biocontainment facility at
Georgia State University. Germ-free mice were
bred and maintained in semi-rigid gnotobiotic iso-
lators and transferred into individually ventilated
isocages for experimentation. All animal experi-
ments were approved by the Institutional Animal
Care and Use Committee (IACUC) at Weill Cornell
Medicine (IACUC protocol 2019-0004) or Georgia
State University (IACUC protocols A20043 and
A20044).

Cell lines

Vero-TMPRSS2 cells were generously provided by
Dr Benhur Lee (Icahn School of Medicine at Mount
Sinai) and are previously described.”® Vero-
TMPRSS2 cells were maintained in DMEM
(Gibco 11965-092) supplemented with 10% fetal
bovine serum (FBS; Gibco 10437-028) and penicil-
lin-streptomycin (1:50; Sigma P4458) at 37°C in
a 5% CO, atmosphere. I1 hybridoma cells (ATCC
CRL-2700) were obtained from the ATCC and
maintained at 37°C in 100% room air, in minimal
essential media with Hank’s balanced salts (Gibco
11575032) supplemented with 2mM L-glutamine
(Sigma G7513) and 20% FBS.

Generation of rVSVAG/NG/NanoLuc-SARS-CoV-2
pseudovirus (pVSV/Spike-nLuc)

The rVSVAG/NG/NanoLuc-SARS-CoV-2 pseudo-
virus was generated as previously described.’®
Briefly, an mNeonGreen/FMDV2A/NanoLuc luci-
ferase cDNA cassette was inserted into the r'VSVAG
plasmid (Kerafast EH1007)°” between the M and
L genes (maintaining the VSV intergenic
sequences). The resulting plasmid was then trans-
fected into 293T cells infected with recombinant
T7-expressing vaccinia virus (vIF7-3), together
with the rVSV pseudovirus rescue plasmids (pBS-
N, pBS-P, pBS-L, and pBS-G; Kerafast EH1008), in
order to rescue VSV-G-expressing pseudovirus
particles carrying the NeonGreen/NanoLuc repor-
ter cassette. Twenty-four hours post transfection,
the supernatant was collected, filtered using a 0.1
um filter to remove the residual vaccinia virus, and
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used to infect 293T cells transfected with SARS-
CoV-2 spike protein lacking the C-terminal 19
codons. After 16 hours, the supernatant was col-
lected, centrifuged briefly to remove cell debris, and
concentrated via PEG precipitation. The concen-
trated pseudovirus was aliquoted and stored at
-80°C. Prior to infection, pseudovirus stocks were
incubated for 1 hour at 37°C with 20% I1 hybri-
doma (ATCC CRL-2700) supernatant, which con-
tains anti-VSV-G antibodies, to neutralize residual
VSV-G pseudovirus particles.

Generation of replication-competent VSV/
SARS-CoV-2 chimera (rVSV/Spike-nLuc)

The replication-competent VSV/SARS-CoV-2
chimera was generated as previously
described.”®  Briefly, a codon-optimized
sequence encoding the SARS-CoV-2 spike pro-
tein (SinoBiological VG40592-UT) lacking the
C-terminal 18 codons was inserted into
a plasmid encoding the VSV antigenome con-
taining Nano luciferase, immediately upstream
of the L protein, following a strategy previously
described for the generation of a VSV/HIV-1
chimera.”® The resulting plasmid was then
transfected into vTF7-3-infected 293T cells,
together with the rVSV rescue plasmids, in the
same manner as described for the generation of
VSVAG pseudovirus. The supernatant was fil-
tered to remove residual vaccinia virus, pas-
saged once in 293T cells transfected with
VSV-G protein to amplify, and then subse-
quently passaged several times in ACE2-
expressing 293T cells.

Generation of replication-competent rVSV/Spikef-
GFP chimera

The replication competent chimeric rVSV-
SpikeP-GFP virus was generated as previously
described.”® Briefly, the pEMC-VSV-eGFP-
CoV2-S plasmid (GenBank  Accession:
MW816496) was generated by cloning the VSV-
eGFP sequence® into pEMC vector (pEMC-
VSV-eGFP) and then replacing the VSV-G
open reading frame with a codon-optimized
SARS-CoV-2 Spike (BEI NR-52310) carrying
the beta variant mutations D80A, D215G,
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del242-244, K417N, E484K, N501Y, D614G,
and A701V (from EPI_ISL_745109; GenBank
Accession: MW816499), and truncated to lack
the final 21 amino acids.’’ Sequences encoding
the VSV N, P, M, G, and L proteins were also
cloned into pCI vector to make expression plas-
mids for virus rescue, resulting in plasmids:
pCI-VSV-N, pCI-VSV-P, pCI-VSV-M, pCI-
VSV-G, and pCI-VSV-L. To rescue the virus,
293T cells expressing ACE2 and TMPRSS2 were
transfected with 2000 ng of pEMC-VSV-EGFP-
CoV2 spike, 2500 ng of pCAGGS-T70pt66, 850
ng of pCI-VSV-N, 400 ng of pCI-VSV-P, 100
ng of pCI-VSV-M, 100 ng of pCI- VSV-G, 100
ng of pCI-VSV-L using Lipofectamine LTX
(Invitrogen). Cells were maintained for 4-5
d until GFP-positive syncytia appeared.
Rescued viruses were then amplified in Vero-
CCL81-TMPRSS2 cells® and concentrated via
PEG precipitation.

Human PBMCs

Blood samples were obtained from healthy adult
volunteers (seven females and three males) and
PBMCs were extracted for in vitro SCFA or
HDAC inhibitor treatment. Informed consent was
obtained from all subjects. This study was approved
by the Weill Cornell Medicine Institutional Review
Board (protocol # 0604008488).

Oral administration of antibiotics, SCFAs, or pectin

Antibiotic drinking water was prepared using 1
g gentamicin sulfate (Millipore 345814) or 0.5
g vancomycin hydrochloride (Sigma V2002) in 1
L tap water and filtered through a 0.22 um sterile
filter. Mice were given antibiotic drinking water ad
libitum for 3 weeks before tissues or fecal pellets
were collected for further analyses. SCFA drinking
water was prepared following a previously
described protocol," using 67.5 mM sodium buty-
rate (Sigma 303410), 40 mM sodium acetate (Sigma
$2889), and 25.9 mM sodium propionate (Sigma
P1880) in 1 L tap water and filtered through a 0.22
pm sterile filter. Mice and hamsters were given
SCFAs in drinking water ad libitum for
a minimum of 2 weeks before further experimenta-
tion. For pectin diet experiments, mice or hamsters

225



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES

were given control diet, 5% pectin diet, or 30%
pectin diet ad libitum for a minimum of 2 weeks
before further experimentation. The 5% and 30%
pectin diets were custom designed by Research
Diets based on the standard AIN93G formula
(Research Diets D10012G). The formulation for
each diet is listed in Table S2.

qPCR

Total RNA was extracted from tissue samples using
Trizol (Invitrogen 15596026) following the manu-
facturer’s instructions. 2000ng RNA per sample was
used to generate cDNA using Applied Biosystems
High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems 4368814) following the manu-
facturer’s instructions. cDNA was diluted to 1:5 in
water before performing qPCR using Intact
Genomics ig SYBR Green 2x Master Mix (Intact
Genomics 3354). qPCR was carried out with the
CFX384 Real-Time System C1000 Touch Thermal
Cycler (Bio-Rad Laboratories). Cycling conditions
were as follows: Initial denaturation 95°C for 2 min-
utes, 40 cycles of denaturation at 95°C for 5 seconds
followed by annealing/extension at 60°C for 30 sec-
onds. Primers used are listed in Table S§3. Relative
expression was calculated using the AACt method,
using B-actin as the reference gene.

16S rRNA sequencing analysis

Fecal samples were freshly collected, and DNA was
extracted using the E.Z.N.A. stool DNA kit (Omega
Bio-tek D4015-02). The V4 region of the 16S rRNA
gene was amplified using universal primers (listed in
Table S3) and sequenced using an Illumina MiSeq
apparatus as previously described.®> Paired-end
reads were analyzed and classified into operational
taxonomic units (OTUs) at >97% identity level using
Mothur v.1.40.5.°*% Taxonomic assignments were
determined using the SILVA 16S rRNA reference file
release 132°* and the Ribosomal Database Project
(RDP) training set version 16.5°

Preparation of Clostridia-enriched fecal bacteria

Clostridia-enriched fecal bacteria were prepared as
previously described.'® Briefly, a donor SPF WT
mouse was euthanized, and the entire gut from
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rectum to duodenum was removed intact into
a petri dish in the laminar flow hood. This was
immediately introduced into an anaerobic cham-
ber. One fecal pellet from the upper colon and
a similar amount of cecal contents were removed
and homogenized into 18 mL anaerobic PBS. 15 mL
was transferred to a Hungate tube, sealed, and
removed from the chamber. 470 pL chloroform
was injected through the rubber stopper, and the
contents were shaken vigorously by hand for 5
minutes and then in a rotary shaker for 1 hour at
37°C. To remove the chloroform, a 25G exhaust
needle was inserted through the rubber stopper,
and then a 57 x 25G pencil point needle (Reli)
was carefully inserted until reaching the bottom of
the tube. This was connected to a CO2 tank via
a regulator and 0.2 um filter. CO, was bubbled
through the solution for 10 minutes, and the solu-
tion was taken immediately for gavage into GF
mice (0.2 mL per mouse).

Quantification of SCFAs in mouse fecal samples

After 2 weeks of antibiotic treatment or colonization
with fecal bacteria, fecal pellets were collected, and
approximately 10 mg of each sample was directly
resuspended in 100 pL SCFA derivatization solution
(prepared as previously described®). Glass beads
were added, and samples were vortexed for 10 min-
utes to disperse the feces. Samples were then incu-
bated at 60°C for 1 hour and chilled on ice and then
centrifuged at 21000 x g for 20 minutes. The super-
natant was then mixed with the D3-leucine internal
standard (Sigma 486825) at a ratio of 5 parts super-
natant to 1 part internal standard solution
(0.0125 mg/mL D3-leucine). Samples were analyzed
by LC-MS using the following solvent system for
SCFA detection: A: H,O with 0.1% formic acid
(Sigma F0507); B: Methanol (Sigma 322415) with
0.1% formic acid. 1 uL of each sample was injected,
and the flow rate was 0.35 mL/min with a column
temperature of 40 C. The gradient for HPLC-MS
analysis was as follows: 0-6.0 min 99.5% A - 70.0%
A, 6.0-9.0 min 70.0% A-2.0%A, 9.0-9.4 min 2.0%
A-2.0%A, 9.4-9.6 min 2.0%A 99.5% A. Peaks were
assigned by comparison with authentic standards,
and relative analyte concentrations were quantified
by comparing their peak areas with those of the
internal standard (D3-Leucine).
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Western blotting of ACE2

Tissues were homogenized in RIPA buffer with
protease and phosphatase inhibitors (Roche
11873580001), and tissue lysates were collected.
Protein concentrations in the lysates were mea-
sured using a Pierce™ BCA Protein Assay Kit
(Thermo Scientific 23225). Lysates were normal-
ized and then resolved using NuPAGE 4-12%
Bis-Tris gels (Invitrogen NP0321) and trans-
ferred onto a PVDF membrane (Bio-Rad
Laboratories). The membrane was blocked
using 3% non-fat milk for 1 h at room tempera-
ture and then probed with a rat anti-mouse
ACE2  antibody (1:500; R&D  Systems
MAB3437) at 4°C overnight. The membrane
was probed with goat anti-rat HRP antibody
(1:5000; Invitrogen 31470) for 1 h at room tem-
perature. SuperSignal®™ West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific
34579) was added to the membrane, and the blot
was imaged using a ChemiDoc™ XRS+ Molecular
Imager (Bio-Rad Laboratories). B-actin antibody
(GenScript A00730) was used as a loading con-
trol. Densitometry analyses of protein bands
were performed using Image] software.

Immunofluorescence staining of ACE2 in mouse
tissues

Mouse tissues were fixed using 4% paraformal-
dehyde (PFA; Thermo Scientific ]J19943-K2)
overnight. Tissues were washed with PBS and
then placed into 30% sucrose overnight. Tissues
were then placed into Tissue-Tek O.C.T. gel
(Sakura 4583), and 5 uM sections were placed
onto microscope slides. Tissue sections were per-
meabilized with 0.5% TritonX100 for 15 min at
room temperature. Antigen retrieval was con-
ducted on tissues using Citrate Buffer Antigen
Retriever (Sigma C9999) for 30 min at 85°C.
After a wash step, sections were blocked with
5% horse serum in PBS for 60 min at room
temperature, then incubated with goat anti-
mouse ACE2 (1:200; R&D Systems AF3437) at
4°C overnight. After a wash step, sections were
incubated with donkey anti-goat IgG H&L Alexa
Fluor 488 antibody (1:200; Abcam ab150129)
and counterstained with DAPI (1:5000) for 5

min. After staining, coverslips were mounted
onto tissue sections using ProLong™ Gold
Antifade Mountant (Invitrogen P36930). The
images captured Zeiss
AxioObserver inverted fluorescence microscope.

were using a

Human liver organoid experiments

Human liver organoids were generated as pre-
viously described.®” Briefly, human hepatocytes
and human nonparenchymal fractions were
obtained from the Liver Tissue Cell Distribution
System (Pittsburgh, Pennsylvania). Human liver
tissue was digested to obtain cellular fractions.
2,500 cells were mixed 1:1 with Matrigel (Corning
354234) and placed at the bottom of a 6-well plate
at a density of 5 drops per well. Plates were incu-
bated for 5 min at 37°C before culture media was
added. Organoid culture media consisted of
DMEM/F12 media (Thermo Fisher 10565018) sup-
plemented with B27 supplement without vitamin
A (1:50; Life Technologies 12587-010), N2 supple-
ment (1:100; Life Technologies 17502-048), 1 mM
N-acetylcysteine (Sigma A0737), 10% (vol/vol)
Rspol-conditioned medium (produced as pre-
viously described®®), 10 mM nicotinamide (Sigma
N0636), 10 nM recombinant human [Leu'’]-
gastrin I (Sigma G9145), 50 ng/mL recombinant
human EGF (Peprotech AF-100-15), 100 ng/mL
recombinant human FGF-10 (Peprotech 100-26),
25 ng/mL recombinant human HGF (Peprotech
100-39), 10 uM Forskolin (Tocris Bioscience
1099), and 5 uM A83-01 (Tocris Bioscience 2939).
Organoids were maintained at 37°C in a 5% CO,
atmosphere, and the medium was changed every 3-
4 d; cultures were initially split after 14 d and sub-
sequently split every 5-7 d. SCFA treatment was
initiated when the organoids were approximately
30% confluent (~2 d after splitting) by adding
a cocktail of acetate, butyrate, and propionate to
the organoid medium (low dose: 100uM acetate,
50uM butyrate, 200uM propionate; high dose:
ImM acetate, 0.5mM butyrate, 2mM propionate).
After 48 hours, the growth medium was removed,
and the organoids and Matrigel were homogenized
in Trizol by pipetting up and down, after which
RNA was extracted and qPCR performed as
described above.
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Infection of mice and hamsters with pseudoviruses
and chimeric viruses

Eight-week-old mice were treated with SCFAs for 2
weeks before intranasal infection with 6x10* IU (20
uL per mouse, 10 pL per nare) of either the pVSV/
Spike-nLuc pseudovirus, the replication-competent
rVSV/Spike-nLuc chimera, or the replication-
competent rVSV-Spikep-GFP chimera. Mice were
euthanized via CO, inhalation for 2 d (for pVSV/
Spike-nLuc infection) or 3 d (for rVSV/Spike-nLuc
or rVSV/SpikeB-GFP infection) post infection.
Nine-week-old male Syrian hamsters were given
either SCFA drinking water or a high-fiber diet
(AIN93G supplemented with 30% pectin) for 2
weeks before intranasal inoculation with 5x10° TU
(100 pL per hamster, 50 uL per nare) of either the
pVSV-Spike-nLuc pseudovirus or the rVSV-Spike-
nLuc chimeric virus. Hamsters were euthanized by
CO; inhalation 24 hours (for pseudovirus-infected
hamsters) or 48 hours (for chimera virus-infected
hamsters) post infection. For inoculation with heat-
inactivated virus, rVSV/Spikep-GFP was incubated
for 30 minutes at 56°C prior to inoculation.

Measurement of viral loads

For animals infected with luciferase reporter
viruses, infection was measured via luciferase pro-
duction in infected tissues using the Promega
Nano-Glo Luciferase Assay System (Promega
N1120). Tissue samples were weighed, and 10 pL
lysis buffer (PBS + 1% Tween-20) was added per
1 mg of tissue. Samples were minced with sterile
scissors and sonicated briefly, then incubated at
room temperature for a minimum of 10 minutes
to allow lysis to proceed. 50 pL of tissue lysate was
mixed with 100 pL Nano-Glo Luciferase Assay
Reagent, and the total endpoint luminescence was
read immediately. For animals infected with GFP
reporter viruses, infection was measured by quan-
tifying GFP+ cells via flow cytometry. Lung tissue
was pushed through a 100 pum filter to create
a single-cell suspension in PBS with 1% bovine
serum albumin (BSA; Sigma A2153) and 0.1 mg/
mL DNase I (Sigma DN25), then incubated with
Fixable Viability Dye eFluor™ 780 (1:3000;
eBioscience 65-0865-14) and Alexa Fluor 700 con-
jugated anti-CD45 antibody (1:200, BioLegend
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103128) at 4°C for 30 minutes, washed and resus-
pended in PBS with BSA and DNAse I, and ana-
lyzed on a Cytek Aurora flow cytometer (BD).

SARS-CoV-2 infections

Five-week-old male C57BL/6 mice were randomly
divided into two study groups (n = 5 each) that
received filtered tap or SCFA water (3.3 g sodium
acetate; 7.5 g sodium butyrate and 2.5 g sodium
propionate per 1 L water), respectively, during a 14-
d pre-infection period. Animals were monitored
daily. For infection, mice were transferred into
ABSL-3 containment and inoculated intranasally
with 4x10° PFU (25 ul per nare) of SARS-CoV-2
gamma variant (lineage P.1., isolate hCoV-19/
Japan/TY7-503/2021; BEI Resources NR54982).
Infected animals were continued on filtered tap or
SCFA water as before. Body temperature was mon-
itored daily and body weight measured twice daily.
All animals were euthanized 2.5 d after infection
and lungs, colons and kidneys harvested. Lungs
were weighed and homogenized with a bead beater
in 300 ul PBS in 3 bursts of 30 seconds each at 4°C.
Samples were clarified for 10 minutes at 4°C and
14,000 g, supernatants aliquoted and stored at
-80°C prior to titration by plaque assays on Vero-
TMPRSS2 cells. Virus titers were normalized to the
weight of the input lung tissue and buffer volume.
For qPCR-based detection of viral RNA, lung,
colon, and kidney samples were stored in
RNAlater at -80°C. Tissues were weighted and
homogenized as above, followed by total RNA
extraction using a RNeasy mini kit (Qiagen). All
experimentation with SARS-CoV-2 was performed
under ABSL3 biocontainment conditions and was
approved by the Institutional Biosafety Committee
(IBC) of Georgia State University (IBC protocol
B20006).

Plaque assay

Samples were serially diluted (tenfold dilutions
starting at a 1:10 initial dilution) in DMEM med-
ium supplemented with 2% FBS containing
Antibiotic-Antimycotic (Gibco). The serial dilu-
tions were added to Vero-TMPRSS2 cells seeded
in 12-well plates at 3 x 10° cells per well 24 hours
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previously. The virus was allowed to adsorb for
1 hour at 37 C. Subsequently, the inoculum was
removed, and the cells were overlaid with 1.2%
Avicel (FMC BioPolymer) in DMEM and incu-
bated for 3 d at 37°C with 5% CO2. After 3 d, the
Avicel was removed, cells were washed once with
PBS, fixed with 10% neutral buffered formalin, and
plaques were visualized using 1% crystal violet.

Quantitation of SARS-CoV-2 viral RNA

SARS-CoV-2 RNA was detected using the
nCoV_IP2  primer-probe set (National
Reference Center for Respiratory Viruses,
Institute Pasteur;*” see Table $3) which targets
the SARS-CoV-2 RdARP gene. RT-qPCR reac-
tions were performed using an Applied
Biosystems 7500 real-time PCR system using
the StepOnePlus real-time PCR package. For
amplification, a TagMan fast virus 1-step mas-
ter mix (Thermo Fisher Scientific) was used. To
determine RNA copies, raw data were processed
using a standard curve that was created gener-
ated from viral cDNA using the nCoV_IP2 for-
ward primer and the nCoV_IP4 reverse primer.
Results were normalized to the wet biomass of
the input tissue.

Lung immune cell profiling

Lung tissue was minced using sterile scissors, incu-
bated at 37°C for 30 minutes in RPMI-1640 (Sigma
R0883) containing 10% fetal bovine serum (FBS;
Gibco 10437-028), 0.lmg/mL DNase I (Sigma
DN25), 0.8mg/mL dispase (Gibco 17105-041), and
1 mg/mL collagenase type 3 (Worthington
Biochemical 1S004183), and pushed through
a 100pm filter to create a single-cell suspension. Cells
were then washed twice in PBS, resuspended in 4 mL
of RPMI-1640 with 10% FBS and 40% Percoll (Cytiva
17089101), and centrifuged at 2000 rpm for 30 min-
utes with no braking in order to pellet the immune
cells. Cells were then resuspended in RPMI-1640
(Sigma R0883) with 10% FBS and GolgiPlug Protein
Transport Inhibitor (1:1000, BD Biosciences 51-
2301KZ) and stimulated for 2 hours with phorbol 12-
myristate 13-acetate (PMA, 50ng/mL; Sigma P8139)
and ionomycin (1pg/mL; Sigma 10634) at 37°C. After
two hours, cells were washed twice in FACS buffer
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(PBS with 1% BSA), blocked for 15 minutes in PBS
with 3% BSA, and incubated with Fixable Viability
Dye eFluor™ 780 (1:3000; eBioscience 65-0865-14) and
surface antibodies (see Table S4; anti-mouse IgG was
used at 1:500, and all other antibodies were used at
1:200) at 4°C for 30 minutes in the dark. Cells were
then washed twice in FACS buffer and incubated in
Fix/Perm solution (eBioscience 00-5523-00) for 30
minutes at 4°C in the dark. Cells were then washed
twice in permeabilization buffer (eBioscience 00-
5523-00) and incubated with intracellular antibodies
(see Table S4; all antibodies were used at 1:200) for 30
minutes at 4°C in the dark. Cells were then washed
twice in permeabilization buffer, resuspended in
FACS buffer, and analyzed on a Cytek Aurora flow
cytometer.

Detection of Spike-specific B and T cells

Spike-specific B and T cells were detected using bioti-
nylated recombinant SARS-CoV-2 Spike receptor-
binding domain (RBD; BioLegend 793904) labeled
with streptavidin-Pacific Orange conjugate (SA-PO;
Invitrogen S32365) prepared as previously
described.” Briefly, spike RBD was mixed with SA-
PO at a 2:1 mass ratio/4:1 molar ratio (e.g. 25 ng RBD
with 12.5 SA-PO) and incubated on ice for 1 hour in
the dark. Excess biotin and SA-PO were removed
using 7K MWCO Zeba Spin Desalting Columns
(Thermo Fisher 89882). Cells were prepared and
blocked as described above, then incubated for 30
minutes at 4°C in the dark with an antibody cocktail
containing Fixable Viability Dye eFluor™ 780 (1:3000;
eBioscience 65-0865-14); anti-CD45, CD3, CD4, CD8,
B220, MHCII, and IgG antibodies (anti-IgG was used
at 1:500 and all other antibodies at 1:200; see Table
$4); and 25 ng SAPO-labeled Spike RBD per 50uL of
antibody mix. Cells were then washed twice in FACS
buffer and analyzed on a Cytek Aurora flow
cytometer.

1gG neutralization assay

Blood was collected from mice two-week post pri-
mary infection and purified using a Melon Gel IgG
Spin Purification Kit (Thermo 45206) following
manufacturer’s instructions. Purified IgG was
diluted 1:20 and incubated with 1x10° TU of rVSV-
Spikep-GFP for 1 hour at 37°C before being added
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to Vero-TMPRSS2 cells at an MOI of 1. Cells were
incubated at 37°C for 18 hours, washed once in
PBS, and detached from the plate using TrypLE
Express enzyme (Gibco 12604013). Cells were
washed twice in PBS, incubated with in FACS buf-
fer with Fixable Viability Dye eFluor™ 780 (1:3000;
eBioscience 65-0865-14) for 30 minutes at 4°C in
the dark, washed twice in FACS buffer, and ana-
lyzed using a Cytek Aurora flow cytometer.

RNA-seq analysis of mouse lung tissue

Eight-week-old male GF mice were given control
water or SCFA water for 2 weeks before lung tissue
was harvested. Total RNA from whole lung tissue
was isolated using the Qiagen RNeasy® Mini Kit
(Qiagen 74104) according to the manufacturer’s
instructions. Illumina stranded mRNA library
prep, paired-end sequencing using the Illumina
NovaSeq 6000 system, quality check, and sorting
of reads with barcodes were performed by the Weill
Cornell Medicine Genomics Resources Core
Facility. Annotation, mapping, and counting of
the resulted reads were analyzed by SALMON"'
with default parameters and mouse cDNA
sequences of GRCm38, which was obtained from
Ensembl of European Molecular Biology
Laboratory’s European Bioinformatics Institute,
Cambridge, UK. To discover transcripts that exhi-
bit differential abundance, we used LEfSe followed
by multiple hypotheses correction using signal-to-
noise ratio and false discovery rate analyses as
described.”* Differences at LEfSe p < 0.05 and
FDR <0.05 were considered significant, with nega-
tive linear discriminant analysis (LDA) scores indi-
cating genes that were upregulated in GF mice and
positive LDA scores indicating genes that were
upregulated in SCFA-treated mice.

Ex vivo human PBMC experiments

PBMCs were purified from blood using Ficoll-
Paque (Cytiva 17144002) following manufacturer’s
instructions. The purified cells were washed twice in
PBS, then resuspended in RPMI-1640 with 10% FBS
and penicillin-streptomycin (1:50; Sigma P4458).
For SCFA treatments, a cocktail of sodium acetate,
sodium butyrate, and sodium propionate was added
to the culture media to a final concentration of
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100pM sodium acetate, 50uM sodium butyrate,
and 200puM sodium propionate. For HDAC inhibi-
tion, RGFP966 (Selleck Chemicals S7229) was added
to the culture media to a final concentration of 5uM
or 10uM. 5 x 10> cells were used for each experi-
mental condition. Cells were incubated at 37°C for
24 hours, after which they were washed twice in PBS
and RNA was extracted and qPCR performed as
described above.

Megakaryocyte flow analysis

Bone marrow from control or SCFA-treated mice
was flushed from femurs and tibias with sterile PBS,
washed with FACS buffer, and pushed through
a 100 um filter to create a single-cell suspension.
Cells were blocked in BD mouse Fc Block (1:100;
BD Biosciences 553141) for 30 minutes at 4°C in
the dark, washed in FACS buffer and incubated
with anti-mouse c-Kit, CD41, and GPIbP antibo-
dies (all at 1:100; see Table S4) for 30 minutes at
4°C in the dark. Cells were then washed in FACS
buffer, incubated with Fixable Viability Dye
eFluor™ 780 (1:3000; eBioscience 65-0865-14),
fixed with 1% paraformaldehyde (Thermo
Scientific J19943-K2) and analyzed on a BD
FACSymphony™ A5 flow cytometer.

Blood counts and D-Dimer analysis

At 3 d after infection, animals were euthanized via
CO, asphyxiation, and blood was immediately col-
lected via cardiac puncture into syringes containing
sodium citrate (Sigma 1613859) at a final concen-
tration of 0.32% (w/v). Whole citrated blood was
analyzed for complete blood count with automated
differentials using a Beckman DxH 900 hematology
analyzer (Beckman Coulter). Plasma was obtained
by centrifuging citrated blood at 1000xg for 15
minutes at 4°C followed by 10,000xg centrifugation
for 10 minutes at 4°C to remove all cells and debris.
Plasma D-Dimer concentration was measured by
a commercially available ELISA (LSBio LS-F6179)
following the manufacturer’s instructions.

Statistical analyses

All the statistical analyses were performed using
Prism 9 (GraphPad Software, San Diego, CA).
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Normality was determined using the Shapiro-
Wilk normality test. Differences between two
groups were evaluated using the unpaired t-test
(for parametric data) or Mann-Whitney test (for
nonparametric data), and comparisons of more
than 3 groups were evaluated using ordinary
one-way ANOVA followed by Tukey’s correction
for multiple comparisons (for parametric data)
or Kruskal-Wallis test followed by Dunn’s cor-
rection for multiple comparisons (for nonpara-
metric data). Differences of p<0.05 were
considered significant in all statistical analyses.
Statistically significant differences are shown
with asterisks as follows: *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001; comparisons
which were nonsignificant are unmarked. Each
figure shows data for individual animals or bio-
logical replicates.
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3. CONCLUSIONS

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

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
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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; Ramirez-Soto, Ortega-Caceres, & Arroyo-Hernandez, 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
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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.
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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
(Castafieda, 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
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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 18,000cm? with total
body water of 42 liters (Soldin & Mattison, 2009). In comparison, women weigh 68kg in
average, have a body surface which is 2,000cm? 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.
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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.

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’-FIU) was
analyzed in detail in this dissertation. Broad-spectrum 4’-FIU 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 RARP assays. The compound mediated full
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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’-FIU mediated significant lung titer reductions in immunocompromised mice
and mice infected with highly pathogenic avian influenza viruses.

Placing 4’-FIU 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’-FIU,
the rodent model will be used to compare 4’-FIU performance with approved drugs. In the
reference study, mice were infected intranasally with 10%° pfu/ml of a mildly virulent H3N1

strain which is a genetic reassortant of an H3N2 and HIN1 (Wong, Jones, Anderson, & Gualano,
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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’-FIU 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’-FIU 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’-FIU 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’-FIU was



MITIGATION OF INFLUENZA, RESPIRATORY SYNCYTIAL AND SARS-COV-2 VIRUSES 244

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’-FIU 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’-FIU 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’-FIU 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’-FIU in immunocompromised hosts, were performed with an HIN1 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’-FIU was given only for 5 consecutive days (Lieber et al., 2023). Future studies
could include an experimental approach to show whether 4’-FIU clears the virus in nude mice.
Both immunocompromised mouse models used in this dissertation show that the antiviral
activity of 4’-FIU is not strictly dependent on a fully immunocompetent host to clear the

infection (Lieber et al., 2023).
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Overall, 4’-FIU 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’-FIU an ideal candidate for formal

development and superior compared to the currently approved antivirals.

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
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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).
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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.

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
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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 | and lll 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
guestions 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
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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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