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ABSTRACT

Innumerable future deaths anldospitalizationouldbe avoided througlimproved
pandemicpreparednessand the use of personalized mediciere,various animal models
have been used tonprovean understanding othe pathogenicity andherapeutictreatment
potential of three viral pathogens that have a significant impact on public hesdilere acute
respiratory syndrome coronavirus 3AREC0\,2), respiratory syncytial virus (RSV), and
influenza virus

Roborovski dwarf hamstergere developed as a novel animal motektudy SARE0V
2-inducedacutelower respiratorytract injury. Dwarf hamstersrecapitulatethe pathogenicity of
SAREC0V,2 variants of concern (VO@hd demonstrate thathe effect size omolnupiravir and
paxlovidlike nirmatrelvir/ritonavir is VO&@ependent.Additionally, theferret modelof upper
respiratory diseaswasusedto studyhumanto-humantlike transmission of SARS0\/2 and
defineatherapeutic window and human effesize equivalent dose (HESHEW)the approved
drugsmolnupiravir andoaxlovid Therapeutiadministration of molapiravir successfully
prevented contactransmissionwhereaspaxlovidlike nirmatrelvir/ritonavironly partially
reducedupper respiratory viral sheddinyloreover, the oral prodrug of remdesivir parent-GS
441524 washown to beefficaciousagainst SAR&V-2 in ferrets.

Abroad-spectrumpolymerase inhibitaE -Qif Qdz2 NP dzRI)Rwasdéhtifiedrari
characterizd, revealingpotent activity againsinfluenza virusRSYand SARE0\2. Thispre-
clinical candidate is orally available ands shown tdlock replication of RSV in mice and
SARE0V2 inferrets. In the mouse and ferret modEl -FiUCnitigated lethal infection with

pandemic human and highly pathogenic avian influenz&lUcouldovercome moderate



resistance, making this candidatgpeomisingfirst line defensebroad-spectrumantiviral. In

paralle| anallosteric orally efficaciou8VGinhibitor series which targes a dynamic interface

in the RSV polymeraseasfurther developedo proof-of-conceptin vivoefficacy testing
Toexpore arelationship between the gut microbiota and the host response to

respiratory viral infections, the impact of the intestinal microbiome on influenza virus infection

outcome wagnvestigated Colonization with segmented filamentous bacteria ($fB)e gut

stably and broadly altexd the phenotypeof alveolar macrophages (AMhabling these cells to

better protect their hosts from lethalespiratory viral infectionsMoreover, gut microbiota

derived metabolites were discovered which conferred protet@gainst SARS0V2.

INDEX WORD@andemic preparedness, polymerase inhibitor, intestinal microbiome
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PREFACE

| was born and raised in Germawhere Ihadthe perfect childhood growing up
without anyconcerns | had the greahonor ofattendingthe University of Tuebingen for my
0l OKSt 2 NI & dehrgelrdurlvid wvhichS Nad &n opportunity to studyproadat
NewcastleUniversity Throughout the years spent completing my undergraduate and graduate
education | realizedhat | wanted afuture career in research andastherefore very fortunate
to havejoined the IBMS PhD program at Georgia State University.

Foreshadowing my future career pathrecall that when was five years of age my
parents asked me what | wist for my birthdayand| replied Mum, can you buy me a
microscopec, you know, the thing which magnifies all objeéts! ! F &4 SNJ NS OSA A y 3
present | analyzed everythingnd anythingincludingbut not limited todust, onionskirs, hair,
and fly wings.This was my earlieshemory of wanting® be a scientistdriven by acuriosity to
discover the unknown

| believe that mydissertationis contributing to the general fieldf virology,and | hope
that future students and scientists will read my work and believe émtbelvesiespite the

difficult timesexperienced throughout a PhD.
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1. INTRODUCTION

The overarching goal of this dissertation was to identify, characterize, and efficacy
profile broadspectrumpolymerase inhibitors againsevere acute respiratorgyndrome
coronavirus 2$ARSC0V2), respiratorysyncytialvirus (RSY, and influenzavirusto improve
disease management and enhance pandemic preparedness. Furthermore, this thesis
contributestowardsadvancingpersonalized medicine by partially uncoveyitnewell-
orchestratedinterplay of thegut microbiome andts effect on respiratoryiral infections

RNAdependent RNA polymerase (RdARP) complexesin generalhighly conserved
across genera and even stradmstrain, containng multiple domains tlat confer enzymatic
functions essential for viral replicati@nd thus, provide attractivéherapeutictargets(Vicenti,
Zazzi, & Saladini, 202FBurther, because thRdRP complefunctions adoth a replicase and
transcriptaseselective antiviratargeting can affectthe synthesis of progeny genomes and
reduce the expression of viral proteins th&r exampleantagonize the host antiviral response
(Machitani, Yasukawa, Nakashima, Furuichi, & Masutomi, 208@ationsto the RARP
complex areoften not well tolerated,resuting in asignificantviral fithess penaltyKabinger et
al., 2021)Moreover,becauseviral polymerase inhibitors are not hoslirectedthere isless
potential foroff-target cytotoxic effectswhich can allow them tprovidelongterm efficacy
(Tian et al., 2021)
1.1 SelectedRespiratory Viruses

Threehuman respiratoryRNA virugswere studied inthis dissertation SARSC0V 2,
RSVand influenza virs, each of whicltauses numerous hospitalizations and deatannually

worldwide (table 1) (Abdelrahman, Li, & Wang, 2020; Griffiths, Drefv8jarchant, 2017;
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Juozapaitis & Antoniukas, 2007; Tarsitani et al., 2021; Uyeki, 2017; Yu et al. RENLY the
leading cause of bronchiolitigiral pneumonia, respiratory failure, mechanical ventilation, and
virus-associatedleath in infantdSmith, 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 teomyat failure
(Florescu & Kalil, 2014; Kido, Chida, Yao, & Wa01); Lieber et al., 2023; Radovanovic et al.,

2022)

Tablel EstimatedAnnual Gobal PublicHealth Impact of SARE 02, RSV, anthfluenzaVirus

Virus SARE 02 Respiratorysyncytialvirus Influenzavirus
Family Coronaviridae Paramyxoviridae Orthomyxoviridae
Cases
interpandemic No data yet 64,000,00QNIH, 2022a) 1’000’028’202?((\/\”_'0’
years
Casesina | close to 80million Not applicable m:ll-llgli?] (i’girg)lzrr:gialjrgi?g
pandemic (WHO, 2023) Morens, 2006)
Deaths
interpandemic No data yet 160,000 650,000
year
Deaths in a . 1918 Spanish flu: 20
pandemic 7,000,000 Not applicable 100 million

Clinical signs of infection acemparable across SAR®V2, RSV, and influenz@&us
diseaseand includecommonmanifestationssuch asipper respiratory coldike symptoms
fever, myalgias, and malaig®leletis et al., 2022 SAR&0\/2 and influenza virusausesimilar
additionalsymptomssuch ashills, headache, coughinorrhea,pharyngitis, myalgias
malaise gastrointestinal (Glyipset, andshortness of breatliHui & Zumla, 2019; Keilman, 2019;

Nypaver, Dehlinger, & Carter, 202Because obverlapping ambiguouslisease manifestatign
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the most accurate way to determine tleausative agenisthrough appropriate testingMeletis

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

1.2SARSC0V2

Severe acuteespiratory syndrome coronavirus 3ARSC0\ 2), which caused the
COVIBL9 pandemic, is a singiranded positivesense RNA virus with a zoonabiegin (figure
1, made in Biorendgr(Sharma, Ahmad Farouk, & Lal, 20@iBx transmits via aerosols and
respiratory dropletgC. C. Wang et al., 202BARE0V2 infection has caused an exorbitant
number of cases and deaths around the waidce its first introduction into the human
population in 201qtable 1) as well as londasting he#h problems(Crook, Raza, Nowell,
Young, & Edison, 202&hd economic burden@zzeri et al., 2022; Dubey et al., 2028iter
viral spike (S) proteihindsto the host cellreceptor, angiotensin converting enzyme¢ACE?,
the virusfuses with the cellular membrane, permittimatry into the cell(Hoffmann et al.,
2020) After uncoating, primary translation and polyprotein processiage takerplace viral
RNA synthesis and translation occimlowed by progeny particlassembly an@xocytotic
virion releasgV'Kovski, Kratzel, Steiner, Stalder, & Thiel, 2021)

Several different waves ARSC0V2 variants of concern (VOGaveoccurred since
the end of 2019Aleem, Akbar Samad, & Vagar, 2023; Choi & Smith, 208#&)original isolate
(Wuhan isolate and the first isolate in the ¢g®/ashington 1 (WA))wererapidly replacedy
VOC alpha, followed by VOC beta and VOC gaasitize virus continuously evolved in the
humanpopulation(Gaebler et al., 202 1)mproving replicating efficiency dravoiding
neutralizing antibody response¥OC deltawhich first occurred in May 202%howeda high

degree oflethality (Adamoski et al., 2022nd caused a peak in severe cadds et al., 2021)
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Although not sterilizing, vacciriaduced immunity continued tprotect againstadvance to
severe life-threateningdiseasg Raman, Patel, & Ranjan, 202ye tohightransmissibility
VOC omicromeplacedvVOC delta in November 202auring et al., 2022nd afurther reduced
neutralizing capability of antibodiefirected a@inst earlier VO@sulted inlarge-scalebreak
through omicroninfectionsin the population(Chenchula, Karunakaran, Sharma, & Chavan,

2022)

? Y spike glycoprotein
I

membrane protein

=
N W i envelope small

. a1 membrane protein
A ‘
=

é viral envelope
D
2 &
Ers 4 b
Figurel SARE0V2 SShematic

1.3 AnimalModels for SARE0\2

During therecentpandemic, animal models, such as hamsters, mice, ferrets, and non
human primates, which were used to study SARS2 pathogenesis and transmission
dynamicswere instrumental fothe rapid development of therapeutagents andraccinegH.
Chu, Chan, & Yuen, 202Zable 2 summarizéhe most common modeland provides insight
into disease severitywhetheramodel can be used for transmission studiasd thescopeof

respiratorytract invasion((H. Chu et al., 2022)Chu et al., 2022able 1, modified)
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Table2 Characteristics dbifferent Animal Models forln Vivo SARE0\/2 Sudies

Animal Respiratory Clinical | Transmission| Details or Reference
model infection disease examples
Nonhuman| Robust virus Mild to Efficient Rhesus (H. Chu et al.,
primates | replicationin | moderate Macaques, |2022; Luetal.,
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 a|
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 | Heterozygougq (Oladunni et al.,
mice replication in | lethal K18hACE2 | 2020; Ulbegi Polat
the upper and C57BL/6J 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¢ | KI8hACE2 | (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 Robust virus | Mild to No (Cox et al., 2023;
dwarf replication in | lethal transmission Lieber et al., 2022
hamsters | the upper and Trimpert,
lower Vladimirova,
respiratory Dietert,
tracts Abdelgawad,
Kunec, Dokel, et
al., 2020)

1.4InfluenzaViruses
Influenza viruses belong to the Orthomyxoviridaeily and are negativé&sense single
stranded RNA viruses with a segmengshome (figure 2made in Biorendr) (Pleschka, 2013;

Taubenberger & Kash, 2010)

Q %Dﬁ HP hemagglutinin
S, LT
'l; Py i

o §® viral envelope

@/‘ﬁl[ﬁ] %&\¥\® 2

:?

M2 proton channel

Figure2 Influenzavirus Schematic

Influenzavirus infects many avian and mammalian spe@@sang, Hale, Xu, & Sun,
2013)and is subtyped by antigenic surface glycoproteins (Hemagglutidi and
Neuraminidase; NA). All eight genesnd their respectivéunctions are listedn table3

(Chauhan & Gordon, 2022ach ofwhich are vitato the viral life cycle andhus,need to be
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carefullycombinead when building and rescuingfluenzaviruses withvariousreporter

functionsthroughreverse geneticéNogales, Baker, & Martin€&obrido, 2015)

Table3 OverviewSegmentsinfluenzavirus

Gene

Function

Polymerase Basic
Protein 1 (PB1)

Gomponent of theRNA dependent RNA PolymeraReliRF,
endonuclease activity, elongation

Polymerase Basic
Protein 2 (PB2)

Gomponent of the RdRP, cap recognition

Polymerase Acidic
protein (PA)

GComponent of the RARP, protease

Hemagglutinin (HA)

Qurface glycoprotein, receptor binding, fusion activity, major antig

Neuraminidase (NA)

Qurface glycoprotein, neuraminidase activity

Nucleocapsid Protein
(NP)

RNA binding, RNA synthesis, Riulear import

Matrix protein (M)

M1: matrix protein, interaction with viral ribonucleoprotein (vVRNP
and surface glycoproteins, nuclear export, budding; M2: membra
protein, ion channel activity, assembly

Non-Structural
protein (NS)

NS1: multifunctioal 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 burdetaple 1) (Uyeki, 2017)The efficacy of currently

approvedinfluenzaantivirakis limited by therapid emergence of viral resistan{@aitonde,

Moore, & Morgan, 2019nd even the approved vaccine, which is always based on the current

dominant virus strains on the other hemisphere and therefore just a predi¢Bosinbrick,

Klingen, & McHardy, 20143howsonly 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 outompeted)(Krammer et al., 201&nd antigenic shifts (happens

when influenza viruses swap gene segmeqitsassortmentWebster & Govorkova, 2014)
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Since thevaccineproduction timeline is approximately 6 monthsghlyspecific vaccines can
result in failures if the vaccine straitoes notmatch the currenty circulatingstrain (Bartley,
Cadar, & Martin, 2021)

Influenza virusehave been the cause stveral pandemics during the 2@nd the 23
centuries(Elderfield & Barclay, 2011; Hsieh et al., 200®)e 1918 H1N1 panden{i8panish flu)
wasthe worst outbreak of human infectious diseasehistory and caused up to 100 million
deaths worldwide (also due to secondary infectiothe catastrophiautritional conditionsin
the aftermath ofWorld War 1 and close quarters during troop movemen($aubenbeger &
Morens, 2006)It was not until 1933 thattte causative agendf influenza virus was discovered.
An H2N2 pandemiaffected the world inl957 andhen, in 1968 an H3N2 pandemic occurred
(Akin & Gozel, 2020H1N1 caused an additional pandemic in 1977 and more recently in 2009
(Akin & Gozel, 2020buring the swinarigin pandemic the severity of the disease was similar
to seasonal influenza in uncomplicated cases showing low rates of infections, hospitalizations
and death in the elderlgince neutralizing antibodies were still present from earlier exposures
to the virus(Fineberg, 2014; Shanks & Brundag012) Adding to the history of influenz#he
recentdBird Flg (H5N1) distributed globally amongst birgButton, 2018and requiredin the
2021-2022 seasompoultry cullings of more than 49 millioranimalsin the US alonéCDC,
2023c) Direct transmissioof influenza from bireto-humanis fatal in 60% of casgBowever,
so farthere have beertess than J000 casedecausehe avian H5N1 strains areot yet capable

of efficient humanto-human transmissiofWang, Zhu, Yang, & Shu, 2021)
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1.5AnimalModels forIinfluenzaViruses

Thethree most frequently used animal models to study influenza viruses are mice,
ferrets and guinea pig$iowevercotton rats, Syrian hamsters, cats, dogs, domestic pigs and
non-human primatesave also been usgdhangavel & Bouvier, 2014n advantage of the
ferret model is thathe symptoms of an influenza virus infectiommic that ofhumans
displaying fever, nasal disarge, lethargy, weakness, anorexia, snegzang even multiorgan
system dysfunctiom severe casefd.ieber et al., 2023; Marriott et al., 202 BHurthermore, the
ferret model can be used to studjirecttransmission eventéLieber et al., 2023Mice(Bartley,
Zhou, Kuchel, Weinstock, & Haynes, 2017; Eisfelsh&aSuresh, & Kawaoka, 2018; Rodriguez,
Nogales, & MartineBobrido, 2017and guinea pigéPica, Chou, Bouvier, & Palese, 2012)
develop mildersymptons but the ease of handling, lower costad avability of reagents
makethese modelsespeciallymice,afrequently usedspecies for initial prelinical testing

(Vandamme, 2014)

1.6 RespiratorySyncytial Virus

RSV (figure,3nade in Biorendgr a member of thé®neumoviridadamily, is the leading
cause of viral deaths in infants worldwi@table 1)(Young & Smitherman, 202 Reinfectios
can occur throughout lifandcan be lifethreatening to elderlyand/or immunocompromised
patients(Falsey, Hennessey, Formica, Cox, & Walsh, 2088) Mayof 2023 the only
approvedimmune prophylaxisvasa humanized monoclonal antibody, palivizumab, that was
administered to higkrisk patients However, igh costs prohib#d its broader application(Xu et
al., 2021)OnMay 392023, the FDA approved the first vaccine for RSV in aoitis60 years

of age(FDA, 2023agnd later that month a further vaccine was approved for the prevention of
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RSV iradultsof the same age rang@fizer, 2023)The vaccines both contain the stabilized
prefusion conformation of the RSV fusion protein (R8W Abrysw, Pfizer andRSVPreFArexy,
GSK(CDC, 2023a; Lerotroels et al., 2023Furthermore, the CDGow recommendsa new
preventive RSV shot the form of astabilizedantibody (nirsevimatalip) for allbabies and
toddlers(CNN, 2023; FDA, 2023

RSV transmits by means of respiratory droplets and direct contact with the virus
(Williams, Sinha, Barr, & Zambon, 202hfected individuals are often contagious betweeB 3

days andeginto shed virus as early awd days prior to symptom onséCDC, 2023b)

' fusion protein

glycoprotein

&

. ts

h})\ M E‘ IC  small hydrophobic protein
.

*\ viral envelope
("‘1 PC\\ g EA

Figure3 RespiratorySyncytial Virus Schematic

1.7 AnimalModels for RSV

The main animal models for RSV are #mman primates, cotton rats, micand
newbornlambs(Taylor, 2017)Most of these models (all except chimpanzees) are semi
permissive for RSV replication and experimental infection withrdggiirement of large

inoculums. Clinical signs of disease are latientirely absent
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RSV was first isolated from chimpanzesben14 out of 20 animals living in a captive
colony showed rgpiratory iliness characterized by coughing, sneezing and nasal discharge
(Blount, Morris, & Savage, 1956)he 6 animals which did natevelop clinical sigrisad pre
existing RS¥pecific serum antibodies. Chimpanzees shed large quantitiesusfwhich
resembles efficient virus shedding from human hq#&slishe et al., 1977; Crowe, Collins,
London, Chanock, & Murphy, 1993nd remain the onlyanimal model with animato-animal
transmissionTaylor, 2017)Furthermore, chimpanzees have been used to evaluate the
virulence and protective efficacy of vaie candidategCrowe, Bui, Davis, Chanock, & Murphy,
1994)

Rodents are more commonly used to study RSV infecaodsxplorebiomarkers for
the host immune response and vidthogenesigBoukhvalova & Blanco, 2013; Openshaw,
2013) Cotton rats are senpermissve forRS\feplication but approximatelyl00-fold more
permissive than BALB/c mice (per inoculum dose of vigsgd & Prince, 199%yith high virus
titers in the lungs. Mice, especially BALB/c mice, show intermediate suscep(ilitge,
Horswood, Berndt, Suffin, & Chanock, 19d@89 minimal clinical signs of disease. Humanized
mice lacking CDd cellsexperienceweight loss and pulmonary pathology characterized by
peribronchiolar inflammatiorf{fSharma et al., 2016; Taylor, 201Fgrrets display RSV titers in
the nasalavageqPrince & Porter, 197@&nd lung,and further species like guinea pigs and
Syrian hamsters show lelevel virus replication in the upper and lower respiratory tract
(Hegele, Robinson, Gonzalez, & Hogg, 1993; Wright, Woodend, & Chanock|ri@dajtion,

neonatal lambs can be infected ar#hibitslight fever, cough and macroscopic lung lesions
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(Olivier, Gallup, de Macedo, Varga, & Ackermann, 2009; Taylor,.201fijsdissertation mice
were usedas an experimental model &{S\Wisease.
1.8 Requirements foBroad Spectrum, Frst-line of DefenseAntivirals

Poor pandemic preparedness hamntributed tomany deaths andevere cases in the
QOVID19 pandemic andnore generalin the annualseasonal peaksf RSV andhfluenza virus
infections(Godshall & Banach, 2021; LiebeP&mper, 2022)Breakthrough infections are
common even though vaccines were developed record time foSAREo\,2. Therefore,
first-line of defense therapeutics are urgently needédt successful candidates must respond
to several requirementgLieber & Plemper, 2022ijirst-line of defensantivirals must be orally
bioavailableo efficiently reachoutpatients, pre-approved for human uskefore the onset of a
novel pandemic, carry a wide safety margin to allow administration to a wide patient
population, and have hroadindicationspectrum to target a range of viral pathogens of
different families.Secondary development criteria includeitabilityfor stockpilingat ambient
temperature and established path tosteffective productiorat scale in existing facilities.
1.9 Antivirals and Developmental CandidatesSudied in this Dissertation

This dissertatiorvaluated siantiviraldrugsand drug candidate Table4 provides
general informationroute of administrationand current approvaktatusfor humanuse for

each of these
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Table4 OverviewAntiviral Drugs andCandidatesUsed in thisDissertation
Antiviral General Route Viral Targets Approval | Rekrences
Paxlovid Combination otwo | Oral SARE0V2; Yes (Cao et al.,
(nirmatrelvir/ | drugs: 3 ritonavir: 2023; J. Liu
ritonavir) chymotrypsinlike discovered and etal.,
cysteine protease used for HIV 2023;
(3CE™) inhibitor Owen et
nirmatrelvir and the al., 2021)
antiretroviral drug
ritonavir
Molnupiravir | Ester prodrug of 8 | Oral Broadspectrum: | Yes ¢on | (Cox et al.,
hydroxycitidine influenza ditionally | 2022; Cokx,
(NHC), NHTP (TP: viruses, for SARS | Wolf, &
triphosphate) is paramyxoviruseg§ Co\2) Plemper,
incorporated by the and 2021,
viral polymerase into pneumoviruses, Lieber et
progeny viral alphaviruses ang al., 2022;
antigenomes and beta- Toots et
genomes and coronaviruses al., 2020;
inducesviral error Yoon et al.,
catastrophe 2018)
Remdesivir | Mono- Intra- Developed Yes (Gottlieb
(G$441524) | phosphoramidate venously| against RSV, firs et al.,
prodrug of a approved small 2022;
ribonucleoside molecule drug Kokic et
analog for treatment of al., 2021;
CovVIBL9 Pruijssers
et al.,
2020)
GS621763 | Oral prodrug of Oral SARE0V2 No (Cox, Waolf,
remdesivir parent Lieber et
al., 2021)
n-Q n -QlU induces Oral Paramyxovirus | No (Lieber et
Fluorouidine | delayed/immediate and rhabdovius al., 2023;
0 FFIY) chain termination families, beta Sourimant,
after incorporation coronavirus Lieber,
into the nascent RNA SAR&E0V2 and Aggarwal,
strand of RSV and orthomyxo et al.,
SARE0V2/ viruses 2022)

influenza viruses,
respectively
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AVGinhibitor | Allosteric inhibitors | Oral RSV No (Cox et al.,
series of RSV RNA synthes 2018;
Sourimant,
Lieber,
Yoon, et
al., 2022)

1.10Microbiome Plays animportant Role in aVariety of Diseases

The effect of the microbiome on a varietydifeases (figure)4Oncodesigrservices,
2023)shows the complexity dhe interactionsbetween the gut and other orgar{&tSayed,
Aleya, & Kamel, 2021; HeiABuschart & Wilmes, 2018Jhe microbiome is aidgfhly dynamic
symbiotic bacterial population of an organismth frequentupdatesand publications
(Gopalakrishnan, Helmink, Spencer, Reuben, & Wargo, 28d&ffort is being made to
uncoverlinks betweenthe microbiome andrgans. The gubrgan axis is a multirectionaland
multi-channel communication system that allows the gut and extraintestinal organs to
communicate with one another and éssentiato understand how the gut microbiome affects
human health(Fredell, 2023)A possiblenterplay of specific components of the microlie
andthe host response toespiratory viralmfectionscould have implications for viral disease
outcome and uncover currently underappreciated risk correlates for advance of a patient to

severe respiratory viral disea¢etSayed et al., 2021)
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The focus ofhe microbiome chapter of thidissertation i<on two specific components

of the microbiota The first isegmented filamentous bacteria (SFB), a gfaositive, spore

forming bacteria, whiclis a major contributorto spontaneoushostresistance to rotavirus (RV)

infection(Ngo, Shi, Jiang, & Gewirtz, 202Z3)e second igut microbiotaderived metabates

like shortchain fatty acids (SCFA) which promote adaptive antiviral imm(iitywn et al.,

2022)
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2. RESULTAND DISCUSSIONS

This dissertation is divided into four result sections basethematic areas:

i) antiviral drug development and characterization with the godbwer transmission of
COVIBL9 andimprovefuture pandemigreparednessin this section, &oborovskdwarf
hamster model of severe COVIR-like lower respiratory tract disease was established and the
impact of paxlovid and molnupiravir on controlling virus transmission determined

i) development of the firsin-class broaespectrum viral polymerase inhibitor-Q
Huorouridine 6 AF),whichwas shown to berally efficaciousagainst RSV, SAR8V2 and
influenza virues/ dZNNBy G 62N)] F20dzaadaSa 2y GKS RS@St 2LI¥S
FIU against ifuenza viruses.

iii) discovery and characterization of a noacleoside, orally efficacious smaiblecule
inhibitor of the RSV RNdependent RNA polymerase. These studies identifidgreamic
interface in the respiratory syncytial virus polymerasenosel druggable target.

iv) evaluation of a possible link between the microbiome composition and host
susceptibility to severe respiratory viral disease. Thismolect identified microbiome
dependent reprogramming of alveolar macrophages as a determiioarsieverity of influenza
virus disease imice andrevealed grotective role of short chain fatty acidch diet against

SARSC0\2 infection.
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Each of the following sections is organized around the relevant publications that
summarize the results ahy studiesprovidingfor each title authorlist, referenceinformation,
and the main article with figures formatted to the respective journal sileen applicable
linksto publicly availablsupplementaryinformation files are provided, which entaitiditional
experimental results, in depth description of experimental methods, statistical analyses, all

guantitative raw data, and large genomics and proteomics datasets.

2.1Researchlopic: SARE 02
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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

Nature Communications | (2022)13:4416
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Fig. 1| Efficacy of NHC against VOC in cultured cells and primary HAEs. a NHC
dose-response assays against SARS-CoV-2 WAl and VOC alpha, beta, gamma, delta,
and omicron on VeroE6-TMPRSS2 cells. ECs, values from non-linear regression
modeling are shown with 95% confidence intervals in parenthesis. b Activity of
10 pM basolateral NHC administered against VOC as in a on well-differentiated
primary HAE organoids. Apically shed virus was harvested every 24 hours during a
3-day period after infection. a, b represent independent biological repeats, lines
intersect group means. LoD limit of detection. ¢ Confocal microscopy of primary
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HAE organoids infected with SARS-CoV-2 VOC gamma. Basolateral NHC suppresses
virus replication at 10 uM. SARS-CoV-2 nucleocapsid (pink; a-SARS-CoV-2 nucleo-
capsid), SARS-CoV-2 spike (green; a-SARS-CoV-2 S) and nuclei (DAPI) were detec-
ted. Z stacks are shown, scale bars 10 um. Per condition and viral target, two
independent transwells were processed, one stained for SARS-CoV-2 spike and one
for SARS-CoV-2 nucleocapsid; representative fields of view are shown. Source data
are provided as a Source Data file.

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.

a infect suvival b 10— c d
Yyvvvyvvvvvvvay 100
@ wow > o _
| = 9 ] )y
@ vcorom > 53 g E
- g 3 >
@ Vocpoen > 22 g o £ 50 i
- g 8 .
@ vooyimow > 2§ g - R — <
i 8 80 2 & .
@ worraem > T
@& vocowm > : b T
VOCo-1x10%fu : 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0246 8101214
0 7 14 time post infection (d) time post infection (d) time post infection (d)
time post infection (d)
e WA (1=14) —=—VOCa(n=5) —o—VOCB(n=5) —e—VOCY (n=14) VOC 5 (n=5) —— VOC 0 (n=5)
e f g

© WA1 (n=5)
© VOCYy (n=5)
© VOC o (n=4)

109_

1 %105 pfu
1084

3 days post infection

SARS-CoV-2 RNA
copies g tissue

fe}

=8 1071 i? e{

o > 10%-

2Q%, 105

B 10°4

34
LoQ o
0T T T

SARS-CoV-2 titer
g’ tissue)

(pfu

—e— WA1 D3 (n=5)

mock WA1 VOC o VOCy
—o— VOC 0 D3 (n=4)
—e— VOC y D3 (n=5)
h e = =t 1%10%pfy 1x104piu i 10°
° ; L o _ 5
@ :voc v 0.5 day post infection 1 day post infection % - 107
g : qg 10 VOC & D0.5 (n=4)
@ VOC & ) 23 £ 108
T i 587, 105 VOC & D1 (n=4)
@ vocs : & 210
L ZE 104 0 VOCy D1 (n=3)
0 0.5 1 Ry
time post infection Y LoD

-roborovski hamsters infected
with 1x10¢ pfu VOC

- tissues collected 0.5d and 1 d
after infection

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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