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ABSTRACT 

This dissertation focuses on enhancing our understanding of severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), respiratory syncytial virus (RSV), measles virus (MeV), 

and Nipah virus (NiV). These viruses represent significant public health challenges, with the 

potential to cause long-term health issues and substantial economic impacts. By developing 

effective treatments that interrupt viral transmission, exploring how past infections influence 

current susceptibility, pinpointing drug targets, advancing our structural knowledge of viral 

proteins, and gaining deeper mechanistic insights into pathogen replication, we can reduce 

disease-related complications and healthcare costs. 

The therapeutic efficacy of several treatments was evaluated using the ferret and 

Roborovski dwarf hamster models of severe COVID-19-like lung disease. These treatments 

included molnupiravir, Paxlovid-like nirmatrelvir/ritonavir, GS-621763 (an oral prodrug of 

remdesivir), 4’-fluorouridine (4’-FlU), EDP-235, and BioBlock (a neutralizing antibody targeting 

the spike protein delivered via nasal spray). In the ferret model, molnupiravir, GS-621763, EDP-

235, and BioBlock effectively prevented SARS-CoV-2 transmission between ferrets, while 

Paxlovid-like nirmatrelvir/ritonavir did not fully inhibit transmission. Additionally, 4’-FlU 

demonstrated strong antiviral activity against SARS-CoV-2 Wuhan lineage A and variants of 

concern (VOCs) alpha, delta, and gamma in ferrets, as well against RSV A in mice. In Roborovski 

dwarf hamsters, molnupiravir significantly reduced severe lung injury and viral lung titers for 

VOCs delta, gamma, and omicron. Similarly, Paxlovid-like nirmatrelvir/ritonavir reduced lung 

titers for VOCs delta and omicron in these hamsters. 



This thesis also highlights the therapeutic potential of GHP-88309, a broad-spectrum 

paramyxovirus polymerase inhibitor, which can effectively counteract measles-like immune 

amnesia. It identifies an immune-priming mechanism that may explain the occurrence of 

bacterial superinfections following measles virus infection, offering insights that could reshape 

future treatment approaches for measles. Additionally, the thesis thoroughly evaluates the use 

of allosteric polymerase inhibitors as chemical probes to enhance the structural resolution of 

essential viral proteins. Furthermore, it expands our understanding of Nipah virus replication 

dynamics, revealing a promising target site for drug development. 
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1. INTRODUCTION 

 The primary objectives of this dissertation were to: i) identify broad-spectrum 

polymerase inhibitors targeting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

and respiratory syncytial virus (RSV); ii) assess the efficacy of the direct-acting antiviral GHP-

88309 for paramyxovirus infections, while also evaluating how prior respiratory virus infections 

influence measles severity; and iii) functionally and biochemically map the three binding 

interfaces of the Nipah virus (NiV) phosphoprotein’s X-domain (XD). The findings presented 

here have advanced the pre-clinical development of antivirals for SARS-CoV-2 and RSV and 

highlighted a therapeutic window to prevent SARS-CoV-2 transmission. Additionally, this work 

enhances the understanding of how previous disease history can affect subsequent infections, 

provides mechanistic insights into NiV replication, and identifies a promising druggable target 

for combating NiV infection. 

1.1 Therapeutics and Developmental Candidates of Focus 

Many of the therapeutics discussed in this dissertation target the viral RNA-dependent 

RNA polymerase (RdRP). These antivirals are generally categorized into nucleoside and non-

nucleoside inhibitors (Denel-Bobrowska & Olejniczak, 2022; Tian et al., 2021). Nucleoside 

inhibitors act as structural analogues of nucleosides, incorporating into the viral genome and 

interfering with replication through either chain-terminating or non-chain-terminating 

mechanisms. Chain-terminating nucleoside analogues prevent the extension of nascent RNA, 

while non-chain-terminating analogues allow RNA extension but induce lethal mutagenesis 

(Denel-Bobrowska & Olejniczak, 2022; Johnson & Dangerfield, 2021; Kabinger et al., 2021; C. M. 

Lieber & R. K. Plemper, 2022). Non-nucleoside, or allosteric, inhibitors disrupt viral replication 



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 2 

by altering the polymerase’s conformation through alteration of the protein’s intrinsic motions 

(Davis et al., 2015).  

The viral RdRP is inherently a highly attractive therapeutic target for several reasons. 

Firstly, the viral polymerase is crucial for the enzymatic processes required for viral genome 

replication and transcription, and it is often highly conserved across different virus genera 

(Fearns & Plemper, 2017; Vicenti et al., 2021). This conservation can lead to a broad-spectrum 

antiviral activity profile. Additionally, escape mutations that arise due to the selective pressure 

of specific antivirals are usually poorly tolerated and can impose a fitness penalty on the virus 

(Kabinger et al., 2021), reducing the likelihood of resistance development. Moreover, because 

RdRP lacks homologs in host cells, there is a lower risk of host-directed off-target effects 

(Campagnola et al., 2011), minimizing the potential for undesirable side effects.  

This dissertation explores therapeutics targeting three distinct viruses (Table 1): i) SARS-

CoV-2: molnupiravir, ritonavir/nirmatrelvir, remdesivir, GS-621763, 4’-fluorouridine, EDP-235, 

and BioBlock; ii) RSV: 4’-fluorouridine, AVG-233, and JNJ-8003; and iii) measles virus: GHP-

88309 and ERDRP-0519. 

Molnupiravir is an orally administered prodrug of the non-chain terminating nucleoside 

analogue N4-hydroxycytidine (NHC). It is converted to its active triphosphate form (NHC-TP), 

which integrates into the viral genome, leading to lethal mutagenesis (Kabinger et al., 2021). 

Paxlovid combines nirmatrelvir, a peptidomimetic targeting the SARS-CoV-2 3-chymotrypsin-

like cysteine protease (3CLpro) active site, with ritonavir, which enhances nirmatrelvir’s half-life 

by inhibiting cytochrome P450 enzymes CYP2D6 and CYP3A4 (Kumar et al., 1996; Carolin M. 
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Lieber & Richard K. Plemper, 2022; Pavan et al., 2021). In contrast, EDP-235 is a peptidomimetic 

3CLpro inhibitor that does not require ritonavir co-administration (Rhodin et al., 2024).  

Remdesivir, GS-621763, and 4’-fluorouridine (4’-FlU) are nucleoside analogues that, 

upon incorporation into the viral genome, cause delayed chain termination without inducing 

mutagenesis (Kokic et al., 2021; Sourimant et al., 2022). Remdesivir and GS-621763 are 

intravenous and oral prodrugs, respectively, metabolized into the active triphosphate GS-

443902 (Cox, Wolf, Lieber, et al., 2021). 4’-FlU is orally bioavailable and converted into the 

active 4’-FlU triphosphate (Sourimant et al., 2022). BioBlock, a neutralizing antibody derived 

from bovine colostrum, binds to the SARS-CoV-2 spike (S) protein and is administered via nasal 

spray (Gildemann et al., 2024). AVG-233, JNJ-8003, GHP-88309, and ERDRP-0519 are non-

nucleoside inhibitors that bind to specific sites within the viral polymerase, blocking necessary 

structural domain rearrangements required for efficient RNA synthesis (Wolf et al., 2024). AVG-

233, JNJ-8003, and GHP-88309 inhibit de novo polymerase initiation at the promoter, while 

ERDRP-0519 uniquely prevents all phosphodiester bond formation (Cox, Sourimant, et al., 2021; 

Cox et al., 2020; Carolin M. Lieber & Richard K. Plemper, 2022; Yoon et al., 2009; Yu et al., 

2023). 

 

Table 1. Therapeutics and Developmental Candidates of Focus 

Therapeutic Structure Mechanism 
of Action 

Molnupiravir 

 
 

Lethal 
mutagenesis 
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Paxlovid: 
Nirmatrelvir 

 

3CLpro 

inhibition 

Paxlovid: 
Ritonavir 

 

CYP2D6 and 
CYP3A4 

inhibition; 
improves 

nirmatrelvir 
half-life 

EDP-235 

 

3CLpro 

inhibition 

Remdesivir 

 
 

Delayed 
chain 

termination 
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GS-621763 

 

Delayed 
chain 

termination 

4’-
fluorouridine 

 

Delayed 
chain 

termination 

BioBlock Not applicable 

Neutralizing 
antibody; 

targets    
SARS-CoV-2   

S protein 

AVG-233 

 

Blocks de 
novo 

polymerase 
initiation at 

the promoter 

JNJ-8003 

 

Blocks de 
novo 

polymerase 
initiation at 

the promoter 
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GHP-88309 

 

Blocks de 
novo 

polymerase 
initiation at 

the promoter 

ERDRP-0519 

 
 

Prevents all 
phosphor-

diester bond 
formation 

 

1.2 Featured Viruses of Concern 

SARS-CoV-2, a positive-sense RNA virus from the family Coronaviridae (Figure 1) (Hu et 

al., 2021), and three negative-sense RNA viruses from the family Paramyxoviridae, RSV, measles 

virus (MeV), and Nipah virus (NiV) (Figure 2) (Aggarwal & Plemper, 2020), are major global 

public health concerns and are the primary focus of this dissertation. Since its emergence in 

2020, SARS-CoV-2 has caused widespread devastation, with over 775 million reported cases 

and more than 7 million deaths globally (WHO, 2023b). Currently, three antivirals have been 

authorized for treatment of SARS-CoV-2 infections: molnupiravir, Paxlovid, and remdesivir 

(Antivirals Agents, Including Antibody Products Summary Recommendations, 2024). 

In 2019, RSV was responsible for approximately 33 million infections and over 100,000 

deaths among children under the age of five worldwide (Li et al., 2022). In the United States, 

RSV infections in people aged 65 and older lead to an estimated 60,000-160,000 
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hospitalizations and 6,000-10,000 deaths annually (CDC, 2023). Although ribavirin is the only 

FDA-approved antiviral for treating RSV in children, it is no longer recommended by the 

American Academy of Pediatrics due to having questionable efficacy data based on studies that 

relied on short-term outcome measures and lacked adequate controls (Ventre & Randolph, 

2007), challenges with administration, significant side effects, a complex delivery system, and 

high treatment costs (Hoover et al., 2018). 

 

Figure 1. Structure of SARS-CoV-2 
Schematic of a SARS-CoV-2 virion containing a single-stranded, positive-sense RNA genome. 
Figure partially created with BioRender.com. 
 

 

Figure 2. Genome Organization of the Featured Paramyxoviruses 
For each genome, the open reading frames and intergenic regions are shown on a relative scale. 
ORFs: non-structural protein 1 (NS1), non-structural protein 2 (NS2), nucleocapsid (N), 
phosphoprotein (P), matrix (M), short hydrophobic (SH), glycoprotein (G), hemagglutinin (H), 
fusion (F), M2, polymerase (L). The MeV and NiV P ORFs also encode the alternative genes, P, V, 
W, and/or C. 



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 8 

In 2023, over 100,000 measles cases were reported globally (CDC, 2024c), and this 

number is expected to rise as vaccine hesitancy decreases coverage rates below the 95% 

needed for herd immunity (Pandey & Galvani, 2023). Since 2001, NiV has caused near-annual 

outbreaks in countries like India, Bangladesh, and Malaysia. In 2023, an outbreak in Kerala, 

India, resulted in 30 cases of NiV infection and approximately half the number of cases were the 

result of human-to-human transmission (Cui et al., 2024). Currently, there are no approved 

antiviral treatments for a measles (Peart Akindele et al., 2023) or NiV infection (Alam, 2022; 

Singh et al., 2024), underscoring the urgent need to develop effective drugs targeting these 

viruses.  

1.3 Severe Acute Respiratory Syndrome Coronavirus 2 

In 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged from 

an animal reservoir and swiftly became the notorious cause of the coronavirus disease 2019 

(COVID-19) pandemic, which ravaged the world from 2020 to 2023, leading to substantial 

morbidity and mortality (Hu et al., 2021; Steiner et al., 2024). On December 12, 2019, a cluster 

of pneumonia-like cases was reported in Wuhan, China. By January 7, 2020, Chinese public 

health officials had identified the causative agent as a novel coronavirus. A week later, the 

WHO confirmed evidence of possible human-to-human transmission of SARS-CoV-2. SARS-CoV-

2 infections quickly spread worldwide, and by March 11, 2020, the WHO declared COVID-19 a 

pandemic (CDC, March 15, 2023). 

In October 2020, the U.S. Food and Drug Administration (FDA) approved remdesivir, the 

first intravenously administered antiviral for SARS-CoV-2 (FDA, 2020). Nearly nine months into 

the pandemic, the Pfizer-BioNTech mRNA vaccine received emergency use authorization (EUA) 
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from the FDA for individuals aged 16 and older. Around the same time, research presented in 

this dissertation was among the first to show that the orally available antiviral molnupiravir 

could interrupt SARS-CoV-2 transmission in a ferret model (Cox, Wolf, & Plemper, 2021). 

Following this, molnupiravir was granted EUA for COVID-19 treatment just three weeks later 

(NIH, 2024a). Most recently, in May 2023, the FDA approved a second oral antiviral, Paxlovid 

(FDA, 2023a). By July 2024, nearly 776 million COVID-19 cases had been reported globally, 

resulting in over 7 million deaths. The widespread administration of the initial vaccination series 

to more than 56% of the global population contributed to a reduction in the pandemic's impact 

(Narayanan et al., 2024; WHO, 2024). Although the World Health Organization (WHO) declared 

COVID-19 no longer a global health emergency in May 2023 (WHO, 2023a), SARS-CoV-2 

infections continue at lower levels, with over 128,000 new cases and 1,800 deaths reported in 

June 2024 (WHO, 2024). 

SARS-CoV-2, a virus in the genus Betacoronavirus and family Coronaviridae, is an 

enveloped, positive-sense, single-stranded RNA virus that infects both mammals and birds. It 

enters host cells through interaction between its spike (S) protein and the angiotensin-

converting enzyme 2 (ACE2) receptor (Hoffmann et al., 2020; Hu et al., 2021; Steiner et al., 

2024; Walls et al., 2020). Initially, the SARS-CoV-2 viral load is highest in the upper respiratory 

tract, but it can shift to be primarily in the lower respiratory tract as the infection progresses 

(Wölfel et al., 2020). The virus primarily spreads through respiratory aerosols due to its tissue 

tropism, and factors such as viral load, immune status, age, proximity, and exposure duration 

affect the likelihood of human-to-human transmission (Ma et al., 2021; Meyerowitz & 

Richterman, 2022; Meyerowitz et al., 2021). COVID-19 symptoms can range from asymptomatic 
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to severe. Mild cases may present with cough, sore throat, headache, general malaise, and 

fever, while more severe cases can lead to respiratory failure, multi-organ dysfunction, and 

death (NIH, 2024b). 

To assess different aspects of human SARS-CoV-2 infections, this dissertation utilizes 

two animal models: the ferret transmission model and the Roborovski dwarf hamster model of 

severe COVID-19-like lung injury. In the studies referenced, ferrets were employed to model an 

asymptomatic SARS-CoV-2 infection and transmission, assessing the efficacy of antiviral 

therapeutics. Ferrets are particularly suitable for this purpose due to their respiratory system's 

similarity to that of humans, including their ability to sneeze and cough, which makes them a 

good model for studying viral transmission (Chu et al., 2022; Sun et al., 2010). However, a 

limitation of this model is that transmission rates are low for all variants of concern (VOCs), 

making the early pandemic Wuhan lineage A the preferred variant (Lieber et al., 2022). In 

contrast, Roborovski dwarf hamsters serve as a prominent model for severe COVID-19, as they 

develop a lower respiratory tract infection characterized by diffuse alveolar damage and 

thrombosis that closely mimics the pathogenicity of VOCs in humans and leads to severe and 

often fatal pneumonia (Lieber et al., 2022; Trimpert et al., 2020). 

1.4 Respiratory Syncytial Virus 

Respiratory syncytial virus (RSV), belonging to the genus Orthopneumovirus within the 

family Paramyxoviridae and the order Mononegavirales, is a major cause of lower respiratory 

tract infections that lead to hospitalization in infants and young children worldwide (Acosta et 

al., 2015; "Causes of severe pneumonia requiring hospital admission in children without HIV 

infection from Africa and Asia: the PERCH multi-country case-control study," 2019; Hall, 2010; 
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Nair et al., 2010; Wang et al., 2024). The only known natural hosts of RSV are humans and 

chimpanzees, but it can also infect animals such as cotton rats and mice, which are utilized as 

animal models for research (Domachowske et al., 2004; Graham et al., 2002). 

RSV was first isolated from chimpanzees in 1955 (Blount et al., 1956), and a formalin-

inactivated vaccine was tested in the United States in 1966. Unfortunately, the vaccine proved 

ineffective and, in some cases, actually worsened RSV disease in children (Acosta et al., 2015; 

Delgado et al., 2009; Mullard, 2008). In 1998, the monoclonal antibody Palivizumab was 

approved for prophylactic use in high-risk infants (Resch, 2017). Over 60 years after the 

formalin-inactivated vaccine's failure, the FDA approved two new RSV vaccines in May 2023: 

Arexvy (FDA, 2023b) and Abrysvo (Pfizer), both targeting the pre-fusion stabilized RSV fusion 

protein. In July 2023, the FDA also approved Nirsevimab-alip, a long-acting monoclonal 

antibody for use in babies and toddlers (FDA, 2023c). Most recently, in June 2024, the FDA 

approved a third RSV vaccine based on an mRNA platform, mRNA-1345 (mRESVIA) (Mullard, 

2024). Despite these significant advancements in RSV prevention, no antivirals have yet 

received approval. 

RSV, which has two antigenic subtypes (RSV-A and RSV-B) that are based on slightly 

different glycoprotein sequence identities, can cause a severe acute respiratory infection. By 

the age of two most, children have been infected by RSV (Felicetti et al., 2024; Rago et al., 

2024). After an average incubation period of 4 to 6 days, RSV replicates in the nasal epithelium 

and the lower respiratory tract, respectively, causing symptoms such as rhinorrhea, sneezing, 

coughing, dyspnea, respiratory distress, and fever (CDC, 2024e; Jiang et al., 2023). In infants 

younger than two years of age, re-infection with RSV occurs in 30-75% of patients who had 
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experienced RSV before their first birthday. Repeat exposures to RSV throughout an individual’s 

lifetime typically results in less severe symptoms and often limits the infection to the upper 

respiratory tract. However, viral migration into the lower respiratory tract still occurs in 25% of 

older children and adults (Felicetti et al., 2024; Jiang et al., 2023; Staadegaard et al., 2021; 

Wrotek et al., 2023).  

1.5 Measles and Canine Distemper Virus 

Measles virus (MeV) and canine distemper virus (CDV), both members of the genus 

Morbillivirus within the family Paramyxoviridae, are extremely pathogenic and are among the 

most contagious viruses in this family (Quintero-Gil et al., 2019; Wilkes, 2022). While MeV is 

known to exclusively infect humans (with occasional cases in non-human primates), CDV affects 

a diverse range of animals, including those in the orders Carnivora, Rodentia, Artiodactyla, 

Pilosa, and Primates (Deem et al., 2000; Lunardi et al., 2018; Martinez-Gutierrez & Ruiz-Saenz, 

2016; Rendon-Marin et al., 2019; Watson et al., 2020; Wilkes, 2022). Unlike MeV, which has a 

low fatality rate of about 1% in humans (CDC, 2024a, 2024b, 2024d; Crum, 1914), CDV can be 

fatal in certain animals, such as ferrets, with a 100% mortality rate (Krumm et al., 2014). 

Though no human cases of CDV have been documented, the virus could potentially evolve to 

infect humans with just a single point mutation in the hemagglutinin (H) protein (Bieringer et 

al., 2013; Ohno et al., 2003; Sakai et al., 2013). Fortunately, continued universal vaccination 

against MeV is expected to provide cross-protection to CDV from neutralizing antibodies, thus 

reducing the risk of such a cross-species transmission (de Vries et al., 2014). 

Although measles was first clinically described in the 10th century CE by the Persian 

physician Abu Bakr Muhammad Ibn Zakariya Al Razi (commonly known as Rhazes) (Amr & 
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Tbakhi, 2007; Berche, 2022), selection-aware Bayesian molecular clock modeling suggests that 

MeV may have diverged from its close relative, the rinderpest virus, as early as the 6th century 

BCE (Düx et al., 2020). Before the introduction of the first vaccine in 1963, MeV was endemic 

worldwide, causing approximately 30 million cases and 2.6 million deaths annually 

(eClinicalMedicine, 2024). Since the year 2000, the widespread use of the highly effective MeV 

vaccine has reportedly prevented over 57 million deaths globally. Despite the disease being 

declared officially eliminated in the United States in 2000, travel-related cases continue to 

occur in at-risk populations each year, albeit at low levels (CDC, 2024a, 2024b, 2024c). 

After exposure to MeV and an average incubation period of 10-15 days, the initial 

symptoms of measles typically include fever, cough, runny nose, conjunctivitis, and the 

appearance of tiny white spots inside the mouth known as Koplik's spots, which are a 

distinctive diagnostic sign of the infection (CDC, 2024d; Steichen & Dautheville, 2009). Within 2-

4 days following these initial symptoms, a maculopapular rash develops and spreads from the 

head down to the rest of the body. This rash is a hallmark of measles, driven by a T-cell 

response to MeV-infected cells in the capillaries. The symptoms, including the rash, usually 

resolve within two weeks (CDC, 2024d; Yanagi et al., 2006). 

Even after the resolution of symptoms, a significant concern is that, beyond infecting 

respiratory epithelial cells, the interaction between the viral H protein and the host cell surface 

receptor signaling lymphocyte activation molecule (CD150) enables lymphotropic 

morbilliviruses like MeV and CDV to also infect macrophages, dendritic cells, B- and T-cells, and 

hematopoietic stem cells (Laksono et al., 2016; Rendon-Marin et al., 2019; von Messling et al., 

2006; von Messling et al., 2001; Yanagi et al., 2006). This ability allows these viruses to severely 



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 14 

deplete the population of CD150+ lymphocytes, including memory B- and T-cells, thereby 

erasing the host's pre-existing immune memory (Laksono et al., 2018; Mina et al., 2019; 

Morales & Muñoz, 2021; Petrova et al., 2019). 

1.6 Nipah Virus 

Nipah virus (NiV) is a highly pathogenic zoonotic paramyxovirus classified under the 

genus Henipavirus and the family Paramyxoviridae (Gaudino et al., 2020). The natural reservoir 

of this virus is fruit bats of the genus Pteropus, commonly known as flying foxes. NiV is typically 

transmitted to humans or other animals through contact with bat urine, feces, or saliva. In 

Malaysia, the primary reservoir hosts are P. vampyrus and P. hypomelanus, while in 

Bangladesh, it is P. giganteus (Kulkarni et al., 2013). The case fatality rate of NiV infection in 

humans varies significantly, ranging from 40% for the Malaysia strain to 90% for the Bangladesh 

strain (Gaudino et al., 2020).  

The first cases of NiV were reported in 1998 during an outbreak on pig farms in the 

suburb of Ipoh, Perak, Malaysia. This outbreak caused respiratory illness and encephalitis in 

pigs, which then spread to pig farmers. The crisis led to the culling of over 1 million pigs, and by 

mid-1999, there had been 265 human cases and 105 deaths (Field et al., 2001; Looi & Chua, 

2007; "Update: outbreak of Nipah virus--Malaysia and Singapore, 1999," 1999). NiV can enter 

the human population either through spillover from an intermediate animal host, as seen with 

pig-to-human transmission, or directly from bats to humans (Figure 3) (Clayton, 2017). 

Additionally, human-to-human transmission has been documented (Gaudino et al., 2020; 

Gurley, Montgomery, Hossain, Bell, et al., 2007; Gurley, Montgomery, Hossain, Islam, et al., 

2007). 
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Nipah virus has broad cell tropism, interacting with host epithelial, endothelial, and 

neuronal cells via its surface glycoprotein (G) and the highly conserved mammalian cell 

receptors ephrin-B2 and ephrin-B3 (Laing et al., 2019; Negrete et al., 2005; Negrete et al., 2006; 

Xu et al., 2012). Viral entry is facilitated by the fusion (F) protein, which mediates the fusion of 

the viral membrane with the host cell membrane in a pH-independent manner (Lamp et al., 

2013; Liu et al., 2013). Once inside the cytoplasm, viral RNA synthesis is carried out by the viral 

RNA-dependent RNA polymerase (RdRP), which includes the large (L) protein and the phospho 

(P) protein (Wolf et al., 2024). The RdRP complex interacts with the RNA template through a 

critical interaction between the P protein and the nucleocapsid (N) protein (Figure 4) (Bloyet et 

al., 2016; Communie et al., 2013; Du Pont et al., 2019; Ker et al., 2021; Ogino & Green, 2019). 

With an average incubation period of 4 to 14 days (WHO, 2018), NiV initially replicates 

in the airways before advancing to a viremic phase. During this phase, the virus spreads 

systemically, infecting organ endothelial cells and the central nervous system, which can lead to 

a wide range of symptoms (Lamp et al., 2013). Symptoms vary in severity and may include 

acute respiratory distress, fever, headache, muscle pain, altered consciousness, brainstem 

dysfunction, and seizures (Alam, 2022; Hossain et al., 2008; WHO, 2018). The disease often 

progresses to viral encephalitis and can cause extensive damage to respiratory, vascular, and 

neurological tissues, which can result in multisystem organ failure and death. Survivors of NiV 

infection face a significant risk of developing long-term neurological deficits, with nearly 20% 

experiencing these lasting effects (Faus-Cotino et al., 2024; Sejvar et al., 2007). 
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Figure 3. Transmission of Nipah Virus 
Nipah virus can be transmitted to humans directly by fruit bats, through an intermediate animal 
host such as a pig or horse, or by consumption of fruits or data palm sap that have been 
contaminated with NiV. Created with BioRender.com. 
 

 
Figure 4. Domain Organization of Nipah Virus Nucleocapsid Protein 
Nucleocapsid protein is composed of a folded N-core and an intrinsically disordered C-terminal 
N-tail, which contains three microdomains, box 1 – box 3. The putative molecular recognition 
element (MoRE) that interacts with the X-domain (XD) of the P protein has been predicted based 
on the Hendra virus (HeV) N NMR predicted interaction with HeV P-XD. 
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2. RESULTS AND DISCUSSIONS 

The data in this dissertation are organized into three results sections, as follows: 

i) Assessing the effectiveness of various SARS-CoV-2 antivirals in ferret and Roborovski 

dwarf hamster models to enhance their preclinical and clinical development. 

ii) Exploring the therapeutic potential of the potent, broad-spectrum polymerase 

inhibitor GHP-88309 for treating measles-like CDV disease and preventing virus-induced 

immune amnesia in the ferret model. This section also thoroughly evaluates the use of GHP-

88309 and other polymerase inhibitors as small-molecule chemical probes to enhance the 

structural resolution of the paramyxovirus polymerase. 

iii) Mapping and characterizing three distinct NiV P-XD interfaces, which led to the 

identification of a transient interface between the N protein and P-XD crucial for polymerase 

activity. 

The following sections include relevant publications that present the results of each 

study. For each publication, the title, author list, affiliations, references, and the full article with 

figures are all formatted according to the approved style of the journal. When applicable, web 

links to publicly available supplementary information—such as additional experimental results, 

detailed methods, statistical analyses, quantitative raw data, and extensive 

genomics/proteomics datasets—are also provided. 

2.1 Research Topic: SARS-CoV-2 
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2.1.1 Therapeutically Administered Ribonucleoside Analogue MK-4482/EIDD-2801 Blocks 

SARS-CoV-2 Transmission in Ferrets 
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The coronavirus disease 2019 (COVID-19) pandemic is having 
a catastrophic impact on human health1. Widespread commu-
nity transmission has triggered stringent distancing measures 
with severe socio-economic consequences. Gaining control of 
the pandemic will depend on the interruption of transmission 
chains until vaccine-induced or naturally acquired protective 
herd immunity arises. However, approved antiviral treatments 
such as remdesivir and reconvalescent serum cannot be deliv-
ered orally2,3, making them poorly suitable for transmission 
control. We previously reported the development of an orally 
efficacious ribonucleoside analogue inhibitor of influenza 
viruses, MK-4482/EIDD-2801 (refs. 4,5), that was repurposed 
for use against severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) and is currently in phase II/III clinical tri-
als (NCT04405570 and NCT04405739). Here, we explored 
the efficacy of therapeutically administered MK-4482/
EIDD-2801 to mitigate SARS-CoV-2 infection and block trans-
mission in the ferret model, given that ferrets and related 
members of the weasel genus transmit the virus efficiently 
with minimal clinical signs6–9, which resembles the spread 
in the human young-adult population. We demonstrate high 
SARS-CoV-2 burden in nasal tissues and secretions, which 
coincided with efficient transmission through direct contact. 
Therapeutic treatment of infected animals with MK-4482/
EIDD-2801 twice a day significantly reduced the SARS-CoV-2 
load in the upper respiratory tract and completely suppressed 
spread to untreated contact animals. This study identified oral 
MK-4482/EIDD-2801 as a promising antiviral countermea-
sure to break SARS-CoV-2 community transmission chains.

MK-4482/EIDD-2801 is the orally available pro-drug of the 
nucleoside analogue N4-hydroxycytidine (NHC), which has shown 
potent anti-influenza virus activity in mice, guinea pigs, ferrets 
and human airway epithelium organoids4,10,11. Acting through the 
induction of error catastrophe in virus replication4,12, NHC has 
broad-spectrum anti-RNA virus activity. In addition to ameliorat-
ing acute disease, we have demonstrated in a guinea pig transmis-
sion model that NHC effectively blocks the spread of influenza virus 
from infected animals to untreated contact animals11.

Several mouse models of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection have been developed, 
some of which were also employed to confirm the in vivo efficacy 
of MK-4482/EIDD-2801 against betacoronaviruses13. However, 
human SARS-CoV-2 cannot productively infect mice without 
viral adaptation or introduction of human ACE2 into transgenic 
animals, and none of the mouse models support transmission to 

uninfected mice14. Spill-back of SARS-CoV-2 to farmed minks, 
subsequent large-scale mink-to-mink transmission and, in some 
cases, zoonotic transmission back to humans revealed efficient 
viral spread among members of the weasel genus without previous 
adaptation6–9. Although mink farms reported elevated animal mor-
tality and gastrointestinal and respiratory clinical signs15, outbreak 
follow-up revealed continued intra-colony spread for extended 
periods of time9, suggesting that the acute clinical signs in the 
majority of infected animals may be mild. These mink field reports 
corroborated results obtained with experimentally infected ferrets 
showing that mustelids of the weasel genus transmit SARS-CoV-2 
efficiently without strong clinical disease manifestation16,17. As this 
presentation of SARS-CoV-2 infection resembles the experience 
of frequently asymptomatic or mildly symptomatic SARS-CoV-2 
spread in the human young-adult population18, ferrets represent a 
relevant model species to assess therapeutic impact on SARS-CoV-2 
transmission.

To first validate host invasion and tissue tropism of SARS-CoV-2 
in ferrets, we inoculated animals intranasally with either 1 × 104 
or 1 × 105 plaque-forming units (p.f.u.)—low- and high-inoculum 
group, respectively—of SARS-CoV-2 clinical isolate 2019-nCoV/
USA-WA1/2020 per animal. The shed virus burden was monitored 
daily over a period of 10 d. The virus load in the upper and lower 
respiratory tract was determined for two animals from each inocu-
lum group on days four and ten after infection, respectively.

Virus release from the upper respiratory tract peaked three days 
after infection and was undetectable by day seven in the animals 
of the high-inoculum group (Fig. 1a and Supplementary Table 1).  
Infection of animals in the low-inoculum group was less efficient. 
The shedding profiles correlated closely with the infectious par-
ticle load in nasal turbinates; a heavy virus tissue burden in the 
high-inoculum group was present on day four, which decreased 
substantially by approximately four orders of magnitude by day ten 
(Fig. 1b and Supplementary Table 2).

Infection with a low concentration of inoculum resulted in 
low virus loads in the turbinates on day 4 and undetectable bur-
den thereafter. However, quantitation of viral RNA copy numbers 
in the turbinates using RT–qPCR revealed the continued presence 
of moderate (approximately 104 copies g−1 tissue) to high (≥107 cop-
ies g−1 tissue) virus loads in the groups with low and high inocu-
lums, respectively (Fig. 1c and Supplementary Table 3). Irrespective 
of the inoculum concentration, no infectious particles were detected 
in bronchoalveolar lavages or lung tissue samples (Extended Data 
Fig. 1). Several organ samples (lungs, heart, kidneys and liver) were 
also RT–qPCR-negative on both days 4 and 10 (Fig. 1d), confirming 
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inefficient infection of the ferret lower respiratory tract and limited 
systemic host invasion. Only the small and large intestine samples 
were PCR-positive on day 4 after infection, and rectal swabs showed 
continued low-grade shedding of viral genetic material (Fig. 1e and 
Supplementary Table 4).

The animals in the high-inoculum group experienced a transient 
drop in body weight that reached a low plateau on days 5–6 after 
infection but recovered fully by the end of the study (Fig. 1f and 
Supplementary Table 5). One animal in the low-inoculum group 
showed a gradual slight reduction in body weight until the end of 
the study (day 10). No other clinical signs, such as fever or respi-
ratory discharge, were noted. The complete blood counts (CBCs) 
taken every second day revealed no significant deterioration from 
the normal range in the overall white-blood-cell counts as well as 
lymphocyte, neutrophil and platelet populations of either inoculum 
group (Fig. 1g and Supplementary Table 6). The relative expres-
sion levels of type I and II interferon in the ferret peripheral blood 
mononuclear cells (PBMCs) sampled at 48-h intervals reached a 
plateau approximately 3 d after infection and stayed moderately 
elevated until the end of the study (Fig. 1h,i and Supplementary  
Table 7). IL-6 levels were moderately elevated in some ani-
mals but these changes did not reach statistical significance  
(Fig. 1j). However, we noted a prominent expression peak of select 
interferon-stimulated genes (ISGs) with antiviral effector func-
tion (MX1 and ISG15) 4 d after infection, followed by a return to  
baseline expression by the end of the study (Fig. 1k,l).

Before in  vivo efficacy evaluation, we validated the potency 
of NHC against the SARS-CoV-2 clinical isolate 2019-nCoV/
USA-WA1/2020 in cell culture (Fig. 2a). Four-parameter variable 
slope regression modelling of the dose-response data revealed 50 
and 90% effective concentrations (EC50 and EC90, respectively) of 
approximately 3.4 µM and 5.4 µM, respectively, which is within 
an approximately sixfold range of potency data reported for other 
human betacoronaviruses19. Based on these results, ferrets were 
infected with 1 × 105 p.f.u. per animal in the subsequent MK-4482/
EIDD-2801 efficacy tests and the levels of infectious virions in nasal 
lavages were determined twice daily (Fig. 2b). The viral burden in 
respiratory tissues was assessed 4 d after infection. In all treatment 
experiments, MK-4482/EIDD-2801 was administered twice a day 
(b.i.d.) through oral gavage. Dosing commenced 12 h after infection 
at 5 or 15 mg kg−1 body weight, or 36 h after infection at 15 mg kg−1. 
The titres of shed virus in the nasal lavages were equivalent in all 
MK-4482/EIDD-2801 groups and vehicle-treated controls at the 
time of the first treatment (12 h after infection), indicating uniform 
inoculation of all animals in the study (Fig. 2c and Extended Data 
Fig. 2a). Initiation of therapy at the 12-h time point resulted in a 
significant reduction (P < 0.001) of the shed virus load within 12 h, 
independently of the MK-4482/EIDD-2801 dose administered, and 

infectious particles became undetectable within 24 h of the start of 
treatment. When first administered at the peak of virus shedding 
(36 h after infection), MK-4482/EIDD-2801 completely suppressed 
the release of infectious virions into nasal lavages within a slightly 
longer period of 36 h, whereas the vehicle control animals contin-
ued to shed infectious particles until the study end.

Only the vehicle-treated animals carried detectable virus burden 
in their nasal turbinates 3.5 d after infection (Fig. 2d and Extended 
Data Fig. 2b), indicating that MK-4482/EIDD-2801 had silenced 
all SARS-CoV-2 replication. SARS-CoV-2 RNA was still detectable 
in the nasal tissues extracted from animals in all groups, albeit sig-
nificantly reduced (P = 0.0089 and 0.0081 for the 5 and 15 mg kg−1 
MK-4482/EIDD-2801 groups, respectively) in the treated animals 
versus the vehicle controls (Fig. 2e and Extended Data Fig. 2c). 
The animals in the 12-h therapeutic groups showed a significant 
reduction (P ≤ 0.044) in effector ISG expression compared with the 
vehicle-treated animals, although no significant differences in rela-
tive interferon and IL-6 induction were observed (Extended Data 
Fig. 3a–f).

These results demonstrate the oral efficacy of therapeutic 
administration of MK-4482/EIDD-2801 against acute SARS-CoV-2 
infection in the ferret model. Consistent with our previous phar-
macokinetic and toxicology work-up of MK-4482/EIDD-2801 
in ferrets, treatment did not cause any phenotypically overt 
adverse effects, and the white-blood-cell and platelet counts of 
the drug-experienced animals remained within the normal range 
(Extended Data Fig. 4).

SARS-CoV-2 shedding into the upper respiratory tract of ferrets 
establishes conditions for the productive spread from the infected 
source to uninfected contact animals16,17. To assess transmission 
efficiency, we co-housed intranasally infected source animals with 
two uninfected contact animals each for a period of 3 d, starting 30 h 
after the inoculation of the source animal (Fig. 3a). Nasal lavages 
and rectal swabs were obtained daily from all of the animals and 
blood was sampled at the start of the study and on days four and 
eight after the original infection. The viral burden and RNA copy 
numbers in the respiratory tissues were determined at the end of 
the co-housing phase (source animals) and at study termination  
(contact animals).

Infectious particles first emerged in the nasal lavages of some 
contact animals 24 h after the start of co-housing (Fig. 3b and 
Supplementary Table 8). By the end of the co-housing phase, all con-
tact animals were infected and approached the peak virus-replication 
phase, demonstrating that transmission of SARS-CoV-2 among fer-
rets is rapid and highly efficient.

A second cohort of source animals inoculated in parallel with 
SARS-CoV-2 received oral MK-4482/EIDD-2801 at a dose of 
5 mg kg−1 body weight, administered b.i.d. starting 12 h after 

Fig. 1 | SARS-CoV-2 infects the upper respiratory tract of ferrets. Ferrets (n!=!4 biologically independent animals) were intranasally inoculated with 
either 1!×!104 or 1!×!105!p.f.u. 2019-nCoV/USA-WA1/2020. a, Virus titre in nasal lavages collected daily. LOD, limit of detection. b–f, At 4 and 10!d post 
infection, two ferrets from each group were killed and the infection was characterized. b, Number of infectious virus particles in the nasal turbinates. 
c, Viral RNA was present in the nasal turbinates of all of the infected ferrets. d, Number of viral RNA copies, determined using quantitative PCR with 
reverse transcription (RT–qPCR), in select organs extracted from infected ferrets 4 or 10!d after infection. Two lung lobes (right (R.) and left (L.) cranial) 
per animal; SI, small intestine; LI, large intestine. e, Detection of 2019-nCoV/USA-WA1/2020 RNA in rectal swabs of ferrets inoculated with 1!×!105!p.f.u. 
RNA was extracted from the rectal swabs and the absolute copy numbers were determined using RT–qPCR. f, Body weight of ferrets, measured daily 
and expressed as a percentage of their weight at day 0. g, CBC analysis, performed every second day. No noticeable differences were detected for any of 
the parameters tested, including total white blood cells (WBCs), lymphocytes, neutrophils and platelets. The shaded green areas represent the range of 
normal Vetscan HM5 laboratory values. h–l, Select interferon and cytokine responses in PBMCs harvested every two days after infection. Analysis by  
RT–qPCR relative to day 0 for animals infected with 1!×!105!p.f.u. 2019-nCoV/USA-WA1/2020. h,i, The infected ferrets displayed elevated expression of 
ifn-β (h) and ifn-γ (i). j, Only some animals had moderately elevated levels of il-6. k,l, The interferon-stimulated genes mx1 (k; P!=!0.0192 on day 4) and 
isg15 (l; P!=!0.009 and P!<!0.0001 on days 2 and 4, respectively) showed a sharp peak on day 4 after infection. The number of independent biological 
repeats (n, individual animals) is shown for each subpanel. Statistical analysis was performed using a two-way analysis of variance (ANOVA) with 
Dunnett’s post-hoc multiple comparison test. Symbols represent independent biological repeats (individual animals), lines connect the group mean!±!s.d. 
(a,e–l) and bar graphs show the mean (b–d).
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infection. Productive infection of these animals was validated by the 
titres of SARS-CoV-2 in the nasal lavages 1 d after infection (Fig. 3b),  
which very closely matched those seen in the initial efficacy tests 
(Fig. 2c). Although we also co-housed the treated source animals 
with two untreated contacts each for nearly 3 d, no infectious 
SARS-CoV-2 particles were detected in any of the series of nasal 
lavages obtained from these contacts throughout the study or in any 
of the nasal turbinates sampled from the contact animal at end of 
the study (Fig. 3c and Supplementary Table 9).

The nasal turbinates extracted from the contacts of the 
vehicle-treated source animals contained high copy numbers of 
viral RNA, underscoring successful host invasion after transmission 

(Fig. 3d and Supplementary Table 10). Consistent with our earlier 
observations, the turbinates of the treated source animals harboured 
moderate-to-high (≥105 copies g−1 tissue) levels of viral RNA, 
although infectious particles could not be detected. In contrast, all 
respiratory tissues of the contacts co-housed with the source animals 
treated with MK-4482/EIDD-2801 remained SARS-CoV-2-genome 
free, indicating an absence of any low-grade virus replication that 
could have hypothetically progressed in these animals below the 
detection level of infectious particles (Fig. 3e,f and Supplementary 
Tables 11,12). Furthermore, SARS-CoV-2 RNA was present at low 
copy numbers in the intestinal tissue samples and rectal swabs of 
the vehicle source animals as well as their contacts but undetectable 
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in the MK-4482/EIDD-2801-treated source group and co-housed 
contact animals.

Phylogenetic analysis of outbreaks in mink farms revealed 
prolonged intra-colony circulation and zoonotic mink-to-human 
transmission9, leading us to select ferrets—members of the wea-
sel genus closely related to minks—as a SARS-CoV-2 transmis-
sion model. We noted that the experimental infection of ferrets 
was strongly dependent on the amount of viral inoculum used. 
Productive host invasion was only observed after intranasal deliv-
ery of 1 × 105 p.f.u. SARS-CoV-2. The shed SARS-CoV-2 load 
in ferret nasal lavages, a core virological marker of a transmis-
sion model, showed good cross-study consistency. Our experi-
ments returned peak shed virus titres of 1 × 103–1 × 104 p.f.u. ml−1, 
closely resembling the ferret lavage titres found in two previ-
ous studies, which reported up to 1 × 104 p.f.u. ml−1 (ref. 20) and 

1 × 103 median tissue culture infectious dose ml−1 (ref. 21) in nasal 
lavages, respectively.

Natural infection through direct contact was highly efficient, pos-
sibly reflecting the prolonged exposure of contact to source animals 
in a confined space. However, nearly all contacts started to shed virus 
within less than 24 h after the beginning of co-housing. This time-
line indicates that transmission must have occurred shortly after the 
introduction of contact to the source animals, despite the fact that 
the shed viral titres of the source animals were only 1 × 103 p.f.u. ml−1 
nasal lavage in this disease period. Transmission of SARS-CoV-2 
between ferrets through the air has recently been demonstrated22. 
Our results underscore that natural infection with SARS-CoV-2 
through large droplets, aerosols and/or fomites is highly productive.

MK-4482/EIDD-2801 is currently being tested in advanced 
multi-centre clinical trials, which were launched after the successful 
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completion of phase I safety trials (that is, NCT04392219). Although 
the dosages applied in these studies and human pharmacokinetic 
data have not yet been disclosed, Merck & Co. have revealed23 that 
NHC reached levels in human blood that were safe and exceeded 
antiviral concentrations against SARS-CoV-2 in primary human 

airway epithelia cultures (NHC EC90 of approximately 0.5–1 μM; 
ref. 13). Our pharmacokinetic profiles for MK-4482/EIDD-2801 
revealed that NHC plasma concentrations ≥0.5 μM at trough (12 h 
after dosing based on a b.i.d. regimen) are reached after oral doses of 
approximately 130 and 10 mg kg−1 were administered to cynomolgus 
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macaques and ferrets, respectively4. These calculations drove our 
decision to dose ferrets with the 5 mg kg−1 dose used in this study, 
which represents a conservative estimate of a safe human-dose 
equivalent based on all of the available information. Underscoring 
the high broad-spectrum antiviral potential of the drug, 5 mg kg−1 
is also close to the lowest efficacious dose of MK-4482/EIDD-2801 
against seasonal and pandemic influenza viruses in ferrets4,10.

Closely resembling our previous experience with influenza ther-
apy4,10, MK-4482/EIDD-2801 was well tolerated and orally effica-
cious against SARS-CoV-2, reducing the upper respiratory virus 
load to below the detection level within 24 h of the first drug admin-
istration when therapy was initiated after the onset of virus shed-
ding and by nearly two orders of magnitude when first administered 
at the peak of virus replication. Similarly, viral genetic material was 
undetectable in the gastrointestinal samples of the treated animals, 
which is consistent with previous observations of a sustained pres-
ence of the biologically active triphosphate form of NHC in all soft 
tissue, except liver, in different species4,12,24.

Importantly, treatment suppressed all transmission to the 
untreated direct contacts despite a prolonged direct proximity of 
the source and contact animals as well as detectable virus shedding 
from the source animals at the beginning of the co-housing phase. 
This complete block may indicate a bottom threshold of the shed 
SARS-CoV-2 load for successful spread. In addition, the genome 
integrity of some EIDD-2801-experienced virions shed from the 
treated animals may have been only partially compromised. Rather 
than being chain-terminating when incorporated by the viral poly-
merase, NHC undergoes spontaneous tautomeric interconversions, 
leading to base pairing either as cytosine or uracil25. The resulting 
randomly positioned transition mutations induce viral error catas-
trophe26, causing a collapse of the virus population. This mechanism 
of antiviral activity of NHC was demonstrated for alphaviruses12, 
pneumoviruses11 and orthomyxoviruses4, and confirmed to equally 
apply to betacoronaviruses19 and specifically SARS-CoVs13. In our 
study, a limited presence of the analogue in the viral genomes gen-
erated shortly after the start of treatment may have had a greater 
impact on natural invasion of an immune-competent host in vivo 
than on virus replication in type I interferon-deficient cultured 
cells such as the Vero E6 used for titration27. This view is consistent 
with the frequent observation (such as in ref. 28) that many mutant 
viruses can be propagated in cell culture but are attenuated in vivo 
and incapable of productive host invasion.

Consistent with the conserved antiviral mechanism of action 
of NHC across diverse viral targets, several previous attempts to 
induce robust resistance to the compound in alphaviruses12, ortho-
myxoviruses4 and betacoronaviruses19 were unsuccessful, indicating 
a high genetic barrier against viral escape. For betacoronaviruses 

specifically, a very moderate twofold increase in the EC90 concentra-
tion was reported after 30 passages in the presence of inhibitor19. 
Given that these mutations delayed viral replication and thus posed 
a fitness penalty, it is unlikely that clinical use of MK-4482/EIDD-
2801 will result in the emergence of pre-existing resistance in circu-
lating virus populations or trigger the appearance of viral variants 
with enhanced pathogenicity.

Our previous studies with influenza viruses in ferrets4 and guinea 
pigs11 furthermore demonstrate that the antiviral efficacy and 
transmission block by MK-4482/EIDD-2801 are not host-species 
restricted. A virological study of hospitalized patients with coro-
navirus disease 2019 (COVID-19) revealed that the average load 
of SARS-CoV-2 RNA copies detected in human sputum during 
the peak phase of infection is 7.0 × 106 copies ml−1 (maximum of 
2.35 × 109 copies ml−1)29. Attempts at virus isolation from human 
patients were generally unsuccessful when the samples contained 
<1 × 106 RNA copies ml−1. In ferrets, we found peak shedding titres 
of 1 × 103–1 × 104 p.f.u. ml−1 in the nasal lavages and an earlier study 
reported that SARS-CoV-2 concentrations of up to 1 × 104 p.f.u. ml−1 
ferret nasal lavage correlates to up to 1 × 108 viral RNA copies ml−1 
(ref. 20). These comparisons suggest that the peak viral RNA copy 
load in ferret nasal lavages recapitulates that seen in human sputum.  
At present, the tissue distribution and antiviral efficacy of 
MK-4482/EIDD-2801 in humans are still unknown. If ferret-based 
inhibition data of SARS-CoV-2 transmission are predictive of the 
effect in humans, however, patients with COVID-19 could become 
non-infectious within 24–36 h after the onset of oral treatment. 
Treatment with MK-4482/EIDD-2801, in particular when initi-
ated early after infection, thus has the potential to provide threefold 
benefits: it may mitigate the risk of progression to severe disease 
and accelerate recovery, ease the emotional and socio-economic toll 
associated with mandatory prolonged isolation and aid in rapidly 
silencing local outbreaks.

Methods
Study design. Ferrets (Mustela putorius furo) were used as an in vivo model to 
examine the e"cacy of therapeutically administered oral MK-4482/EIDD-2801 
against SARS-CoV-2 infection and virus transmission to uninfected contact 
animals. Viruses were administered to source animals through intranasal 
inoculation and the virus loads in nasal lavages and rectal swabs were monitored 
periodically as well as in respiratory tissues and a subset of organs 4 or 10 d a#er 
exposure. $e virus titres were determined based on plaque assays and viral RNA 
copy numbers; blood samples were subjected to CBC analysis and RT–qPCR 
quantitation of the expression levels of select cytokine and innate antiviral e%ectors.

Cells and viruses. Vero E6 cells were obtained from the American Type Culture 
Collection (ATCC CRLK-1586) and cultured in DMEM medium supplemented 
with 7.5% heat-inactivated fetal bovine serum (FBS) at 37 °C with 5% CO2. 
SARS-CoV-2 (2019-nCoV/USA-WA1/2020) was propagated using Vero E6 cells 

Fig. 3 | Therapeutic oral treatment with MK-4482/EIDD-2801 prevents contact transmission. a, Schematic of the contact transmission study. Two groups 
of source ferrets (n!=!3 biologically independent animals each) were infected with 1!×!105!p.f.u. 2019-nCoV/USA-WA1/2020 and received MK-4482/
EIDD-2801 treatment (5!mg!kg−1!b.i.d.) or vehicle starting 12!h after infection. At 30!h after infection, each source ferret was co-housed with two uninfected 
untreated contact ferrets. The source animals were euthanized after 3!d, and the contact ferrets were isolated and monitored for 4!d. Nasal lavages and 
rectal swabs were collected once a day and blood was sampled at 0, 4 and 8!d post infection. b, Source ferrets treated with MK-4482/EIDD-2801 had 
significantly lower virus titres than the vehicle animals 12!h after treatment commencement (P!=!0.0003). The contacts of the vehicle-treated sources 
began to shed 2019-nCoV/USA-WA1/2020 within 20!h of co-housing. No virus could be detected in the untreated contacts of the source ferrets treated 
with MK-4482/EIDD-2801. Statistical analysis was performed using a two-way ANOVA with Sidak’s multiple comparison post-hoc test; P values are 
shown. c,d, Infectious particle (c) and viral RNA copy (d) numbers in the nasal turbinates of the source and contact ferrets from b extracted 4 and 8!d after 
the start of the study, respectively. Statistical analysis was performed using a one-way ANOVA with Sidak’s multiple comparison post-hoc test  
(c, P!<!0.0001 for intergroup comparison of contact animals; d, P!=!0.0002 and P!<!0.0001 for intergroup comparisons of the source and contract animals, 
respectively). e,f, Viral RNA copy number in the small (SI) and large (LI) intestine (e), and rectal swabs (f). The samples from the source ferrets treated 
with MK-4482/EIDD-2801 and their contacts were PCR-negative for viral RNA. Statistical analysis was performed using a one-way (e) or two-way  
(f) ANOVA with Sidak’s multiple comparison post-hoc test. The samples being compared in the post-hoc tests (c–f) have been colour-coded black or red 
for the vehicle-treated source and contact ferrets, respectively. The number of independent biological repeats is shown for each panel. P values are shown. 
Symbols represent independent biological repeats (individual animals), lines connect the group mean!±!s.d. (b,f) and bar graphs show the mean!±!s.d. (c–e).
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supplemented with 2% FBS. The virus stocks were stored at −80 °C and titres 
were determined by plaque assay. Vero E6 cells were authenticated by morphology 
and susceptibility to virus infection, and routinely checked for bacterial and 
mycoplasma contamination at intervals of 6 months.

Virus yield reduction assay. Vero E6 cells were seeded in 12-well plates 
(3 × 105 cells per well) 24 h before infection. The cells were infected using a 
multiplicity of infection of 0.1 p.f.u. per cell. SARS-CoV-2 was allowed to adsorb 
for 1 h at 37 °C. Subsequently, the virus inoculum was removed and the cells were 
overlaid with medium containing threefold serial dilutions of NHC (50–0.68 µM) 
in DMEM supplemented with 2% FBS. The infected cells were incubated with 
compound for 48 h at 37 °C, followed by virus titration by plaque assay. The EC50 
and EC90 concentrations were calculated using four-parameter variable slope 
regression modelling.

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 × 105 cells per well 24 h previously. The virus 
was allowed to adsorb for 1 h at 37 °C. Subsequently, the inoculum was removed 
and the cells were overlaid with 1.2% Avicel (FMC BioPolymer) in DMEM and 
incubated for 3 d at 37 °C with 5% CO2. The Avicel was removed and the cells were 
washed once with PBS, fixed with 10% neutral buffered formalin and plaques were 
visualized using 1% crystal violet.

Establishing the infectious dose. Female ferrets (6–10 months of age) were 
purchased from Triple F Farms. The ferrets were rested for 1 week following 
arrival, and then randomly assigned to groups and housed individually in 
ventilated negative-pressure cages in an ABSL-3 facility. To establish a suitable 
inoculum for the efficacy and transmission studies, the ferrets (n = 4) were 
inoculated intranasally with 1 × 104 and 1 × 105 p.f.u. 2019-nCoV/USA-WA1/2020 
in 1 ml (0.5 ml per nare). The ferrets were anaesthetized with dexmedetomidine/
ketamine before inoculation. Nasal lavages were performed on non-anaesthetized 
animals once a day using 1 ml PBS containing twofold concentrated 
Antibiotic-Antimycotic (Gibco). The nasal lavage fluids were stored at −80 °C until 
virus titration through plaque assays on Vero E6 cells. For blood sampling, the 
ferrets were anaesthetized with dexmedetomidine and approximately 0.5 ml blood 
was drawn from the anterior vena cava. A Vetscan HM5 (Abaxis) was used to 
perform CBCs in accordance with the manufacturer’s protocol. Rectal swabs were 
performed every 2 d. Groups of two ferrets were killed 4 and 10 d post infection 
and their organs were harvested to determine the virus titres and presence of viral 
RNA in different tissues.

Animals. The group sizes were three ferrets per condition for all animal 
experiments. A power calculation (P < 0.05; 80% power) predicted that this sample 
size was sufficient to detect a difference of 1.19 log10 p.f.u. ml−1 in virus titre in ferret 
nasal lavages. As no statistically informative reference datasets for the SARS-CoV-2 
ferret model were available at the start of the study, we based this prospective 
calculation on our experience with a canine distemper virus ferret infection model 
that has shown a cumulative s.d. of 0.32 in our laboratory. In the transmission 
experiments, the ferrets were co-housed at a ratio of one source to two contact 
animals, three co-housing sets per condition. Incoming animals were randomly 
assigned to the different study groups; no blinding of investigators was performed.

In vivo efficacy of MK-4482/EIDD-2801 in ferrets. The groups of ferrets 
were inoculated with 1 × 105 p.f.u. 2019-nCoV/USA-WA1/2020 in 1 ml (0.5 ml 
per nare). At 12 h after infection, three groups of ferrets were treated b.i.d. 
with vehicle (1% methylcellulose) or MK-4482/EIDD-2801 at a dosage of 5 or 
15 mg kg−1, respectively. At 36 h after infection, a fourth group of ferrets began 
receiving b.i.d. treatment with MK-4482/EIDD-2801 at a dose of 15 mg kg−1. 
The compound was administered via oral gavage in 1% methylcellulose. After 
the start of treatment, b.i.d. dosing was continued until 4 d after infection. Nasal 
lavages were performed on all of the ferrets every 12 h. Blood samples were 
obtained every 2 d after infection and stored in K2-EDTA tubes (Sarstedt CB 
300). CBC analysis was performed on each blood sample in accordance with 
the manufacturer’s protocols. After the CBC analysis, the red blood cells were 
lysed with ACK buffer (150 mM NH4Cl, 10 mM KHCO3 and 0.01 mM EDTA 
pH 7.4) and the PBMCs were harvested and stored at −80 °C in RNAlater until 
further RT–qPCR analysis was performed. All of the ferrets were euthanized 4 d 
after infection and their organs were harvested to determine the virus titres and 
presence of viral RNA in different tissues.

Contact transmission of SARS-CoV-2 in ferrets. A group of six source ferrets, 
which were housed individually, were inoculated intranasally with 1 × 105 p.f.u. 
2019-nCoV/USA-WA1/2020. Twelve hours after infection, the source ferrets 
were split into two groups (n = 3 each) receiving vehicle or MK-4482/EIDD-2801 
treatment at a dose of 5 mg kg−1 b.i.d. by oral gavage. At 30 h post infection, each 
source ferret was co-housed with two uninfected and untreated contact ferrets. 
The ferrets were co-housed until 96 h after infection, when the source ferrets were 

euthanized and the contact animals were housed individually. The contact animals 
were monitored for 4 d after separation from the source ferrets and then killed. 
Nasal lavages and rectal swabs were performed on all of the ferrets every 24 h. 
Blood samples were collected at 0, 4 and 8 d after the source ferret infection. For all 
ferrets, organs were harvested to determine the virus titres and the presence of viral 
RNA in different tissues.

Titration of SARS-CoV-2 in tissue extracts. For virus titration, the organs were 
weighed and homogenized in PBS. The homogenates were centrifuged at 2,000g 
for 5 min at 4 °C. The clarified supernatants were harvested and used in subsequent 
plaque assays. For detection of viral RNA, the harvested organs were stored in 
RNAlater at −80 °C. The tissues were ground and the total RNA was extracted 
using an RNeasy mini kit (Qiagen). RNA was extracted from the rectal swabs 
using a ZR viral RNA kit (Zymo Research) in accordance with the manufacturer’s 
protocols.

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, Institut Pasteur) targeting the SARS-CoV-2 RdRp gene. An Applied 
Biosystems 7500 real-time PCR system using the StepOnePlus real-time PCR 
system was used to perform the RT–qPCR reactions. TaqMan fast virus 1-step 
master mix (Thermo Fisher Scientific) was used in combination with the nCoV_IP2  
primer–probe set to detect viral RNA. To quantitate the RNA copy numbers, a 
standard curve was created using a PCR fragment (nucleotides 12669–14146 of 
the SARS-CoV-2 genome) generated from viral complementary DNA using the 
nCoV_IP2 forward primer and the nCoV_IP4 reverse primer. The RNA values 
were normalized to the weights of the tissues used.

Systemic interferon and cytokine profiling. The relative expression of interferon, 
ISGs and cytokines was determined by real-time PCR analysis. RNA was 
extracted from PBMCs that were harvested at various time points after infection. 
Complementary DNA was reverse transcribed with SuperScript III (Invitrogen) 
using oligo-dT primers and analysed by real-time PCR using Fast SYBR Green 
master mix (Applied Biosystems). The signals were normalized to glyceraldehyde-
3-phosphate dehydrogenase messenger RNA, analysed using the comparative 
threshold cycle (ΔΔCt) method and expressed relative to day 0 of infection for each 
respective animal. The sequences of the primers used for the analyses are shown in 
Supplementary Table 13.

Statistics and reproducibility. The Microsoft Excel (versions 16.42 and 16.43) 
and GraphPad Prism (version 8.4.3) software packages were used for most of 
the data collection and analysis, respectively. Reverse transcription RT–qPCR 
data were collected and analysed using the StepOnePlus (version 2.1; Applied 
Biosystems) software package. The final figures were assembled using Adobe 
Illustrator (version CS6). One- or two-way ANOVAs with Dunnett’s, Tukey’s 
or Sidak’s multiple comparisons post-hoc tests without further adjustments 
were used to evaluate statistical significance when more than two groups were 
compared or datasets contained two independent variables, respectively. The 
specific statistical test applied to individual studies is specified in the figure 
legends. The Source Data files summarize the statistical analyses (effect size, 
degrees of freedom and P values) of the respective datasets. Effect sizes between 
groups in the ANOVAs were calculated as η2 = (SSeffect) / (SStotal) for one-way 
ANOVA and ω2 = (SSeffect − (dfeffect)(MSerror)) / MSerror + SStotal for two-way ANOVA; 
SSeffect, sum of squares for the effect; SStotal, sum of squares for total; dfeffect, 
degrees of freedom for the effect; MSerror, mean squared error. To determine the 
antiviral potency and cytotoxicity, the effective concentrations were calculated 
from dose-response datasets through four-parameter variable slope regression 
modelling; the values have been expressed with 95% confidence intervals when 
possible. A biological repeat refers to measurements taken from distinct samples, 
and the results obtained for each individual biological repeat are shown in the 
figures along with the exact size (n, number) of biologically independent samples, 
animals or independent experiments. The measure of the centre (connecting 
lines and columns) is the mean throughout. The error bars represent the s.d. 
throughout. For all experiments, the statistical significance level α was set to 
<0.05; exact P values are shown in individual graphs or Supplementary Tables 
wherever possible.

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 
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. All experiments using 
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.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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SARS-CoV-2 VOC type and biological sex
affect molnupiravir efficacy in severe
COVID-19 dwarf hamster model

Carolin M. Lieber1,5, Robert M. Cox 1,5, Julien Sourimant 1, Josef D. Wolf 1,
Kate Juergens2, Quynh Phung2, Manohar T. Saindane3, Meghan K. Smith 3,
Zachary M. Sticher 3, Alexander A. Kalykhalov3, Michael G. Natchus3,
George R. Painter3, Kaori Sakamoto4, Alexander L. Greninger2 &
Richard K. Plemper 1

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
epitheliumorganoids, ferrets, and a lethal Roborovski dwarf hamstermodel 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 ofmagnitude. 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 worldwide1. Vaccines are widely available2,3, but
recuring global infection waves have been fueled by limited longevity
of vaccine-induced immunity, the hesitancy of population subgroups
to vaccinate4,5, and increasingly contagious and/or vaccine-insensitive
variants of concern (VOC) alpha (B.1.1.7 lineage), beta (B.1.351 lineage),
gamma (P.1 lineage), delta (B.1.617.2 lineage), and omicron (B1.1.529
lineage)6,7. 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 vaccinees8–10. Since its first appearance in
November 2021, VOC omicron has rapidly replaced delta as the
dominant circulating strain in most geographical regions11, propelled

by sharply reduced sensitivity to neutralizing antibodies directed
against earlier lineages and greatly increased infectivity12. 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-1913. 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 overall14. 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
results15. However, VOC delta was efficiently inhibited by the molnu-
piravir parent metabolite N4-hydroxycytidine (NHC) in ex vivo
studies16, 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 transmission17–19. 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 weeks20. Lethal disease with severe histopathology affecting lung,
liver, and kidney can be induced in transgenic K18-hACE2 mice
expressing humanACE2, but organ distribution of the receptor is non-
physiological, resulting in rapid neuro-invasion of the virus and the
development of acute, lethal viral encephalitis21, 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 infection22,23 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 (EC50s) on VeroE6 cells
stably expressing TMPRSS2 (Vero-TMPRSS2) (Fig. 1a). The molnupir-
avir parent compoundNHCwas used in all ex vivo experiments. Under
these experimental conditions, inhibitory values were similar for the
original SARS-CoV-2WA1 isolate and all VOC tested, ranging from 0.19
(gamma) to 0.62 (beta) µM.

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 infectionNHC at 10 µM,equivalent toNHCplasma
concentrations reached in human patients24, to the basolateral cham-
ber of well-differentiated primary human airway epithelium (HAE)
cultures grownat the air-liquid interface. After apical infectionwith 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 µM 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 1 × 105 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 5mg/kg b.i.d., starting
12 hours after infection (Fig. 2a) when shed SARS-CoV-2 becomes first
detectable in ferret nasal lavages18,19. 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 103 to 104 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
model18,19, 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 42hours after initiation of
treatment (Fig. 2c). VOCdeltawas 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 naïve 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 × 105 pfu
each of the original SARS-CoV-2 WA1 isolate or VOC alpha, beta,
gamma, and omicron, or 3 × 104 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 bodyweight (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 gammawas comparable to that of the originalWA1 isolate. The
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median survival of infected animals was shortened to 5.75 (WA1), 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 WA1 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
withmedian virus load of 1 × 105 pfu/g lung tissue or greater (Fig. 3g).
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A follow-up study with VOC delta at reduced inoculum amount
(1 × 104 pfu intranasally) and shortened time to analysis (Fig. 3h)
demonstrated the onset of lung tissue damage (Fig. 3i, Supplemen-
tary Fig. 8) and presence of high lung virus loads (Fig. 3j) only
12 hours after infection. Comparison analysis of VOC gamma
24 hours after infection confirmed that rapid viral invasion of the
dwarf hamsters was not limited to VOC delta.

Effect of VOC type and biological sex on prevention of lethal
viral pneumonia
VOC gamma, delta, and omicron were selected for an efficacy study
assessing mitigation of viral pneumonia and acute lung injury with
molnupiravir. Animals were inoculated with 1 × 104 pfu intranasally to
prevent premature death, followed by initiation of treatment
(250mg/kg orally b.i.d.) 12 hours after infection (Fig. 4a), when lung
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virus loadwas high and first lung lesions becamedetectable (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 hamsters25 and is consistent with the dose level administered to
other rodent species26,27. 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 107−108 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

Fig. 2 | Therapeuticmolnupiravir is efficacious against apanelofVOC in ferrets.
a Treatment and monitoring schematic. Ferrets (n = 6 total per VOC tested) were
infected intranasally with 1 × 105 pfu of VOC and treated orally with vehicle or
molnupiravir (5mg/kg b.i.d.), starting 12 hours after infection. b Infectious SARS-
CoV-2 titers innasal lavages of vehicle ormolnupiravir-treated animals. c 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
untreatedcontacts starting42hours after thebeginningof treatment.Nasal lavages
were obtained twice daily in the first 48hours after infection, thereafter once daily.
Nasal turbinates were extracted from source animals 4 days after infection and

untreated sentinels continued for anadditional 4 days.d–fTransmission studywith
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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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-
enceonmolnupiravir benefit of animals infectedwithomicron (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 250mg/kg body weight,
administered to groups of males and females. As observed in other
species28, 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 model18, we noted the
rapid appearance of characteristic host adaptation mutations such as
an L260F substitution in nsp6 and a Y453F mutation in spike29 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
VOCdelta populations, but nodominatingmutations 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 nsp6 V181F substitution and all VOC omicron
populations contained the nsp6 L260F mutation that was originally
considered to be characteristic for adaptation to weasels18. 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 VOCdelta, onlyone 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. 6c). 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

Table 1 | Analysis of dwarf hamster survival after infection
with different VOC

ID Median
survival (d)

Survival (%) Animal
number
(n)

Comparison P value

WA1 5.75 28.571 14 – n.a.

VOC α 0.0873

VOC β 0.6119

VOC γ 0.0031

VOC δ <0.0001

VOC ο 0.9988

VOC α n.d. 80 5 – n.a.

VOC β 0.1591

VOC γ 0.0032

VOC δ 0.0031

VOC ο 0.1177

VOC β 3 40 5 – n.a.

VOC γ 0.3278

VOC δ 0.1729

VOC ο 0.8741

VOC γ 3 7.143 14 – n.a.

VOC δ 0.0505

VOC ο 0.0555

VOC δ 3 0 5 – n.a.

VOC ο 0.0031

VOC o 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.
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VOC type and, in the caseof infectionwith VOComicron, influencedby
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 VOC30–33. 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 WA1 isolate18. We consider this outcome
unsurprising since extensive past attempts to induce resistance to
molnupiravir through adaptation of different viral targets had
remained unsuccessful28,34,35. Based on a high genetic barrier
preventing viral escape and the broad antiviral indication spec-
trum of molnupiravir18,34,36, there is no molecular rationale why
genetically closely related SARS-CoV-2 VOC that has no history of
priormolnupiravir 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
WA118 and omicron did not transmit at all. By contrast, original
SARS-CoV-2 isolates spread readily between ferrets through
contact and airborne transmission37 and direct and reverse
zoonotic transmission in the field have been reported for closely
related minks38. 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 VOCdelta15.
Delta indeed surged only when the trial was underway and a large
subgroup of trial participants was enrolled from the South
American region14, 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 hamstermodel 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
mechanismordue to a phenocopy effect. AlthoughVOCdelta 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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dwarf hamsters revealed very low viral RNA burden in liver, the
primary site of drugmetabolism39, and sustained antiviral NHC-TP
exposure levelswere 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 VOC14. 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 hamsterswere randomly assigned to thedifferent
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 alone16 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 BiosafetyCommittee under protocol B20016
andperformed in BSL-3/ABSL-3 facilities at theGeorgia StateUniversity.

All animal studies were performed in compliance with the Guide
for theCare andUse of Laboratory Animals of theNational 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) familymustelids,
genus mustela, 6–10 months of age, and male and female Roborovski
dwarf hamsters (Phodopus roborovskii), 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-55TM), and VeroE6-TMPRSS2 (BPS Bioscience #78081) were
cultivated at 37 °Cwith 5%CO2 inDulbecco’sModified Eagle’sMedium
(DMEM) supplemented with 7.5% heat-inactivated fetal bovine serum
(FBS). Normal human bronchial/tracheal epithelial cells (NHBE) (Lonza

Table 2 | Analysis of biological sex as a variable in molnupir-
avir efficacy in dwarf hamsters

Significancewas determinedusing two-wayANOVAwithSidak’smultiple comparisonspost-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.
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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
PneumaCult-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 researchpurposes
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#
MA5-36272; 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#MA5-12175; validation datasheet at https://
www.thermofisher.com/antibody/product/MUC5AC-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-IgG-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.
com/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 (WA1; 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) andVOComicron (lineageB.1.1.529,WA-UW-
21120120771) were obtained from the Northwestern Reference
laboratory and amplifiedonCalu-3 cells. All viruseswere authenticated
by whole genome next-generation sequencing prior to use.

Virus yield reduction
12-well plates were seeded with 2 × 105 cells per well the day before
infection. Each isolate was diluted in DMEM to achieve amultiplicity of
infection of 0.1 pfu/cell, adsorbedoncells 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 EC50 and 95%
confidence intervals (Prism; GraphPad).
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Confocal microscopy
Eight-week differentiated HAE cells were infected (or mock-infec-
ted) with 3 × 104 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 30minutes with a 200 µl 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 µl of primary antibodies in wash buffer (PBS with 0.05%
Tween20 and 0.3% BSA) for 1 hour at RT. After three 5-minute 200 µl-
washes with wash buffer, cells were incubated with secondary anti-
bodies in wash buffer for 1 hour 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 ×63 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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Fig. 6 | Molnupiravir mitigates lung histopathology in VOC-infected dwarf
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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
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included as a reference. Symbols represent independent biological repeats,

columns show group medians. Significance was determined using unpaired two-
tailed t tests; P values are shown. c, 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 α-SARS-CoV-2 S (d). Br bronchioles, Bl
blood vessel, scale bar 50μm. 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.
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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 × 105 cells per well 24 hours
before. The virus was allowed to adsorb for 1 hour 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 °Cwith 5% CO2. 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
inoculatedwith 1 × 105 pfu of VOC alpha or delta (1ml; 0.5ml 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
1 × 105 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
(5mg/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 weremonitored 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 andmale dwarf hamsters (2–4months 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 aminimum 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 1 × 105 pfu in 50 µl (25 µl per nare), unless
otherwise stated (VOC delta 3 × 104). 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 (WA1 and VOC gamma only).

In vivo efficacy of molnupiravir in dwarf hamsters
Groups of dwarf hamsters were inoculated with 1 × 104 pfu in 50 µl
(25 µl 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 250mg/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 250mg/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 notmore 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/MSmethod28, 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 × g for 5minutes 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 theStepOnePlus 2.1 real-timePCRpackage. ThenCoV_IP2primer-
probe set (nCoV_IP2-12669Fw ATGAGCTTAGTCCTGTTG; nCoV_IP2-
12759Rv CTCCCTTTGTTGTGTTGT; nCoV_IP2-12696bProbe(+) 5’FAM-
AGATGTCTTGTGCTGCCGGTA-3’BHQ-1) was used in combination with
TaqMan fast virus 1-stepmastermix (ThermoFisher Scientific) todetect
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 sequencing40, Swift Biosciences SNAP
panel41, 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
2018Apr16 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 OL965129.1 for VOC omicron42. Sequencing reads are
available in NCBI BioProject PRJNA803552 (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 transcriptionRT-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 η2 = SSeffect

SStotal
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for one-way ANOVA and ω2 = SSeffect !ðdfeffectÞ× ðMSerrorÞ
MSerror + SStotal

for two-way ANOVA;
dfeffect, degrees of freedom for the effect; SStotal, sum of squares for
total; SSeffect, sum of squares for the effect; MSerror, 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 thefigures alongwith the exact size
(n, number) of biologically independent samples, animals, or inde-
pendent experiments. Themeasure of the center (connecting lines and
columns) is the mean throughout unless otherwise specified. The
statistical significance level (α) 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
Themetagenomic 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/SourceData
file. Source data are provided in this paper.

Code availability
Metagenomic sequencing reads were analyzed and visualized using
the LAVA pipeline42 (available at https://github.com/michellejlin/lava).
All commercial computer codes and algorithms used are specified in
the Methods section.
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Comparing molnupiravir and nirmatrelvir/
ritonavir efficacy and the effects on SARS-
CoV-2 transmission in animal models

Robert M. Cox 1,5, Carolin M. Lieber1,5, Josef D. Wolf 1, Amirhossein Karimi1,
Nicole A. P. Lieberman 2, Zachary M. Sticher 3, Pavitra Roychoudhury 2,
Meghan K. Andrews 3, Rebecca E. Krueger 3, Michael G. Natchus3,
George R. Painter3,4, Alexander A. Kolykhalov3, Alexander L. Greninger2 &
Richard K. Plemper 1

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 1.25mg/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 100mg/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 (20mg/kg
group) or partially (100mg/kg group). Prophylactic treatment with 20mg/kg
nirmatrelvir/ritonavir does not prevent spread from infected ferrets, but
prophylactic 5mg/kg molnupiravir or 100mg/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
coronavirus disease 2019 (COVID-19) pandemic. However, extensive
viral spread continues, affecting even those with vaccine or naturally-
acquired immunity1–3. The rise of new SARS-CoV-2 variants of concern

(VOC) capable of escaping preexisting immunity has undermined the
hope of rapidly ending the pandemic through large-scale vaccination
campaigns1,4,5, and indirect immune imprinting may never allow vac-
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 paxlovid6,7. Molnupiravir, a prodrug of the
broad-spectrum nucleoside analog N4-hydroxycytidine8, targets the
viral RNA polymerase, triggering lethal viral mutagenesis9,10. Paxlovid
consists of two components, the peptidomimetic viral main protease
(Mpro) inhibitor nirmatrelvir and the cytochrome P450 enzyme inhi-
bitor ritonavir11, which is required to improve pharmacokinetic prop-
erties of nirmatrelvir. Having formed covalent dead-end complexes
with nirmatrelvir, Mpro is unable to process the viral polyprotein,
interrupting the viral replication cycle. Initial phase II/III clinical trials
suggested superior efficacy of paxlovid compared to molnupiravir,
reporting 89% versus 30% reduction in patient hospitalization and
death12,13.

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 States14. However, a carcinogenicity
study in the Tg.rasH2mousemodel to assess carcinogenic potential of
molnupiravir demonstrated that continuous dosing for 6 months was
not carcinogenic15, 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 delta12,16,17, whereas therapeutic benefit
of molnupiravir in older adults was underestimated15,17 and molnupir-
avir treatment reduced the time to first recovery of high-risk vacci-
nated adults by ~4 days18. In these studies, neither drug provided
significant therapeutic benefit to younger adults below 65 years of
age12,19.

Assessing the effect of post-exposure prophylactic treatment of
household contacts of a confirmed SARS-CoV-2 casewith 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 significant20,21. 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 significant22. 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 paxlovid2,23,24 or molnupiravir25 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 spread26–28. Using the ferret SARS-CoV-2
transmission model, we have established in previous work that oral
molnupiravir blocks productive, direct-contact transmission of

infectious particles to untreated sentinel ferrets within 18 h of treat-
ment start27,29, 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 µMCP-100356, a P-glycoprotein inhibitor added to
limit rapid compound efflux30. Nirmatrelvir exhibited nanomolar
potency against all VOCs tested, returning half-maximal (EC50) and
90%maximal (EC90) 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 studies31,32.

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 250mg/kg nirmatrelvir with or without
83.3mg/kg ritonavir. In the absence of ritonavir, 250mg/kg nirma-
trelvir delivered a plasma exposure level of 22,400h × ng/ml (Fig. 2a,
Table 1). When combined with ritonavir, nirmatrelvir plasma exposure
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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 WA1, and lineages B.1.1.7
(VOCα), B.1.351 (VOC β), P.1 (VOC γ), B.1.617.2 (VOCδ), 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).

Symbols represent, and lines intersect, group geometric means ± SD; numbers
denote 50 and 90% inhibitory concentrations (EC50 and EC90, respectively),
determined through non-linear 4-parameter variable slope regression modeling.
Source data are provided as a Source data file.
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was 215,000h × 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 250mg/kg
molnupiravir yields plasma exposure of N4-hydroxycytidine, the sys-
temic metabolite of molnupiravir33, of 376 h × ng/ml in dwarf
hamsters29. Human patients taking paxlovid or molnupiravir show

nirmatrelvir exposure of 28,220 h × ng/ml34,35 and N4-hydroxycytidine
exposure of 8200h × ng/ml36, respectively.

Matching the design of our previous molnupiravir dwarf hamster
efficacy studies29, we initiated oral treatment with paxlovid 12 h after
intranasal infection of the dwarf hamsters with 1 × 104 pfu of VOC delta
or omicron (lineageB.1.1.529), and continued treatment in a twice-daily
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a Plasma concentration of nirmatrelvir over 24-h after dosing. Single oral dose of
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(83.4mg/kg). Symbols show group geometric means ± SD and lines intersect
means. Dotted line indicates 2 ×mean EC90 against different VOC, determined in
cell culture in Fig. 1b. b Antiviral efficacy study schematic. Animals were infected
intranasally with 1 × 104 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

(right) studies are shown. c, d Survival curves of VOC delta (c) or omicron (d)
infecteddwarf hamsters from (b) Log-rank (Mantel-Cox) test,median survival (med
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and Dunn’s post hoc test (f); P values are shown. Source data are provided as a
Source data file.
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(b.i.d.) regimen (Fig. 2b). In the VOC omicron infection group, we
included molnupiravir, dosed at 250mg/kg b.i.d., and low-dose pax-
lovid (125mg/kg nirmatrelvir and 83.3mg/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 model29, which mimics human patients at
transition stage to complicated COVID-19. As we have reported for
molnupiravir treatment after VOC delta infection29, all treated dwarf
hamsters met the primary efficacy endpoint and survived infection
independent of VOC used, meeting the primary efficacy endpoint
(Fig. 2c, 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 VOCdelta-
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 molnupiravir29. However,
effect size of treatment varied by several orders ofmagnitude between
individual animals. We had noticed variation in effect size in
molnupiravir-treated dwarf hamsters infected with VOC omicron
before, but not VOC delta29. 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 assesspossible virus reboundafter treatment,wediscontinued
treatment with either paxlovid (250mg/kg nirmatrelvir/ritonavir,
b.i.d.) or molnupiravir (250mg/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 model27,28,37,38.
To ensure cross-species consistency of nirmatrelvir PK, we again
administered the compound first in a single oral dose at two levels,
20mg/kg and 100mg/kg, each in combination with 6mg/kg ritonavir.
Overall nirmatrelvir plasma exposure in ferrets was 32,700h × ng/ml
and 49,500h × ng/ml for the 20 and 100mg/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 1 × 105 pfu of SARS-CoV-2 isolate USA-WA1/
2020 (lineage A), which most efficiently replicates and spreads in
ferrets27,29,37,39,40 and other members of the Mustela genus41,42. 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 model27,28,37,38, 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 ~105

pfu/ml shed virus and 105 RNA copies/μl nasal lavage 48 h after infec-
tion, whichweremaintained until study day 4 (Fig. 4c, d). By study end,
both infectious viral titers and viral RNAcopies in lavages of the 20mg/
kg nirmatrelvir/ritonavir group were reduced by ~1.4 log orders.

Ferrets receiving 100mg/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
mustelids27 (Supplementary Fig. 3), but no signature resistance muta-
tion to nirmatrelvir in nsp543–45 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 WA1 as
before, followed by nirmatrelvir/ritonavir treatment in a b.i.d. regimen

Table 1 | Single dosepharmacokinetics of nirmatrelvir or nirmatrelvir/ritonavir inRoborovski dwarf hamster andhumanplasma

Drug Species Dose (mg/kg) Tmax (h) Cmax (ng/ml) AUCinf (hours × ng/ml) t1/2 (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 250/100a 2.75 2882 28,220 6.94 34

Molnupiravir Human 800a 1.75 2770 8200 1.18 36

Molnupiravir Roborovski dwarf hamster 250 0.5 251 376 1.62 29
aHuman doses are expressed as absolute amount, not mg/kg.
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at 20 or 100mg/kg. For comparison with the only drug in clinical
use that reportedly suppresses viral transmission in this model27,29,
we added molnupiravir treatment groups, dosed orally b.i.d. at
1.25mg/kg, 2.5mg/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, c, 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. 5b–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 1.25mg/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 notedbefore27,29,molnupiravir treatment of source animals
rapidly reduced infectious viral titers, suppressing all transmission to
untreated naïve contacts in all molnupiravir dose groups including the
1.25mg/kg group (Fig. 5c, e). By contrast, viral spread to sentinels of
ferrets receiving 20mg/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
100mg/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 PRJNA894555).

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 20mg/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 100mg/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. 5h) 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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b, c Roborovski dwarf hamster body weight (b) and temperature (c) in animals
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and9 (D9) after infection. Thenumber of animals (n= independent animals) used in
each experiment is specified. Symbols represent independent biological repeats
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Dotted line denotes limit of detection. Source data are provided as a Source
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nirmatrelvir exposure in upper respiratory tract tissues. Assessing
drug levels at anticipated peak (3 h after dosing, ~30min 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
infection20–22. We prophylactically treated uninfected ferrets with
20mg/kg or 100mg/kg nirmatrelvir/ritonavir or 5mg/kg molnupir-
avir, all in b.i.d. regimen, followed by co-housing with infected, but
untreated, source animals 12 h later (Fig. 6a). Treatment of the

sentinels was continuedb.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 20mg/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
100mg/kg nirmatrelvir/ritonavir or 5mg/kg molnupiravir. Quantita-
tion of viral RNA in lavage samples groups largely mirrored the virus
titer profiles (Fig. 6c). However, low amounts (<103 RNA copies/μl) of

Table 2 | Single dose pharmacokinetics of nirmatrelvir/ritonavir in ferret and human plasma

Drug Species Dose (mg/kg) Tmax (h) Cmax (ng/ml) AUCinf (hours × ng/ml) t1/2 (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 250/100a 2.75 2882 28,220 6.94 34

Molnupiravir Human 800a 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
aHuman doses are expressed as absolute amount, not mg/kg.

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
20mg/kg (black diamonds) or 100mg/kg (red squares), each in combination with
6mg/kg ritonavir. Symbols represent group means ± SD and lines intersect means.
Dotted line indicates 2 ×mean EC90 against different VOC, determined in cell cul-
ture in Fig. 1b. b Antiviral efficacy study schematic. Ferrets (n = 15 total) were
infected intranasally with 1 × 105 pfu of SARS-CoV-2 USA/WA-1. After 12 h, groups of
ferrets were treated orally with vehicle or 20mg/kg or 100mg/kg nirmatrelvir/

ritonavir. The number of animals (n = independent animals) used in each experi-
ment is specified. c, d Infectious SARS-CoV-2 titers (c) and SARS-CoV-2 RNA copies
(d) in nasal lavages of animals shown in (b). e, f Infectious titers (e) and SARS-CoV-2
RNA copies (f) in nasal turbinates extracted four days after infection. Symbols in
(c–f) represent independent biological repeats (virus load of individual animals);
lines (c, d) intersect, and columns (e, f) show, group geometric means ± SD. Sta-
tistical analysis with one-way (e, f) or two-way (c, d) ANOVA with Dunnett’s (c–f)
post hoc tests; P values are shown. Source data are provided as a Source data file.
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SARS-CoV-2 RNA were present also in lavages of the 5mg/kg molnu-
piravir and 100mg/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 20mg/kg nirmatrelvir/

ritonavir was statistically indistinguishable from that found in the
vehicle group (Fig. 6d). Turbinates of one of the contacts treated with
100mg/kg nirmatrelvir/ritonavir harbored some infectious particles,
whereas turbinates of all sentinels receiving 5mg/kg molnupiravir did
not contain infectious SARS-CoV-2 at study end.Wedetected highRNA

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) andmolnupiravir
(f–i) treatment groups; vehicle-treated animals are shown in both sets. Infectious
titers (b, c) 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 denotemeans ± 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
(j); P values are shown. Source data are provided as a Source data file.
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copy numbers in all 20mg/kg nirmatrelvir/ritonavir recipients, which
were statistically equivalent to those derived from vehicle-treated
animals (Fig. 6e). Low levels of viral RNAwere furthermore observed in
the turbinates of two animals of the 100mg/kg nirmatrelvir/ritonavir
group and one animal in the 5mg/kg molnupiravir group. One
100mg/kg nirmatrelvir/ritonavir animal and the other two 5mg/kg
molnupiravir recipients remained viral RNA free.

Discussion
The retrospective analyses ofmembers of Clalit Health Services16,19 and
a retrospective cohort study from the Hong Kong VOC omicronwave17

demonstrated that both paxlovid16 and molnupiravir19 significantly
lowered the risk of progression to severe disease and deaths in older

adults. However, a direct comparison of drug efficacywas not possible
due to imbalances in baseline characteristics of the study groups such
as patient comorbidities, age, and vaccine status46. 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 models47. Although no scaling was required for our
study since plasma exposure levels of both nirmatrelvir34 and N4-
hydroxycytidine36, the systemic metabolite of molnupiravir33 were
known (included inTables 1, 2), comparison dose selections can still be

Fig. 6 | Prophylactic treatment of close contacts with paxlovid or molnupir-
avir. a Prophylaxis study schematic. b, c 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,

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, c) ANOVA with Dunnett’s (b–e) post hoc tests;
P values are shown. Source data are provided as a Source data file.
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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
difficult48, 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 molnupiravir49, and 0.89–0.93 log orders by
paxlovid12,21. An equivalent effect size was achieved in the ferret upper
respiratory tract by 1.25mg/kgmolnupiravir (~0.5 log order reduction)
and 20mg/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 themodels.
A viralmutagen such asmolnupiravir, 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 RNAbioactivitymaybe at risk of beingmisleading 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 ofmolnupiravir49. 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 couldnot beapplied to the
dwarf hamstermodel 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, N4-hydroxycytidine29 plasma
exposure in dwarf hamsters was over 20-fold lower than that in
humans, whereas nirmatrelvir exposure exceeded that achieved in
humansbyover 7.5-fold, suggesting that the dwarfhamstermodelmay
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 effect29. 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 adults17;

both drugsmitigated 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 societies50–52, which has resulted in eroding
public compliance with self-quarantine during the course of the
pandemic53. 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 chains54,55. We have established effi-
cient suppression of SARS-CoV-2 transmission in the ferret model by
molnupiravir dosed at 5mg/kg b.i.d.27,29 and experimental nucleoside
analog antivirals37 in previous work, and demonstrated in this study
that therapeutic administration of 1.25mg/kgmolnupiravir or 100mg/
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 ~103 TCID50

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 20mg/kg nirma-
trelvir/ritonavir group, which reduced viral titers to ~104 TCID50 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
nirmatrelvir43–45. 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 recipients2,23,24 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 20mg/kg paxlovid did
not prevent transmission from infected animals, recapitulating the
outcome of the failed EPIC-PEP trial20,21 trial. Interestingly, 20mg/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 trial22, an equally negative outcome of pro-
phylactic 1.25mg/kg molnupiravir was likely, prompting us not to
commit additional animals for an experimental confirmation. How-
ever, 5mg/kg prophylactic molnupiravir fully, and 100mg/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 viralmutagen such asmolnupiravir. 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
All in 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 hamsterswere approvedby theGeorgia State InstitutionalAnimal
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,
6–10months old)were used as in vivomodels 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 titerswere 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 TCID50 and RT-qPCR quantitation.

Cells
VeroE6-TMPRSS2 (BPS Bioscience #78081) and Calu-3 (ATCC HB-55TM)
cells were cultivated at 37 °C with 5% CO2 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-WA1 (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 α; hCoV-19/USA/CA/
UCSD_5574/2020), lineage B.1.351 (VOC β; hCoV-19/South Africa/
KRISP-K005325/2020), lineage P.1 (VOC γ; hCoV-19/Japan/TY7-503/
2021), lineage B.1.617.2 (VOC δ; 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 lineageBA.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 10mM 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 × 105 cells per
well in 400 µl per well DMEM+ 7.5% FBS supplemented with 2 µM

CP-100356. Serial dilutions were generated in culture media contain-
ing 2 µMCP-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 targetwells (500 µl perwell), immediately followed
by infection with SARS-CoV-2 (multiplicity of infection 0.1 pfu per cell)
in 100 µl per well (viral dilution media contained 2 µM CP-100356).
Infected plates were incubated in a humidified incubator at 37 °C and
5% CO2 for 48 h. Progeny virus titers in culture supernatants were
determined through plaque-forming or TCID50 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 24h earlier in 12-well plates at
3 × 105 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% CO2.
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 hamsterswere administered a single oral dose of nirmatrelvir
(250mg/kg; 0.5% MC with 2% Tween80) with or without ritonavir
(83.4mg/kg; 20% ethanol). Blood was harvested retro-orbitally using
plain micro-hematocrit capillary tubes (Duran Wheaton Kimble) and
collected in K2EDTA capillary tubes (Sarstedt Microvette CB300) 0.5, 1,
2, 4, 8, and 24 h after dosing. Plasma was clarified by centrifugation
(4 °C, 450 × g, 5min). To determine tissue concentrations of nirma-
trelvir, groupsof hamsterswere sacrificed 1, 8, and24h 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 (Q1 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 104 pfu
per animal (50 µl total volume, 25 µl 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 µl, 0.5% MC with 2% Tween80; 250mg/kg or
125mg/kg b.i.d.) and ritonavir (50 µl, 20% EtOH; 83.3mg/kg, b.i.d.).
Treatment continued twice daily for 5 and 7 days after infection for
VOC δ and VOCo, respectively. Treatmentwas discontinued for VOC δ
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-
plementedwith antibiotic-antimycotic using a beadblaster (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 × g, 10min, 4 °C), aliquoted, and stored at −80 °C until pro-
cessed. For RNAquantification, lungs and tracheaswere 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 104 pfu (50 µl) SARS-CoV-2
VOC o (B.1.1.519). Treatment was initiated 12 h post infection using
nirmatrelvir (200 µl, 0.5% MC with 2% Tween80; 250mg/kg) and rito-
navir (50 µl, 20%EtOH; 83.3mg/kg, b.i.d.),molnupiravir (200 µl, 1%MC;
250mg/kg; b.i.d.) or vehicle (200 µl, 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 hamsterswere euthanizedondays 5 and9. Lungs
were harvested, washed with sterile phosphate buffered saline, and
homogenized inPBS supplementedwith antibiotic-antimycoticusing 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 × g, 10min, 4 °C), aliquoted and stored at
−80 °C until processed. Virus titers were determined by TCID50 assays.

Single ascending dose pharmacokinetics in ferrets
Groups of ferrets were administered a single oral dose of nirmatrelvir
at a dosage of 20mg/kg (n = 3) or 100mg/kg (n = 3); (2ml; 0.5% MC
with 2% Tween80) with ritonavir (1ml; 6mg/kg; 20% EtOH). A dosage
of 6mg/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 (3.5ml; DYNE, PetAg). Blood was harvested in
K2EDTAcapillary tubes (SarstedtMicrovette CB300) at0.25, 0.5, 1, 2, 4,
6, 8, and 12 h after dosing. Plasmawas clarified by centrifugation (4 °C,
450× g, 5min), 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
liquidnitrogen, and stored at−80 °C.Nirmatrelvir concentrationswere
analyzed using a qualified LC/MS/MSmethod, and PKparameters 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 1 × 105 pfu of SARS-CoV-2 USA-WA1 (lineage A,
isolate USA-WA1/2020, BEI cat# NR-52281; 1ml, 0.5ml 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; 6mg/kg ritonavir). Treatments were
administered by oral gavage using a 12 french catheter (CureMedical),
starting 12 h after infection in consecutive 2ml (20 or 100mg/kg nir-
matrelvir; 2ml 0.5%MCwith 2% Tween80) and 1ml (6mg/kg ritonavir;
1ml 20% ethanol) dose volumes. Molnupiravir was formulated in 1%
methylcelluose and administered in 3ml dose volume. After each
gavage, the catheter line was flushed using high calorie liquid diet
(3.5ml; DYNE, PetAg). Nasal lavages were collected every 12 h 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 1 × 105 pfu
of SARS-CoV-2 USA-WA1 (lineage A, isolate USA-WA1/2020, BEI cat#
NR-52281; 1ml, 0.5ml per nare). Twelve hours after infections, source
ferrets were further divided into groups (n = 3), receiving vehicle,

molnupiravir (1.25mg/kg, b.i.d.; 2.5mg/kg, b.i.d.; or 5mg/kg, b.i.d.;), or
nirmatrelvir (20 or 100mg/kg, b.i.d. in 2mL0.5%MCwith 2%Tween80
+ ritonavir (6mg/kg in 1ml 20% ethanol)), in all cased administered via
oral gavage. At 54h 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 1 × 105 pfu of SARS-CoV-2 USA-WA1 (lineage A, isolate USA-
WA1/2020, BEI cat# NR-52281; 1ml, 0.5ml per nare) and isolated from
uninfected ferrets. At the same time, twice-daily treatment regimens
were initiated on groups of uninfected ferrets using nirmatrelvir
(20mg/kg) + ritonavir (n = 3) or nirmatrelvir (100mg/kg) + ritonavir
(n = 3), molnupiravir (5mg/kg; n = 3), or vehicle. Nirmatrelvir was
administered in 2ml (20 or 100mg/kg in 0.5% MC with 2% Tween80)
followed by administration of ritonavir in 1ml (6mg/kg in 1ml 20%
ethanol). Molnupiravir was administered in 3ml (1% methylcellulose).
The catheter linewas then flushed using high calorie liquid diet (3.5ml;
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 24h, 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, 30 s pause between bursts; Bead Blaster 24 R, Bench-
mark). Tissue homogenates were clarified by centrifugation
(20,000 × g for 5 min at 4 °C). The clarified supernatants were har-
vested, frozen and used in subsequent TCID50 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(+) 5’FAM-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
Taqman Fast Virus 1-stepmastermix (ThermoFisher 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 nCoV_IP4 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 specimenswere 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 analyzedusingTAYLORdefault 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 PRJNA894555.

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 Illustrator (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’smultiple comparisonspost 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 η2 = (SSeffect)/(SStotal) for one-way ANOVA and ω2 = (SSeffect –

(dfeffect)(MSerror))/MSerror + SStotal for two-way ANOVA; SSeffect, sum
of squares for the effect; SStotal, sum of squares for total; dfeffect,
degrees of freedom for the effect; MSerror, 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 (α) 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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2.1.4 Oral Prodrug of Remdesivir Parent GS-441524 is Efficacious Against SARS-CoV-2 in 

Ferrets 

 

ARTICLE

Oral prodrug of remdesivir parent GS-441524 is
efficacious against SARS-CoV-2 in ferrets
Robert M. Cox 1, Josef D. Wolf1, Carolin M. Lieber1, Julien Sourimant 1, Michelle J. Lin 2,
Darius Babusis 3, Venice DuPont3, Julie Chan3, Kim T. Barrett3, Diane Lye 3, Rao Kalla3, Kwon Chun3,
Richard L. Mackman3, Chengjin Ye 4, Tomas Cihlar3, Luis Martinez-Sobrido 4, Alexander L. Greninger2,
John P. Bilello 3 & Richard K. Plemper 1✉

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

(VOC) 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.1 gamma γ,
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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The global COVID-19 pandemic has resulted in far more
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-191. Originally discovered for respiratory
syncytial virus2, remdesivir is a mono-phosphoramidate prodrug
of a ribonucleoside analog that must be administered
intravenously3. 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
effect4.

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/
molnupiravir5–7 and AT-5278 are in advanced stages of clinical
trials, but currently, only remdesivir has shown confirmed efficacy
for COVID-19 treatment in humans9. 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)2,10,11. 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 species2,12,13. 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 primates2.

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 reported14,15. 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 transmission6. Consequently, ferrets recapitulate
the presentation of SARS-CoV-2 in the majority of human cases,
especially in children and younger adults16,17.

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 (γ) lineage18,19.

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 ((α), lineage B.1.1.7; CA/2020), hCoV-19-
South Africa/KRISP-K005325/2020 ((β), lineage B.1.351; SA/
2020), and hCoV-19/Japan/TY7-503/2021 ((γ), lineage P.1; BZ/
2021) in cultured cells.

Antiviral activity against VoCs. Half-maximal effective con-
centrations (EC50) in SARS-CoV-2-infected Vero E6 cells were

highly consistent, ranging from 0.11 to 0.73 μM for GS-621763
(Fig. 1b, Supplementary Table 1) and from 0.11 to 0.68 μM 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 (CC50) of 40 to >100 μM (Fig. 1d, Supplementary
Table 1), 36 to >100 μM (Supplementary Fig. 1, Supplementary
Table 1) and >100 μM (Fig. 1e, Supplementary Table 1), respec-
tively, corresponding to selectivity indices (SI= CC50/EC50) 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 γ
(Fig. 1f–g). Basolaterally added GS-441524 or GS-621763 dis-
played similar potency in this disease-relevant human tissue
model, returning EC50 values of 2.83 and 3.01 µM, respectively.
Parallel measurement of transepithelial electrical resistance
demonstrated that epithelium integrity was fully preserved at
basolateral drug concentrations ≥3 µM.

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
(AUC0-24h) of GS-441524 was 81 µM.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 human21. 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 × 105 plaque-forming units (pfu)
of WA1/2020, followed by twice daily (b.i.d.) oral treatment with GS-
621763 at 20mg/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 1 × 104 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 model6. 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 × 104
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 studies6, no infectious virions or viral RNA were detectable
in the lower respiratory tract (Fig. 2i, j).
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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.i.d. regimen6.
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 10 mg/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

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–c 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 (α), B.1.351 (β) and
P.1 (γ) lineages, respectively, by GS-621763 (b) and GS-441524 (c) on VeroE6 cells. EC50 concentrations are specified in Supplementary Table 1. d–e In
vitro cytotoxicity profiles of GS-621763 (d) and GS-441524 (e) on VeroE6 (blue squares), HEp-2 (purple circles), BHK-21 (light blue triangles), HCT-8
(green triangles) and a panel of primary HAE cells from independent donors (“F2” (yellow diamonds), “F3” (orange circles), “M2” (red “×” symbols), “M6”
(brown “+” symbols), “DF2” (black stars)). f schematic of well-differentiated air-liquid interface HAE cultures. g HAEs were infected from the apical side
with SARS-CoV-2 VOC γ 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–c, g) intersect the mean, lines in (d–e) depict nonlinear regression models.
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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 γ. 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 γ22 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 104 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 104 to 105 pfu/g tissue
(Fig. 4d) and 108 to 1010 RNA copies/g tissue (Fig. 4e), respec-
tively. However, no infectious VOC γ virions or viral RNA were

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 (30mg/kg; p.o.; red “+” symbols), remdesivir (10mg/kg; i.v.; blue “×” symbols), and GS-441524 (20mg/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 1 × 105 pfu WA1/2020 (virus symbol). Groups (n= 4) were gavaged b.i.d. (first aid symbol) with vehicle or GS-621763
(20mg/kg) starting at the time of infection. Nasal lavages (pipet symbol) were harvested twice daily. All animals were terminated 4 days after infection. c 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 (j) 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).
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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 WA1/20206, indicating that VOC γ does
not invade the ferret host more aggressively than WA1/2020.
Treatment of VOC γ 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 VOC23 (Fig. 4h,
Supplementary Dataset 1). In addition, we noted an L260F
substitution in nsp6 associated with SARS-CoV-2 adaptation to
weasels14 that had a 60%-allele frequency in the VOC γ
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 farms14, had
emerged in addition (Fig. 4h, Supplementary Dataset 1). We
furthermore noted the presence of an F184V exchange in nsp6 of
the VOC γ inoculum, which arose during amplification in
VeroE6 cells23 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 protein14, 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 γ nor WA1/
2020 populations contained remdesivir resistance mutations
previously selected in SARS-CoV-2 (i.e., E802D in nsp1224) or
the related mouse hepatitis virus25 (i.e., F476L and V553L in
nsp12) nor did any new variants arise in nsp12 at >5% allele

Fig. 3 Therapeutic efficacy of GS-621763. a Schematic of the therapeutic efficacy study design. Ferrets were infected intranasally with 1 × 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 (5mg/
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. c, 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
number of independent biological repeats (individual animals) is shown in each subpanel. Symbols represent independent biological repeats, lines (b, d, e,
f) and bar graphs (c, g) connect or show samples mean, respectively, and P values are stated. 1-way (c, g) or 2-way
(b, d, e, f) ANOVA with Dunnett’s post hoc multiple comparison tests. LoD limit of detection.
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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 γ to
untreated direct-contact ferrets (Fig. 4b–e). Co-housing was
started 54 h after infection and continued until termination of
the source animals. Shed VOC γ 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 γ 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 γ 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, c), infectious viral
particles were absent from nasal turbinates 5.5 days after initiation
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of co-housing (Fig. 4d), and only a low level of viral RNA (<105
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 chain26 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 PBMC21.

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
reports6,28,29, 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 outcome30. 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 signs31,32,
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 γ are a
major concern because of their high prevalence and increased
frequency of transmission18,33. Ferrets infected with VOC γ did
not develop more severe clinical signs than after infection with
WA1/2020 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 γ-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 strains24,25,34,
GS-621763 and its metabolite GS-441524 were comparably
potent against VOC α, β, and γ as against WA1/2020 in cell
culture. Importantly, oral GS-621763 was highly efficacious
against VOC γ 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 γ in the field and
very efficient direct-contact transmission of SARS-CoV-2
between ferrets35, we assessed the impact of oral GS-621763 on
VOC γ 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.i.d. completely blocked transmission of VOC γ,
resembling the performance of oral EIDD-2801/molnupiravir in
the model6.

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

Fig. 4 GS-621763 blocks replication and transmission of SARS-CoV-2 VOC γ a, Schematic of the efficacy and contact transmission study design. All
ferrets were infected intranasally with 1 × 105 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 (10mg/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. c, 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, c) and bar graphs (d–g) connect or show sample means, respectively, and P values are stated. 1-way
(d, e) or 2-way (b, c) ANOVA with Tukey’s (d, e) or Sidak’s (b, c) 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 “×” 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.
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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 VOC36–38, 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% CO2 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% CO2 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 μg/mL
Blasticidin S. Primary human airway epithelial (HAE) cells from multiple donors
were cultivated at 37 °C and 5% CO2 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-2540S, lot# 0000519670); “M2”
from a 40-year old Caucasian male (Lonza, cat# CC-2540S, lot# 0000667744); and
“M6” from a 48-year old Caucasian male (Lonza, cat# CC-2540S, 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 × 105 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 1 h 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% CO2. 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 1H NMR (300MHz, CHCl3-d3) δ 11.15 (bs, 1H),
8.27 (bs, 1H), 7.95 (s, 1H), 7.32 (m, 1H), 7.07 (m, 1H), 6.05 (d, J= 6.0 Hz, 1H), 5.44
(t, J= 5.1 Hz, 1H), 4.66 (t, J= 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], 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

compound from a 100 µM maximum concentration. Each plate included 4 wells of
positive (100 µM 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% CO2 for 72 h. PrestoBlue™ Cell
Viability Reagent (ThermoFisher Scientific, cat# A13262) was added in each well
(10 μl/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 × (signal sample—
signal positive control)/(signal negative control—signal positive control). Fifty
percentage cytotoxic concentrations (CC50) 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 µl culture medium. The
plates were incubated at 37 °C for 48 h with 5% CO2. On day 2, 40 µl of CellTiter-
Glo (Promega) was added and mixed 5 times. Plates were read for luminescence on
an Envision (PerkinElmer) and CC50 values calculated using a nonlinear four
parameter regression model.

Virus yield reduction. In 12-well plates 16 h before infection, 2 × 105 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 1 h 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% CO2 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 µl. 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 μl 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 μl 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%). EC50 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 cm2 at passage three were
seeded on Transwell 6.5 mm polyester membrane insert with 0.4 µm 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*cm2 were noticeable ~3 weeks post ALI, 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 µl PBS and basal media was replaced with fresh media
containing indicated serial dilutions (threefold down from 10 µM) 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 µl 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 1 h. Shed apical viruses were
harvested with 200 µl 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 × 3.0 mm, 2.55 μm 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
analysis2. 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 experiments6, 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 × 105 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 12 h 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 × 105 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 mg kg−1) 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 12 h 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 (2000× g) for 5 min 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 TaqMan 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 described39,40, 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 × Ampure XP beads and pooled equimolarly before
sequencing on an Illumina 1 × 100 bp NextSeq2000 run. Raw fastq reads were
adapter- and quality-trimmed with Trimmomatic v0.3941. 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)42 pipeline. LAVA constructs a candidate reference genome from
early passage virus using bwa43, removes PCR duplicates with Picard, calls variants
with VarScan44,45, and converts these changes into amino acid changes with
Annovar46. Consensus sequences were called with TAYLOR39 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 PRJNA740065).

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-qPCR
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 η2= (SSeffect)/(SStotal) for one-way
ANOVA and ω2= (SSeffect− (dfeffect)(MSerror))/MSerror+ SStotal for two-way
ANOVA (SSeffect, sum of squares for the effect; SStotal, the sum of squares for total;
dfeffect, degrees of freedom for the effect; MSerror, mean squared error). The sta-
tistical significance level α 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′-Fluorouridine is an oral antiviral that blocks
respiratory syncytial virus and SARS-CoV-2 replication
Julien Sourimant1, Carolin M. Lieber1, Megha Aggarwal1, Robert M. Cox1, Josef D.Wolf1, Jeong-Joong Yoon1,
Mart Toots1, Chengin Ye2, Zachary Sticher3, Alexander A. Kolykhalov3,4, Luis Martinez-Sobrido2,
Gregory R. Bluemling3,4, Michael G. Natchus3, George R. Painter3,4,5, Richard K. Plemper1,6*

The COVID-19 pandemic has underscored the critical need for broad-spectrum therapeutics against
respiratory viruses. Respiratory syncytial virus (RSV) is a major threat to pediatric patients and older
adults. We describe 4′-fluorouridine (4′-FlU, EIDD-2749), a ribonucleoside analog that inhibits RSV,
related RNA viruses, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), with high
selectivity index in cells and human airway epithelia organoids. 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′-FlU as a
broad-spectrum candidate for the treatment of RSV, SARS-CoV-2, and related RNA virus infections.

T
he COVID-19 experience has highlighted
the need for orally bioavailable broad-
spectrum antivirals that may be quickly
deployed against newly emerging viral
pathogens. Remdesivir—a direct-acting

broad-spectrum antiviral—is still the only
small-molecule therapeutic approved for use

against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection in the
United States, but it requires intravenous ad-
ministration. The ensuing restriction to hos-
pitalized patients compromises its clinical
effect as treatment is initiated too late in the
infection cycle (1). We have demonstrated the

efficacy of orally available EIDD-2801 (molnu-
piravir) against influenza viruses in human
organoid models and ferrets (2), and subse-
quent animal and human data showed that
the antiviral efficacy of molnupiravir extends
to SARS-CoV-2 in vivo (3, 4). Molnupiravir
acts by inducing lethal viral mutagenesis after
incorporation into viral genomic RNA of in-
fluenza viruses (2) and betacoronaviruses (5).
The drug was recently approved in the United
Kingdom and is currently considered for em-
ergency use authorization against COVID-19
in the United States. However, even with this
accelerated development timeline, molnupir-
avir only became available to patients nearly
2 years into the pandemic. Tohave a substantial
effect on a mounting pandemic, an antiviral
must be approved for human use before a new
pathogen emerges, making the case for the
development of broad-spectrum antivirals.
We have identified respiratory syncytial virus

(RSV) disease as a viable primary indication
for a candidate broad-spectrum antiviral, on the
basis of the unaddressedmajor health threat im-
posed by RSV and well-established protocols
for clinical trials of anti-RSV therapeutics. RSV
infections are responsible for over 58,000 hos-
pitalizations of children <5 years of age in the
United States annually, and ~177,000 hospital-
izations of adults > the age of 65 (6–9). Despite
this major health and economic burden, no
therapeutics have been licensed specifically
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Fig. 1. 4′-FlU is a potent broad-spectrum
antiviral. (A) Chemical structure of 4′-FlU.
(B) Virus yield reduction of RSV clinical
isolates 6A8, 16F10, 2-20, and recombinant
recRSV-A2line19F-[mKate] [(A) or (B) antigenic
subgroup]. (C) HEp-2, MDCK, BHK-T7, and
BEAS-2B cell lines were assayed for reduction
in cell metabolism by 4′-FlU. (D and E) recRSV-
A2line19F-[FireSMASh] dose response inhibition
and cytotoxicity assay with human airway
epithelial (HAE) cells (D) from two donors in
the presence of indicated 4′-FlU concentrations
(E). (F) Dose-response inhibition of a panel
of recombinant mononegaviruses by 4′-FlU.
(G) Dose-response inhibition of recSARS-CoV-2-
[Nluc] and virus yield reduction of alpha, gamma,
and delta VoC isolates by 4′-FlU. (H) Dose-
response inhibition of transiently expressed
polymerase complexes from mononegaviruses
MeV, RSV, NiV, or HPIV-3 by 4′-FlU (I) recRSV-
A2line19F-[FireSMASh]-infected cells were
treated with 10 mM of 4′-FlU and serial dilutions
of exogenous nucleotides in extracellular media.
Viral activity was determined by reporter activity.
Symbols represent independent repeats [(B),
(E), (G), (H), and (I)] or mean with standard
deviation [(C) and (F)], and lines represent
means. n ≥ 3, EC50s, and CC50s are reported
in tables S1 and S2, and all source data
are provided in data S2.
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for treatment of RSV disease (10). Anti-RSV
drug discovery efforts have increasingly fo-
cused on inhibiting the viral RNA-dependent
RNApolymerase (RdRP) complex (11). The core
polymerase machinery comprises the large (L)
polymerase protein, its obligatory cofactor [the
phosphoprotein (P)], and the encapsidated
negative-sense RNA genome (11). Allosteric
inhibitors of RSV L have potent activity as
seen, for instance, with the experimental drug
candidatesAVG-233 (12) and inhaledPC786 (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 molnupiravir, we explored 4′-
fluorine substitutions in a series of analogs of the
molnupiravirparentmoleculeN4-hydroxycytidine
(NHC) (14). The focus on 4′-fluorine ribose
substitutions wasmotivated by the small atom-
ic radius and strong stereoelectronic effect of
fluorine that can influence backbone confor-
mation flexibility, whichmay lead to improved
selectivity indices (SIs), increased lipophilicity,
and greater metabolic stability (15). A synthe-
tic intermediate in the approach to 4′-fluoro-
N4-hydroxycytidine (compound 5 in fig. S1) was
deprotected to provide 4′-FIU (Fig. 1A), which
emerged as a broadly active antiviral when
biotested.

4 -FlU is a broad-spectrum mononegavirus
inhibitor with high SI

Following the approach of using RSV disease
as a primary indication to advance a new can-
didate broad-spectrum antiviral, we first as-
sessed activity of 4′-FlU against a recombinant
RSV A2-line19F (recRSVA2-L19F) (16) and clin-
ical RSV isolates on immortalized HEp-2 cells.
The compound showed potent dose-dependent
activity against all RSV strains tested, return-
ing half-maximal effective concentrations (EC50
values) ranging from 0.61 to 1.2 mM (Fig. 1B
and table S1). This cell culture potency was on
par with the previously reported anti-RSV ac-
tivity of NHC (fig. S2). Global metabolic activ-
ity of established human and animal cell lines
(HEp-2, MDCK, BHK-T7, and BEAS-2B) re-
mained unaltered after they were exposed to
4′-FlU (up to 500 mM), indicating that the
antiviral effect is a result of cytotoxicity (Fig.
1C and table S2). When glucose was replaced
with galactose as a carbohydrate source to link
cell metabolic activity strictly tomitochondrial
oxidation (17), we determined a half-maximal

Sourimant et al., Science 375, 161–167 (2022) 14 January 2022 2 of 7

1Center for Translational Antiviral Research, Georgia State
University, Atlanta, GA 30303, USA. 2Texas Biomedical
Research Institute, San Antonio, TX 78227, USA. 3Emory
Institute for Drug Development, Emory University, Atlanta,
GA 30322, USA. 4Drug Innovation Ventures at Emory
(DRIVE), Atlanta, GA 30322, USA. 5Department of
Pharmacology, Emory University School of Medicine, Atlanta,
GA 30322, USA. 6Department of Pediatrics, Emory University
School of Medicine, Atlanta, GA 30322, USA.
*Corresponding author. Email: rplemper@gsu.edu

A

template:

+32PATP
+32PATP+UTP

A

C

A

A

A
A
U
C

C

A

concentration (µM)

A
A
U

10
0

33 11 3.
7

1.
2

0.
4

+ UTP (µM)

0 10
0

33 11 3.
7

1.
2

0.
4

+ 4’-FlU-TP (µM)

0

32PATP (10 µM) 32PATP (10 µM)
B C D

Km (µM):
Vmax (p.f.):
r2:

4’-FlU-TP
24.9
79.9
0.98

primer extension

190

115

80

70

50

MW
(kDa)

L

P

*

selectivity: 3.7

32
P
A

C
U

32
P
A

C
4’

-F
lU

32
P
A

C

Transcription
Pause

(Delayed)

104

79

38

169

86

31

44

33

0 100 200

i

i+1

i+2

i+3

i+4

i+5

i+6

i+7

F G

Transcription
Pause

(Immediate)

H

I

J

A

C

A

A

A
A
U

C

A

U

32
P
A

C
U

32
P
A

C
4’

-F
lU

32
P
A

C

127

23

20

27

13

19

28

16

0 100 200

i

i+1

i+2

i+3

i+4

i+5

i+6

i+7

purified 
RSV P+L

template:
primer:

primer extension

+

190

115
80
70

50

30

25

10

15

MW
(kDa)

nsp12

nsp8

**

nsp7

**

m
ar

ke
rs

SARS-CoV-2 proteins

ns
p8

ns
p1

2

32
P
A

C
32

P
A

C
4’

-F
lU

32
P
A

C
U

A
C

A
A

A
A
U
C

C

A

i
i+1

i+2
i+3

i+4
i+5

i+6

i+7

template: template:

te
m

pl
at

e:

Kns
p7

te
m

pl
at

e:

32
P
A

C
32

P
A

C
4’

-F
lU

32
P
A

C
U

i
i+1

i+2
i+3

i+4
i+5

i+6

i+7

A

C

A

A

A
A
U

C

A

U

0 100 200

97

78

51

54

44

n.d.

0 100 500

77

16

20

11

393

n.d.

32PAC4’-FlU transcripts
(% 32PACU)

32PAC4’-FlU transcripts
(% 32PACU)

32PAC4’-FlU transcripts
(% 32PACU)

32PAC4’-FlU transcripts
(% 32PACU)

in vitro RSV RdRP assay

nsp8
nsp8nsp7

nsp12

in vitro SARS-CoV-2 RdRP assay

116

80

127

98

P L

1 10 100 1000vehicle
0

20

40

60

80

100

in
co

rp
or

at
io

n 
(%

)

UTP
6.7
81.1
0.96

A

C
A
A

A
A
U

C
A

U

G

G

C
AG
C
A
A
G

G

te
m

pl
at

e:

E

ns
p1

2 
S

N
N

Fig. 2. 4′-FlU induces a delayed stalling of RSV and SARS-CoV-2 RdRP. (A) SDS-PAGE with Coomassie
blue staining of recombinant RSV RdRP complexes (L and P proteins). (B) Schematics of the primer extension
assay. (C) Urea-polyacrylamide gel electrophoresis (PAGE) fractionation of RNA transcripts produced through
primer extension by the RSV RdRP in the presence of the indicated nucleotides (n = 3). (D) Kinetic analysis of
autoradiographs from (C). Nonlinear regression with the Michaelis-Menten model. Km and Vmax with 95% confidence
intervals (CIs) and goodness of fit (r2) are indicated. (E to G) Urea-PAGE fractionation of RNA transcripts
produced by RSV RdRP in the presence of the indicated templates and nucleotides. “Remdesivir” denotes the
addition of the remdesivir active metabolite GS-443902, a well-characterized “delayed chain terminator”.
4′-FlU-TP bands in (F) to (G) were normalized to the corresponding band after UTP incorporation. Bars
represent mean and error bars represent standard deviation (n = 3). (H) Purified recombinant SARS-CoV-2
RdRP complexes (nsp7, 8, and 12 proteins) “nsp12 SNN” denotes a catalytically inactive mutant. (I to
K) Urea-PAGE fractionation of RNA transcripts produced by SARS-CoV-2 RdRP in the presence of the indicated
templates and nucleotides. Stars denote cellular contaminants. Uncropped autoradiograph replicates are
provided in data S1.
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cytotoxic concentration (CC50) of 4′-FlU of
250 mM (Fig. 1C and table S2).
When tested on disease-relevant primary hu-

man airway epithelial cells (HAEs) derived
from two different donors (Fig. 1D), 4′-FlU
showed a ≥17-fold increase in anti-RSV poten-
cy relative to that on HEp-2 cells; however, the
low cytotoxicity levels remained unchanged
(CC50 169 mM) (Fig. 1E), resulting in a high SI
(SI = EC50/CC50) of ≥1877. Consistent with
these findings, quantitative immunocytochem-
istry on HAE cells confirmed that 4′-FlU re-
duced steady-state levels of nuclear- (SDH-A;
IC50 272.8 mM) andmitochondrial- (COX-I; IC50
146.8 mM) encoded proteins only at high con-
centrations (fig. S3).
We next explored the 4′-FlU indication spec-

trum. We assessed a panel of negative-sense
RNA viruses of the paramyxovirus and rhab-
dovirus families, including measles virus (MeV),
human parainfluenza virus type 3 (HPIV3),
Sendai virus (SeV), vesicular stomatitis virus
(VSV), and rabies virus (RabV). Like RSV, these
viruses belong to the mononegavirus order,
and we found that 4′-FlU demonstrated sub-
micromolar active concentrations (Fig. 1F and
table S1). Testing a representative of phyloge-
netically distant positive-sense RNA viruses,
the betacoronavirus SARS-CoV-2 was also sen-
sitive to 4′-FlU, with EC50 values ranging from
0.2 to 0.6 mM against isolates of different
lineages (Fig. 1G and table S1).
At initial mechanistic characterization, 4′-

FlU inhibited RSV and paramyxovirus RdRP
complex activity in cell–basedminireplicon sys-
tems (Fig. 1H and table S1). The RdRP activity
of Nipah virus (NiV)—a highly pathogenic zoo-
notic paramyxovirus with pandemic potential
(18)—was also efficiently inhibited by 4′-FlU in
a NiV minireplicon reporter assay. The anti-
viral effect of 4′-FlU was dose-dependently re-
versed by addition of an excess of exogenous
pyrimidines (cytidine and uridine)—but not
purines—to the cultured cells, which is con-
sistent with competitive inhibition of RdRP
activity (2, 19) (Fig. 1I).

Incorporation of 4′-FlU by RSV and SARS-CoV-2
RdRP causes sequence-modulated
transcriptional stalling

To characterize the molecular MOA of 4′-FlU,
we purified recombinant RSVL and Pproteins
expressed in insect cells (Fig. 2A) and de-
termined performance of the bioactive 5′-
triphosphate form of 4′-FlU (4′-FlU-TP) within
in vitro primer extension assays (20) (Fig. 2B).
In the presence of radio-labeled adenosine
triphosphate (ATP) and an increasing amount
of uridine triphosphate (UTP), RSV RdRP com-
plexes elongated the primer until reaching a G
in third position on the template strand, and
continued further upon addition of CTP (Fig.
2C) (fig. S4 and data S1). Replacing UTP with
4′-FlU-TP resulted in efficient primer exten-

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

of CTP to the reaction mix resulted in limited
elongation rather than the expected full-length
product, which suggested delayed polymerase
stalling by incorporated 4′-FlU (fig. S4 and
data S1). Direct side-by-side comparison with
GS-443902—the activemetabolite of remdesivir
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Fig. 3. 4′-FlU is efficiently anabolized in HAE cells and is efficacious in human airway epithelium
organoids. (A to C) 4′-FlU cellular uptake and metabolism in “F1” HAE cells quantified by mass spectrometry
(A). Intracellular concentration of 4′-FlU(-TP) after exposure to 20 mM 4′-FlU for 0, 1, 2, 3, 4, 6, 16, and
24 hours (B), or 24-hour incubation followed by removal 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′-FlU (19.83 pmol/106 cells) is
indicated by the dashed line. (D) HAE cells were matured at the air-liquid interface (ALI). (E) Virus yield
reduction of recRSV-A2line19F-[FireSMASh] was shed from the apical side in ALI HAE after incubation with
serial dilutions of 4′-FlU on the basal side (n = 3). (F to H) Confocal microscopy of ALI HAE cells infected
with recRSV-A2line19F-[FireSMASh], at 5 days after infection. RSV-infected cells, tight junctions, and
nuclei were stained with anti-RSV, anti-ZO-1, and Hoechst 34580. z-stacks of 30 1-mm slices with 63 × oil
objective. Dotted lines, x-z and y-z stacks; scale bar, 20 mm. In all panels, symbols represent independent
biological repeats and lines represent means.
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and a “delayed polymerase stalling” inhibitor
well characterized for SARS-CoV-2—along with
RSV and other RNA viruses (21, 22), corrobo-
rated this antiviral effect of 4′-FlU-TP (Fig. 2E
and data S1).
When a modified template coded for incor-

poration of only a single UTP (Fig. 2F and data
S1), primers elongated preferentially to posi-
tion i + 3 after 4′-FlU-TP, whereas the effi-
ciency of full elongationwas strongly reduced
compared with extension in the presence of
UTP. However, repositioning the incorpora-
tion site further downstream in the template
triggered immediate polymerase stalling at
position i (fig. S5), indicating template se-
quence dependence of the inhibitory effect.
Transcription stalling at i or i + 3 was also
observed after multiple 4′-FlU incorporations:
An AxAxxx template (Fig. 2G) and direct tan-
dem incorporations through an AAxxAx tem-
plate (fig. S5) caused stalling at position i,

whereas increasing spacer length between the
incorporateduridinesshiftedpreferential stalling
to i+3 (fig. S5). This variable delayed polymerase-
stalling event within one to four nucleotides of
the incorporation site was equally prominent
when we examined de novo initiation of RNA
synthesis at the promoter with a synthetic native
RSVpromoter sequence rather than extension of
primer-template pairs (fig. S6).
Purification of a core SARS-CoV-2 polymer-

ase complex [nonstructural proteins (nsp) 7, 8,
and 12] from bacterial cell lysates (23, 24) (Fig.
2H) and assessment of RdRP bioactivity in
equivalent primer-extension in vitro polymer-
ase assays (Fig. 2I) again demonstrated incor-
poration of 4′-FlU-TP in place of UTP by the
coronavirus RdRP (Fig. 2J), but there was no
sign of immediate polymerase stalling. How-
ever, SARS-CoV-2 polymerase stallingwas trig-
gered by multiple incorporations of 4′-FlU-TP,
and was particularly prominent when a sec-

ond incorporation of 4′-FlU-TP occurred at the
i+4 position (Fig. 2K and fig. S7). Primer ex-
tension was blocked when the nsp12 subunit
was omitted or an nsp12 variant carryingmuta-
tions in the catalytic site was used, confirming
specificity of the reaction (fig. S7 and data S1).

4′-FlU is rapidly anabolized, metabolically
stable, and potently antiviral in disease-relevant
well-differentiated HAE cultures

Quantitation of 4′-FlU and its anabolites in
primary HAE cells (Fig. 3A) demonstrated
rapid intracellular accumulation of 4′-FlU,
reaching a level of 3.42 nmol/million cells in
the first hour of exposure (Fig. 3B). Anabolism
to bioactive 4′-FlU-TP was efficient, resulting
in concentrations of 10.38 nmol permillion cells
at peak (4 hours after start of exposure) and
1.31 nmol permillion cells at plateau (24 hours).
The anabolitewasmetabolically stable, remain-
ing present in sustained concentrations of

Sourimant et al., Science 375, 161–167 (2022) 14 January 2022 4 of 7

Fig. 4. Therapeutic oral efficacy of 4′-FlU
in the RSV mouse model. (A) Balb/cJ
mice were inoculated with recRSV-A2line19F-
[mKate] and treated as indicated. At
4.5 days after infection, viral lung titers
were determined with TCID50 titration
(n = 5). (B) Balb/cJ mice were inoculated
with recRSV-A2line19F-[mKate] or mock-
infected, and treated as indicated. Blood
samples were collected before infection
and at 1.5, 2.5, 3.5, and 4.5 days after
infection; lymphocyte proportions with
platelets/ml are represented over time (n = 4).
(C) Balb/cJ mice were inoculated with
recRSV-A2line19F-[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) Balb/cJ mice were inoculated with
recRSV-A2line19F-[mKate] and treated as
indicated. At 4.5 days after infection, viral
lung titers were determined with TCID50
titration (n = 5). In all panels, symbols
represent individual values, and bars or
lines represent means. One-way ordinary
analysis of variance (ANOVA) with Tukey’s
post hoc multiple comparisons (B) and (I) or
two-way ANOVA with Dunnett’s post hoc
multiple comparison (C) and (G). h.p.i.,
hours post-infection.
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~1 nmol/million cells over a 6-hour monitor-
ing period, corresponding to an extrapolated
half-life of 9.7 hours (Fig. 3C).
To explore efficacy in a disease-relevant hu-

man tissue model, we cultured the HAEs at
the air-liquid interface, inducing the forma-
tion of a well-differentiated three-dimensional
(3D) airway epithelium that included ciliated
and mucus-producing cells (25) (Fig. 3D).
Adding 4′-FlU to the basolateral chamber
of the transwells after apical infection of the
epithelium with RSV potently reduced api-
cal virus shedding with an EC50 of 55 nM
(Fig. 3E). Overall titer reduction spanned
nearly four orders of magnitude, ranging from
3.86×104median tissue culture infectious dose
(TCID50) in control cells to 78.18 TCID50 at
5 mM basolateral 4′-FlU, approaching the level
of detection.
Confocal microscopy validated formation of

a pseudostratified organization of the epithe-
liumwith tight junctions in the airway epithe-
lium tissuemodel (Fig. 3F), visualized efficient
RSV replication in vehicle-treated tissuemodels
(Fig. 3G), and confirmed near-sterilizing anti-
viral efficacy in the presence of 50 mM baso-
lateral 4′-FlU (Fig. 3H and figs. S8 and S9).
Under the latter conditions, positive staining
for RSV antigens was rarely detected.

4′-FlU is orally efficacious in a therapeutic
dosing regimen in a small-animal model of
RSV infection

To test 4′-FlU efficacy in vivo, we used the
mouse model of RSV infection (supplemen-
tary text), challenging animals with recRSV-
A2-L19F, which efficiently replicates in mice
(16). In a dose-to-failure study, we infected
BALB/cJ mice intranasally and initiated once-
daily oral treatment 2 hours after infection at
0.2, 1, or 5 mg 4′-FlU per kilogram of body
weight. Treatment at all dose levels resulted
in a statistically significant reduction in lung
virus load compared with vehicle-treated ani-
mals (Fig. 4A). The antiviral effect was dose
dependent and approached nearly two orders
of magnitude at the 5 mg/kg dose. Consistent
with highmetabolic stability in HAEs, a twice-
daily dosing regimen did not significantly
enhance efficacy (fig. S10). Because animal
appearance, body weight, temperature (fig. S11),
and relative lymphocyte and platelet counts
(Fig. 4B and fig. S12) were unchanged in the
5 mg/kg group compared with vehicle-treated
animals, we selected this dose for further
studies.
For a longitudinal assessment of therapeutic

benefit, we used an in vivo imaging system
(IVIS) with a red-shifted luciferase (26) ex-
pressing an RSV reporter virus generated for
this study. This assay allows for a noninvasive
spatial appreciation of intrahost viral dissem-
ination. Daily imaging (Fig. 4C and fig. S13)
revealed considerable reduction of biolumi-

nescence intensity in lungs of 4′-FlU-treated
animals at 5 days after infection, correspond-
ing to peak viral replication, independent of
whether treatment was initiated 24 hours
before or 1 hour after infection (Fig. 4D). This
IVIS profile is consistent with reduced viral
replication and ameliorated viral pneumonia
in treated animals.

To probe the therapeutic window of 4′-FlU,
we initiated treatment at 2, 12, 24, 36, and
48 hours after infection. All treatment groups
showed a statistically significant reduction of
lung virus burden compared with vehicle-
treated animals, but effect size was dependent
on the time of treatment initiation (Fig. 4E and
fig. S14). On the basis of our experience with
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Fig. 5. Efficacy of 4′-FlU against SARS-CoV-2 replication in HAE organoids. (A) Multicycle growth curve
of SARS-CoV-2 WA1 isolate on ALI HAE from two donors. Shed virus was harvested daily and titered by
plaque assay (n = 3). (B and C) Confocal microscopy of ALI HAE cells from “F1” donor mock-infected (B) or
infected (C) with SARS-CoV-2 WA1 isolate, 3 days after infection. SARS-CoV-2 infected cells, goblet cells, and
nuclei were stained with anti-SARS-CoV-2 N immunostaining, anti-MUC5AC immunostaining, and Hoechst
34580, pseudocolored in red, green, and blue, respectively. z-stacks of 35-mm slices (1 mm thick) with 63×
objective with oil immersion. Dotted lines represent the location of x-z and y-z stacks; scale bar, 20 mm. In all
panels, symbols represent independent biological repeats and lines represent means. (D) Virus yield
reduction of SARS-CoV-2 WA1 clinical isolate shed from the apical side in ALI HAE after incubation with serial
dilutions of 4′-FlU on the basal side (n = 3). (E and F) Confocal microscopy of ALI HAE cells infected with
SARS-CoV-2 WA1 isolate and treated with 50 mM 4′-FlU 3 days after infection. Rare ciliated cells positive for N
are represented in (F).
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therapeutic intervention in related respiratory
RNA viruses that cause lethal disease (25), we
required a reduction in lung virus load of at
least one order of magnitude. With this con-
straint, the therapeutic window of 4′-FlU was
extended to 24 hours after infection in mice.

4′-FlU is effective against SARS-CoV-2 in HAE
and the ferret model

To test activity against SARS-CoV-2 in the hu-
man airway organoids, we first confirmed that
the WA1 isolate replicated efficiently in the
HAEs of all donors tested (Fig. 5, A to C, and
fig. S15). Treatment of infected organoids with
basolateral 4′-FlU dose-dependently reduced
apical virus shedding, albeit with a limited
maximal effect size of ~ two orders of mag-
nitude at 50 mM (Fig. 5D). Confocal micros-
copy revealed that the epithelium was largely
devoid of SARS-CoV-2 nucleocapsid proteins
under these conditions (Fig. 5E), with only
sporadic staining detectable in a small subset
of ciliated cells (Fig. 5F and fig. S15).

To probe for a corresponding antiviral effect
in vivo, we determined the efficacy of oral 4′-
FlU against an early pandemic isolate (WA1)
and VoC alpha, gamma, and delta in the ferret
model (27), which recapitulates hallmarks of
uncomplicated human infection (3). For dose
level selection in ferrets, we determined single
oral dose ferret pharmacokinetic (PK) profiles
of 4′-FlU. When administered at 15 or 50 mg/
kg, peak plasma concentrations (Cmax) of
4′-FlU reached 34.8 and 63.3 mM, respectively,
and overall exposure was 154 ± 27.6 and 413.1 ±
78.1 hours×nmol/ml, respectively, revealing
good oral dose-proportionality (Fig. 6A and
table S3). On the basis of this PK performance,
we selected once-daily dosing at 20 mg/kg
body weight for efficacy tests (Fig. 6B).
Intranasal infection of ferrets with 1×105

PFU of each isolate resulted in rapid viral
shedding into the upper respiratory tract,
which plateaued in vehicle-treated animals
48 to 60 hours after infection (Fig. 6C). Thera-
peutic treatment with 4′-FlU initiated 12 hours

after infection reduced virus burden in nasal
lavages by approximately three orders of mag-
nitude (WA1) to <50 PFU/ml within 12 hours
of treatment onset. All three VoC were highly
sensitive to 4′-FlU, 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 after infection (Fig. 6D)
and associated viral RNA copy numbers (fig.
S16) correlated with this reduction in shed
virus load. Shedding of infectious particles
ceased completely in all animals after 2.5 days
of treatment (3 days post-infection).

Conclusions

This study identifies and characterizes the
ribonucleoside analog 4′-FlU, which potently
inhibits pathogens of different clinically rele-
vant negative and positive-sense RNA virus
families. The compound causes delayed stalling
of RSV and SARS-CoV-2 polymerases within
in vitro RdRP assays, reminiscent of the anti-
viral effect of remdesivir (28, 29). However,
4′-FlU can also trigger immediate RdRP stall-
ing depending on sequence context, suggest-
ing steric hindrance of polymerase advance
or of accommodating the next incoming nu-
cleotide as the underlying MOA. We cannot
exclude that additional effects further en-
hance the antiviral effect in cellula as proposed
for other nucleoside analogs (30). Slightly
lower sensitivity of SARS-CoV-2 to 4′-FlU
compared with RSV could be a result of the
exonuclease activity of the coronavirus poly-
merase, which can eliminate ribonucleoside
analogs (31, 32). Alternatively, coronavirus
RdRP may have a greater capacity to tolerate
the compound, because SARS-CoV-2 RdRP
showed a higher tendency than RSV poly-
merase to advance after 4′-FlU-TP incorpora-
tion in the RdRP assays, which do not contain
exonuclease functionality.
Once-daily oral administration to mice and

ferrets significantly reduced the burden of
RSV and SARS-CoV-2, respectively, when treat-
ment was initiated up to 24 (RSV) or 12 (SARS-
CoV-2) hours after infection. Because RSV
(33) and SARS-CoV-2 (34) host invasion is
slower in humans, these data outline a viable
therapeutic window for human treatment.
Equally potent activity against SARS-CoV-2
VoC alpha, gamma, and delta demonstrated
broad anticoronavirus efficacy of 4′-FlU, build-
ing confidence that the compoundwill remain
active against future VoC that may be increas-
ingly less responsive to spike-targeting vaccines
or antibody therapeutics. Formal tolerability
studies are pending, but 4′-FlU was well tole-
rated by the human organoid models and
efficacious in murids and mustelids. Blood
analysis of treated mice uncovered no anti-
proliferative effect of 4′-FlU on the hemato-
poietic system. These results establish 4′-FlU as
a broad-spectrum orally efficacious inhibitor
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of major RNA viruses, making it a promising
therapeutic option for RSVdisease andCOVID-
19, and a much-needed contributor 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’-FlU 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 animals per 
group (3 to 5, as specified in each figure legend) in in vivo efficacy experiments was 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 5105 TCID50 (25 µl per nare) of recRSV-A2line19F-
[mKate] in PBS while under anesthesia with ketamine/xylazine. Treatment (4’-FlU or vehicle) 
was administered at the indicated time post-infection via oral gavage in a 200 µl 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 weighed 
and homogenized with a bead beater in 300 µl 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 20,000g, supernatant 
aliquoted and stored at -80°C before being titrated by median tissue culture infectious dose 
(TCID50) 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 µl of 100 mg/ml D-luciferin (Goldbio). 
Acquisition was initiated 30s after substrate injection in an IVIS Spectrum (Caliper 
LifeSciences). Acquisition parameters were a sequence of 930-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 studies, mice were infected with 300,000 
TCID50 recRSV-A2line19F-[mKate] or mock and treated with 5mg/kg mice body weight 4’-FlU 
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 
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’-FlU against SARS-CoV-2 
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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 × 105 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 (q.d.) with vehicle (10 
mM sodium citrate with 0.5% (v/v) Tween 80) or 4’-FlU at a dosage of 20 mg kg−1, 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 (2,000×g 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–qPCR 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–qPCR 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 TaqMan 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 BEAS­2B (ATCC® CRL­9609™) 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% CO2 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 II serum-free media (SFM) (Thermo Scientific) at 28°C. All cell lines used in this study are 
routinely checked for mycoplasma and microbial contamination. Mammalian cell transfections 
were performed using GeneJuice transfection reagent (Invitrogen) while insect cell transfections 
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were performed using Cellfectin II transfection reagent (Gibco). 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 BronchiaLife 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 line19 F harboring a mKate reporter (labelled here 
as recRSV-A2line19F-[mKate]) or RSV A2 with line19 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-A2line19F-[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 BlpI restriction site, mimicking the sequence downstream of mKate on the 
pSynkRSV-line19F 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’- 
ccgtggccaagatgtgatgaGTATTCAATTATAGTTATTAAAAACTTAACAG) and 5’- 
gaggctgattttgcggccgcGCTAAGCAAGGGAGTTAAATTTAAG for the downstream sequence 
with BlpI. 2) The sequence of redFirely and its downstream sequence up to the BlpI site were 
amplified by PCR to insert a second BlpI 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 
BlpI (New England Biolabs) and purified. 3) Since BlpI is not a unique site on the pSynkRSV-
line19F vector, we generated an intermediate shuttle vector by inserting a fragment from 
pSynkRSV-line19F vector encompassing the leader promoter sequence to the nucleoprotein gene 
and containing mKate, by digesting it with AvrII (New England Biolabs) and PmeI (New 
England Biolabs). In parallel we digested and purified the backbone of a pCDNA 3.1 
(ThermoFisher Scientific cat. V79020) with AvrII (New England Biolabs) and PmeI (New 
England Biolabs), and the two fragments were ligated with the t4 ligase ((New England Biolabs). 
4) The shuttle vector was opened with BlpI 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 AvrI and PmeI 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 nsp12, nsp8 and nsp7, SARS-CoV-2 RNA was 
isolated from stocks of isolate USA-WA1/2020 (BEI# NR-52281) and reverse transcribed using 
superscript III (Invitrogen). The resulting cDNA was used as a template for the amplification of 
nsp7, nsp8 and nsp12 encoding genes the primer 5’-
CTGGACATATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAAAACCTG
TATTTTCAGGGCTCTAAAATGTCAGATGTAAAG and 5’-
CTAGAGCGGCCGCCTATTGTAAGGTTGCCCTGTTG (nsp7), 5’-
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CTGGATCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAATGGGCAGCAGCC
ATCATCATCATCAT and 5’-CTAGAGCGGCCGCCTACTGTAATTTGACAGCAGAATTG 
(nsp8), and 5’-CTGGACATATGTCAGCTGATGCACAATCG and 5’-
CTAGACTCGAGGCCCTGAAAATACAGGTTTTCGCCGCTGCTCTGTAAGACTGTATGC
GGTG (nsp12). PCR amplified products were individually cloned into pET30a(+) expression 
vector (Novagen) with tobacco etch virus protease-cleavable 6His 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 (1800g, 5 minutes, 4°C). Stocks were prepared as described previously by 
infecting 50% confluent HEp-2 cells in 15cm dishes at a multiplicity of infection (MOI) of 0.01 
TCID50/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 (1800g, 5 
minutes, 4°C). Screening-grade stocks of recRSV-A2line19F-[FireSmash]) were grown in the 
presence of 3 μM 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 (TCID50) 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 NanoLuc, labelled here recHPIV-3-[Nluc]), Sendai virus with Gaussia luciferase reporter 
labelled here recSeV-[Gluc] were rescued and amplified on VeroE6 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) (VeroE6 virus yield 
reduction) and GISAID 2333067 (efficacy in ferrets) lineage B.1.617.2), were sequence-
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-
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[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 I 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 GeneJuice 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’-FlU 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 control (minireplicon with 
media containing dimethyl sulfoxide (DMSO) or minireplicon with L-expressing plasmid 
replaced by pCDNA3.1). 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 (EC50) and 95% CIs 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’-FlU 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-A2line19F-[FireSmash], recMeV-
[NPESTluc] recHPIV-3-[Nluc], recSeV-[Gluc], recVSV-[Nluc], or recRabV-[Nluc] at MOI 0.2 
TCID50/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 µM cycloheximide, 
respectively). 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 (EC50) and 95% CIs 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 TCID50/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 TCID50 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 
DMEM with 2% FBS and indicated concentrations of 4’-FlU (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 
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titers to define 100% and were analyzed with a non-linear regression with variable slope to 
determine EC50 and 95% CIs 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’-FlU from 500 µM 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 (CC50) and 95% CIs 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 TCID50/cell, 
maintenance media was supplemented with 4’-FlU at 10 µM alone or in combination with 0.1 to 
300 µM 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 NaH2PO4 [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, 15,000g, 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-HCl [pH 7.4], 150 mM NaCl, 10% glycerol, 1 mM 
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 
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The sequence confirmed constructs of nsp7 and nsp8 were transformed into BL21(DE3)pLysS 
cells. For the expression of nsp12 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 OD600 reached 0.6. nsp7 
and nsp8 cultures were induced with 0.5 mM isopropyl β-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 OD600 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 14,000g 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 6His 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 M 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 µl final 
volume with a transcription buffer containing 20 mM Tris-HCl pH 7.4 [RT], 30 mM NaCl, 10% 
glycerol, 1 mM dithiothreitol, 8 mM MgCl2, 4 µM RNA template, 20 µM RNA primer, indicated 
concentrations of nucleotides and 1 µCi 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 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 
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with Typhoon FLA 7000 (GE Healthcare Life Sciences). Densitometry analysis was performed 
using FIJI 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 ratio. For side-by-side comparison of elongation 
products, reactions were performed as previously noted with saturating concentration of 300 µM 
of UTP or 4’-FlU-TP. Each band corresponding to a primer-extended product containing 4’-FlU-
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 µM with RSV RdRP (100-200 ng of L), 8 mM MgCl2, 1 mM dithiothreitol, 
indicated concentrations of each nucleotides and 10 µCi of (alpha)32P-labelled GTP (Perkin-
Elmer), 20 mM Tris-HCl [pH 7.4], 15 mM NaCl, 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 µl 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 M), 
nsp8 (3 M) and nsp12 (300 nM) were incubated in 20 mM Tris-HCl pH 7.4, 10% glycerol, 1 
mM dithiothreitol, 5 mM MgCl2, 1 µM RNA template, 20 µM RNA primer, 20 nM ATP, 20 nM 
CTP and 1 µCi 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’-FlU-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 µM 4’-FlU 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 µl of ice-cold 
70% methanol. Cellular extracts were clarified by centrifugation at 16,000g 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 µM 4’-FlU or vehicle (DMSO) for 24 hours, then washed twice with DPBS and 
incubated with maintenance media for the indicated time point before harvesting. 4’-FlU and 4’-
FlU-TP anabolite were quantitated by qualified internal standard-based LC-MS/MS method 
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 
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quantitation (LLOQ) for 4’-FlU was 1.04 ng/ml of the cell extraction solution, which 
corresponded to 19.83 pmol/106 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 µm 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-
A2line19F-[mKate] (500,000 TCID50) 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 µl 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 titered by standard TCID50. 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 
µl 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 IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor 488 1:500 
(ThermoFisher Scientific, cat. A1059). For SARS-CoV-2 confocal microscopy, cells were 
stained with rabbit anti-SARS-CoV-2 Nucleocapsid monoclonal antibody (HL453) (Invitrogen, 
MA5-36272) 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-
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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-A2line19F-[FireSmash] (500,000 TCID50), washed with PBS daily and fixed at 5 days 
post-infection with 200 µl 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 µl of primary 
antibody in wash buffer for 1 hour at RT. After 35 minutes 200 µl 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% CIs 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 
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% yield). 
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1H NMR (400 MHz, DMSO-d6) δ 11.40 (s, 1H), 7.68 (d, J = 8.1 Hz, 1H), 5.80 (d, J = 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. 
1H NMR (400 MHz, DMSO-d6) δ 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, J = 5.5 
Hz, 1H), 4.33 (s, 1H), 4.24 (q, 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. 
1H NMR (400 MHz, Methanol-d4) δ 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). 
19F NMR (376 MHz, Methanol-d4) δ -112.49 (ddd, J = 20.9, 18.1, 6.1 Hz). 
2’,3’-Di-O-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 HCl, 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. 
1H NMR (400 MHz, DMSO-d6) δ 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, J = 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-d6) δ -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’-FlUoro-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-
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 
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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  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 HCl (2  50 ml) followed by saturated sodium 
carbonate solution (2  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 
g, 52% yield) as a white solid. 
1H NMR (400 MHz, DMSO-d6) δ 11.59 (s, 1H), 7.94 (d, J = 7.7 Hz, 1H), 7.89 (s, 1H), 7.78 
(d, J = 8.1 Hz, 2H), 7.60 (t, J = 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-d6) δ -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 tert-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. 
1H NMR (400 MHz, DMSO-d6) δ 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, J = 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-d6) δ -120.94 (dt, J = 17.7, 5.4 Hz). 
LCMS Calculated for C9 H12FN2O6 [M+H+]: 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 
HCl 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.  
1H NMR (400 MHz, CDCl3) δ 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). 
19F NMR (376 MHz, CDCl3) δ -107.06 (td, J = 18.6, 7.3 Hz). 
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2’,3’-Di-O-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  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.  
1H NMR (400 MHz, CDCl3) δ 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, J = 7.0, 2.4 Hz, 1H), 5.17 (d, J = 4.8 
Hz, 2H), 5.09 (s, 2H), 3.86 (q, J = 5.8, 4.9 Hz, 2H), 3.06 (s, 1H).  
19F NMR (376 MHz, CDCl3) δ -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 L, 1.44 mmol) followed by dropwise addition of 
phosphorus oxychloride (122 L, 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:NH4OH: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 (2) 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  20 ml). Combined filtrates 
were washed with ether (4  60 ml) and then concentrated under vacuum at 25°C. After co-
evaporation with water (2  25 ml), the crude triphosphate was purified by column 
chromatography over DEAE-Sephadex GE A-25 (10 mm  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 NH4OH: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  5 ml), dissolved in water (1 
ml), and concentrated by lyophilization to yield 4’-fluoro-uridine 5’-O-triphosphate (3.14 mg, 
0.81% yield) as the tetrasodium salt. 
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1H NMR (400 MHz, D2O) δ 7.77 (d, J = 8.0 Hz, 1H), 6.15 (d, J = 1.9 Hz, 1H), 5.91 (d, J = 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). 31P NMR (162 MHz, D2O) δ -7.81(d), -11.84 (d, J = 19.2 Hz), -
22.23 (t). 19F NMR (376 MHz, D2O) δ -121.09 (unresolved dt, J = 19.2 Hz). LCMS Calculated 
for C9 H13FN2O15P3 [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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The small molecule inhibitor of SARS-CoV-2
3CLpro EDP-235 prevents viral replication
and transmission in vivo

Michael H. J. Rhodin 1 , Archie C. Reyes1, Anand Balakrishnan 1, Nalini Bisht1,
Nicole M. Kelly1, Joyce Sweeney Gibbons1, Jonathan Lloyd1, Michael Vaine1,
Tessa Cressey1, Miranda Crepeau1, Ruichao Shen1, Nathan Manalo1,
Jonathan Castillo1, Rachel E. Levene1, Daniel Leonard1, Tianzhu Zang1,
Lijuan Jiang1, Kellye Daniels1, Robert M. Cox 2, Carolin M. Lieber2,
Josef D. Wolf 2, Richard K. Plemper 2, Sarah R. Leist 3, Trevor Scobey3,
Ralph S. Baric 3, Guoqiang Wang1, Bryan Goodwin1 & Yat Sun Or1

The COVID-19 pandemic has led to the deaths ofmillions of people and severe
global economic impacts. Small molecule therapeutics have played an
important role in the fight against SARS-CoV-2, the virus responsible for
COVID-19, but their efficacy has been limited in scope and availability, with
many people unable to access their benefits, and better options are needed.
EDP-235 is specifically designed to inhibit the SARS-CoV-2 3CLpro, with potent
nanomolar activity against all SARS-CoV-2 variants to date, as well as clinically
relevant human and zoonotic coronaviruses. EDP-235 maintains potency
against variants bearing mutations associated with nirmatrelvir resistance.
Additionally, EDP-235 demonstrates a ≥ 500-fold selectivity index against
multiple host proteases. In amale Syrian hamstermodel of COVID-19, EDP-235
suppresses SARS-CoV-2 replication and viral-induced hamster lung pathology.
In a female ferretmodel, EDP-235 inhibits production of SARS-CoV-2 infectious
virus and RNA at multiple anatomical sites. Furthermore, SARS-CoV-2 contact
transmission does not occur when naïve ferrets are co-housed with infected,
EDP-235-treated ferrets. Collectively, these results demonstrate that EDP-235 is
a broad-spectrum coronavirus inhibitor with efficacy in animal models of
primary infection and transmission.

The global emergence of severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) and its associated respiratory disease, cor-
onavirus disease 2019 (COVID-19), has resulted in > 770 million
reported cases and approximately 7 million deaths recorded to date
worldwide1. The COVID-19 health crisis has led to the development of a
diverse arsenal of therapeutics2 that have been critical in mitigating
severe clinical outcomes3–7. Approved small molecule therapeutics
directly targeting SARS-CoV-2 include the nucleoside inhibitors

remdesivir and molnupiravir, and the protease inhibitors nirmatrelvir
and ensitrelvir (the latter is only approved for use in Japan as of this
writing).While these therapies havebeen crucial life-saving tools, there
remains a strong need for new therapies with improved dosing regi-
mens, efficacies, and patient eligibility.

Upon viral entry into a host cell, the positive-sense RNA genome
of SARS-CoV-2 is translated by cellular ribosomes to produce two
polyproteins, pp1a and pp1ab. Subsequently, two viral proteinases,

Received: 21 December 2023

Accepted: 23 July 2024

Check for updates

1Enanta Pharmaceuticals, Inc., Watertown, MA, USA. 2Institute for Biomedical Sciences, Georgia State University, Atlanta, GA, USA. 3Department of Epide-
miology, Gillings School of Global Public Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA. e-mail: mrhodin@enanta.com

Nature Communications | ��������(2024)�15:6503� 1

12
34

56
78

90
():
,;

12
34

56
78

90
()
:,;



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 87 

 

papain-like cysteine protease and 3C-like protease (3CLpro), cleave
pp1a and pp1ab into 16 non-structural proteins whereby the enzymatic
activity of the 3CLpro is driven by a catalytic dyad (C145-H41)8. The
conservation of structure and mechanism of action across cor-
onaviruses as well as the indispensable nature of the 3CLpro for the
virus’s life cycle make it an excellent therapeutic target9,10. Small
molecule inhibitors targeting viral proteases have historically proven
successful for the treatment of human immunodeficiency virus and
hepatitis C virus11,12. Prior to the emergence of SARS-CoV-2, there was
ongoing development of inhibitors against the 3CLpro of severe acute
respiratory syndrome coronavirus (SARS-CoV)8,9. The sequence,
structural identity, and mechanism of hydrolysis of the 3CLpro is
highly conserved in SARS-CoV-2 as compared to SARS-CoV8,13–15,
thereby providing a strong rationale for the development of SARS-
CoV-2 3CLpro inhibitors.

To date, the FDA has approved the use of one anti-SARS-CoV-2
agent that inhibits the 3CLpro of SARS-CoV-2, ritonavir-boosted nir-
matrelvir (Paxlovid)16,17. Ritonavir, an inhibitor of cytochrome P450
3A4, is co-administered with nirmatrelvir to increase nirmatrelvir’s
pharmacokinetic half-life17–19. The EPIC-HR trial demonstrated that
Paxlovid is typically well-tolerated in SARS-CoV-2 infected
individuals20. However, there are adverse reactions and contra-
indications that may arise with the use of ritonavir, which has limited
the approved populations for which this therapeutic is
recommended19,21.

The development of antiviral resistance is a concern, particularly
for RNA viruses22. Unfortunately, the continued emergence of SARS-
CoV-2 variants increases the possibility of rendering current treatment
measures less efficacious23–28. To reduce the medical impact of viral
evolution and escape from immune and antiviral countermeasures, it
is critical to continue developing novel therapeutics to combat SARS-
CoV-2. To date, widespread transmission of nirmatrelvir-resistant
variants has not been reported. However, it is possible that drug
selective pressure could drive the development of clinically mean-
ingful resistance. Indeed, several in vitro studies have determined that
nirmatrelvir can select for variants bearing mutations in 3CLpro which
may impact its efficacy27,29–32. A recent case report determined that two
of these in-vitro-generated mutations, E166V and L50F, were isolated
from an immunocompromised individual infected with SARS-CoV-2
and treated with Paxlovid28.

Climate change and continued human encroachment on wildlife
natural habitats will continue to drive zoonotic spillover events33,34,
and the possibility of a future viral zoonotic event stemming from the
coronavirus subfamily Orthocoronavirinae within the Coronaviridae
family should not be ignored. To date, nine coronaviruses have been
identified that can infect and cause illness in humans: human cor-
onavirus (HCoV) 229E, HCoV-NL63, canine coronavirus (Alphacor-
onaviruses), porcine deltacoronavirus (Deltacoronavirus), HCoV-OC43,
HCoV-HKU1, Middle East respiratory syndrome coronavirus (MERS-
CoV), SARS-CoV, and SARS-CoV-2 (Betacoronaviruses)35–37. Within the
past two decades, three of these zoonotic spillover events have caused
global epidemics or pandemics with the emergence of SARS-CoV in
2002 and MERS-CoV in 2012. It is likely that the 2019 coronavirus
zoonotic spillover of SARS-CoV-2 into humans will not be the last.

EDP-235 is a 3CLpro inhibitor that is under development for the
treatment of COVID-19 as a once-a-day oral medication without the
need for ritonavir boosting38. Herein, we report the pre-clinical char-
acterization of EDP-235, highlighting its pan-coronavirus activity,
including efficacy against other zoonotic coronaviruses that could
potentially cause future spillover events. We demonstrate EDP-235’s
ability to inhibit SARS-CoV-2 3CLpro variants bearing mutations asso-
ciated with nirmatrelvir resistance with equal or improved potency
relative to nirmatrelvir. Furthermore, we establish that EDP-235 is
highly efficacious in both Syrian hamsters and ferrets. Finally, ther-
apeutically dosed EDP-235 is shown to prevent viral transmission

among cohoused, untreated ferrets, underscoring the potential of
EDP-235 to possibly prevent household transmission of SARS-CoV-2.

Results
EDP-235 reversibly binds and inhibits the 3CLpro of SARS-CoV-2
A fluorescence resonance energy transfer (FRET) assay using the
recombinant ancestral SARS-CoV-2 (USA-WA1/2020) 3CLpro and a
synthetic substrate that mimics the natural substrate of the 3CLpro
was used to screen and identify di- and tri-peptidomimetic inhibitors
of the SARS-CoV-2 3CLpro39,40. This led to the discovery of the nitrile-
based peptidomimetic inhibitor EDP-235 (Fig. 1a inset). Kinetic stu-
dies were performed to evaluate the mechanism of inhibition of
SARS-CoV-2 3CLpro. EDP-235 is a time-dependent, tight-binding,
reversible covalent, substrate competitive inhibitor with a Ki

app of
3.0 nM and inhibits SARS-CoV-2 3CLpro with a half-maximal inhibi-
tory concentration (IC50) of 4.0 nM (Fig. 1a and Supplementary
Figs. 1–5, and Supplementary Table 1). To further confirm the mode
of inhibition, a crystal structure of EDP-235 in complex with SARS-
CoV-2 3CLpro was generated, from data collected to 2 Å (Fig. 1b, c
and Supplementary Table 2). Under these conditions, EDP-235 is
bound to the proteolytic active site of 3CLpro (Fig. 1b, c), where the
sulfhydryl group of the catalytic residue C145 reacts with the nitrile
group of EDP-235 to form a covalent thioimidate linkage. The spir-
olactam moiety of EDP-235 forms hydrogen bonds with several
amino acids in the active site, including a potential interaction with
the backbone amide of F140, the side chain of H163, and the side
chain of E166. An H-π interaction is observed between leucine P2 of
EDP-235 and H41. Additionally, the sidechain of Q189 may stabilize
EDP-235 through weak hydrogen bonding with the trifluoroindole
moiety of EDP-235. Other interactions include a pair of hydrogen
bonds between the trifluoroindole moiety of EDP-235 and E166 and a
possible F-amide n-π* interaction with P168. These observations are
consistent with the kinetic studies and provide a structural rationale
for the competitive mode of inhibition.

EDP-235 has potent antiviral activity against SARS-CoV-2
We assessed the ability of EDP-235 to inhibit the replication of SARS-
CoV-2 utilizingdifferent cell systemsand readouts described inTable 1.
In a SARS-CoV-2 replicon system41,42, EDP-235 displayed a 4.5 nM half-
maximal effective concentration (EC50). These results were recapitu-
lated in infectious virus assays using cytopathic effect (CPE) and viral
yield reduction (VYR) endpoints using various derivatives of Vero cells.
Unlike human airway epithelial cells, monkey kidney-derived Vero E6
cells express high levels of the efflux transporter P-glycoprotein 1
(PGP)43. Given the possibility of 3CLpro inhibitors to serve as PGP
substrates, antiviral assays utilizing Vero E6 cells were performed in
the presence and absence of the PGP inhibitor (PGPi) CP-10035644. In
Vero E6 cells infectedwith ancestral (A: SARS-CoV-2USA-WA1/2020), B
(Germany/BavPat1/2020), Delta (B.1.617.2), or Omicron (B.1.1.529)
strains, EDP-235 inhibited CPE and virion production with EC50S ran-
ging from11–22 nMand3–7.4 nM, in the absence andpresenceof PGPi,
respectively. Using a VYR assay endpoint in the more permissive Vero
E6-TMPRSS2 cells, EDP-235 inhibited multiple SARS-CoV-2 Omicron
variants of interest with EC50s ranging from 10 to 73 nM (Table 1). Viral
inhibition curves for these data are included in Supplementary Fig. 6.
Comparable results were obtained for FRET biochemical assays with
IC50s ranging from 1.9 to 5.7 nM for all 3CLpro variants assessed
(Supplementary Table 3 and Supplementary Fig. 7).

Since SARS-CoV-2predominately replicates in lung epithelial cells,
we evaluated the potency of EDP-235 in a more relevant cellular
architecture. We utilized primary human airway epithelial cells main-
tained at an air-liquid interface (pHAEC-ALI). EDP-235 inhibited viral
replication, as quantified by 50% tissue culture infectious dose
(TCID50), of SARS-CoV-2 lineage B with EC50/90 values of 29/33 nM,
respectively. Near-identical potencyvalueswerederivedwhen reverse-

Article https://doi.org/10.1038/s41467-024-50931-8

Nature Communications | ��������(2024)�15:6503� 2



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 88 

 

transcriptase-quantitative polymerase chain reaction (RT-qPCR) was
used to monitor viral replication (Table 1).

Across all strains and readouts, EDP-235’s in vitro potencies were
equivalent to or improved upon those observed for nirmatrelvir. No
cytotoxicity was detected in Vero E6, HuH-7, Madin-Darby canine
kidney, A549-ACE2, MRC5, or HeLa cells exposed to EDP-235 for
72 hours (h) at concentrations up to 50,000nM (Supplementary
Fig. 8). EDP-235 has weak inhibition (IC50 ≥ 2 µM) of mammalian
cysteine proteases and an excellent selectivity index (SI)≥ 500-fold
compared to its inhibition of SARS-CoV-2 3CLpro (Supplementary
Table 4). EDP-235 did not inhibit any other host protease families at
tested concentrations (IC50 > 100 µM).

EDP-235 maintains activity against known SARS-CoV-2
nirmatrelvir-resistant variants
Since the development of SARS-CoV-2 antiviral resistance is a possi-
bility, the activity of EDP-235 was assessed against 24 single-residue
and 17 multi-residue 3CLpro variants associated with nirmatrelvir
resistance. The most well-known and clinically documented of these
were the 3CLpro L50F and E166V point mutations27–30. The potency of
EDP-235 against these 3CLpro variants ranged from an IC50 of 3-
184 nM, with nirmatrelvir subject to greater loss of potency (IC50 4 -
>10,000 nM) (Table 2, Supplementary Fig. 7, and Supplementary
Table 5 for expanded variant testing). EDP-235 showed a > 5-fold
decrease in potency for 21 variants, with nirmatrelvir suffering even
greater potency reductions against these variants. However, each of
these variants had 7-125-fold reductions in enzymatic efficiency rela-
tive to ancestral 3CLpro, indicating a detrimental impact on enzymatic
activity, and consequentially a possible decrease in both viral fitness
and potential to replicate to levels associated with infection and
transmission.

Circulating SARS-CoV-2 variants bearing mutations in 3CLpro
within the EDP-235 binding site could potentially lead to emergence of
clinical drug resistance. Analysis of the SARS-CoV-2 3CLpro co-crystal
with EDP-235 revealed 22 residues within 5 Å of EDP-235. To identify
circulating SARS-CoV-2 variants with mutations at these 22 sites, we
conducted a search of the GISAID database for variants that had a
prevalence ≥ 1% of sequencing reads. We identified 15 variants as of
January 2022.When thesemutationswereengineered into SARS-CoV-2
3CLpro, we did not observe any EDP-235 resistance in the biochemical
FRET assay. IC50s for these variants ranged from 2.2 to 13 nM with 4
variants having no detectable enzymatic activity (Supplementary
Table 6 and Supplementary Fig. 7). Some inactivating mutations such
as C145F (active site mutation) could have arisen due to sequencing
errors for very low frequency variants or other inaccuracies in the
GISAID database.

EDP-235 is a pan-coronavirus inhibitor
Beyond the current threat of SARS-CoV-2, several other cor-
onaviruses are known to infect humans. We therefore evaluated the
prospect of EDP-235 to serve as a pan-coronavirus inhibitor. EDP-235
maintained nanomolar to sub-nanomolar potency against all cor-
onaviruses tested in antiviral and biochemical assays (Table 3). The
3CLpro amino acid sequences from the Toronto-2 and HKU-39849
strains of SARS-CoV are 100% conserved, and EDP-235 inhibited the
biochemical activity of this protease with an IC50 of 1.9 nM. As
expected, EDP-235 limited replication of both SARS-CoV clinical
isolates with EC50 values ranging from <0.5 to 24 nM. In addition,
EDP-235 potently inhibited the replication of HCoV-229E ( < 10 nM
EC50s in multiple assay formats), HCoV-OC43 (57 nM EC50), HCoV-
HKU1 (3.8 nM IC50), and HCoV-NL63 (6.1 nM EC50). These data are
summarized in Table 3 and Supplementary Fig. 9.
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Fig. 1 | EDP-235 inhibits SARS-CoV-2 3CLpro and binds reversibly to 3CLpro’s
active site. a Structure of EDP-235 and its FRET 3CLpro inhibition activity. Repre-
sentative data are mean ± standard deviation of technical replicates from one
experiment with non-linear regression fit (n = 6 independent experiments used to
derive IC50 and Ki

app values).b Semi-transparent surface representation of the X-ray
crystal structure of SARS-CoV-2 3CLpro dimer (shown in cyan and gray) in complex
with EDP-235 solved to 2 Å. EPD-235 is represented by red stick structure. cDetailed
cartoon representation of the binding interactions between EDP-235 and residues
located in SARS-CoV-2 3 CLpro catalytic active site. Hydrogen bonds are depicted
between theNHside chain ofH136with the spyrolactamC=Oof EDP-235, theC =O

side chain of E166 with the spyrolactam NH of EDP-235, the NH side chain of H41
with amideC =Oof EDP-235, and theNH side chain of Q189with the trifluoroindole
F of EDP-235. The catalytic residue C145 is represented as a yellow stick config-
uration and monomer coloration is matched to (b, d). The surface map of 3CLpro
and electron density of EDP-235 was rendered using UCSF Chimera. d A close-up
semi-transparent surface representation of EDP-235 in the binding pocket.
3CLpro = 3C-like protease; FRET = fluorescence resonance energy transfer; IC50 =
half-maximal inhibitory concentration; Ki

app = apparent inhibition constant; SARS-
CoV-2 = severe acute respiratory syndrome coronavirus 2; UCSF = University of
California San Franscisco.
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EDP-235 was also tested against a broad panel of other human
RNA viruses that encode proteases using infectious cell culture assays,
however no activity was observed beyond the coronaviruses.

Zoonotic CoVs are inhibited by EDP-235
As a zoonotic spillover event remains a constant threat, we sought to
determine if EDP-235 could inhibit zoonotic CoVs. Viral species were
selected based on percent sequence identity of the receptor binding
domain (RBD) compared to that of SARS-CoV-245, on the assumption
that a high RBD sequence identity is an important factor which may
portend an increased likelihood of a spillover event. Three bat and two
pangolin CoV species, as well as the porcine epidemic diarrhea virus
(PEDV) (included as an outlier species based on lack of RBD sequence

conservation) were tested in a FRET assay. EDP-235 exhibited an
IC50 < 3 nM against all tested zoonotic 3CLpros (Table 4, and Supple-
mentary Fig. 10). We also explored EDP-235’s ability to block viral
replication of infectious zoonotic CoVs recombinantly engineered to
expressNanoLuc luciferase46–48. These viruseswerepreviously isolated
from pangolin and bat species and have a high degree of similarity to
SARS-CoV,MERS, and SARS-CoV-2. In line with the biochemical assays,
EDP-235 maintained activity against each of the infectious zoonotic
viruses (EC50 6.9–21 nM) (Table 4).

EDP-235 is efficacious in a SARS-CoV-2 hamster model
Syrian hamsters can recapitulate many features of COVID-1949,50.
Therefore, we evaluated the in vivo efficacy of EDP-235 using a Syrian
hamster model (Fig. 2). Hamsters were grouped into four cohorts of
either naïve dosed with vehicle (0.5% methylcellulose) or infected
dosedwith vehicle, EDP-235 at 200mg/kg twice daily (BID), or EDP-235
at 500mg/kg BID. Hamsters were intranasally infected with 6 × 103

TCID50 of SARS-CoV-2 (USA/WA1/2020) and compound dosing was
oral. Prophylactic oral dosing commenced 1 h pre-challenge and lasted
for 3.5 days, with sacrifice 4 days post-infection (dpi). While infected
vehicle-treated animals exhibited rapidweight loss, EDP-235prevented
SARS-CoV-2-induced weight loss (Fig. 2b). Further evaluation with
immunohistochemistry (IHC) staining of the lungs for viral nucleo-
protein (N) revealed a remarkably reduced amount of staining in EDP-
235-treated animals as compared to infected, vehicle-treated animals
(Fig. 2c, d). Hematoxylin and eosin (H&E) lung staining revealed the
majority of the lung tissue from infected vehicle-treated animals was
affected by SARS-CoV-2 (abundant dark consolidations, Fig. 2e
arrows), while EDP-235-treated animals did not have such findings

Table 1 | Antiviral activity of EDP-235 against infectious SARS-CoV-2

SARS-CoV-2 Assay +/− EDP-235 [nM] Nirmatrelvir [nM]

PGPi EC50 EC90 N EC50 EC90 N

A HuH-7, Replicon, Luciferase1 − 4.5 24 16 15 118 48

Vero E6, CPE2 − 22 32 2 - - -

+ 5.1 11 2 42 50 2

B Vero E6, VYR3 − 11 32 6 904 3247 4

+ 3 11 2 9 43 4

3D pHAEC-ALI, VYR3 − 29 33 1 - - -

3D pHAEC-ALI, RT-qPCR3 − 27 33 1 - - -

Alpha B.1.1.7 Vero E6, VYR3 − 46 175 4 - - -

Beta B.1.351 Vero E6, VYR3 − 44 134 4 - - -

Delta B.1.617.2 Vero E6, CPE2 − 15 17 6 1743 2463 2

+ 4.3 6.2 5 17 42 3

Omicron B.1.1.529 Vero E6, CPE2 − 15 16 2 2541 4056 1

+ 7.4 14 7 37 56 1

Vero E6-TMPRSS2, VYR4 + 10 25 3 34 42 1

BA.2 Vero E6-TMPRSS2, VYR4 + 18 25 3 - - -

BA.2.12.1 Vero E6-TMPRSS2, VYR4 + 22 34 3 - - -

BA.4 Vero E6-TMPRSS2, VYR4 + 19 25 3 - - -

BA.5.1 Vero E6-TMPRSS2, VYR4 + 39 67 3 - - -

BQ.1.1 Vero E6-TMPRSS2, VYR4 + 30 43 3 - - -

XBB.1.5 Vero E6-TMPRSS2, VYR4 + 19 42 3 57 68 6

EG.5.1 Vero E6-TMPRSS2, VYR4 + 72 86 3 69 78 3

EG.5.1.1 Vero E6-TMPRSS2, VYR4 + 73 92 3 142 134 3

EG.5.2 Vero E6-TMPRSS2, VYR4 + 54 68 3 43 79 3

BA.2.86 Vero E6-TMPRSS2, VYR4 + 55 75 3 92 104 3

JN.1.1 Vero E6-TMPRSS2, VYR4 + 37 58 3 151 170 3

SARS-CoV-2 antiviral activity was assessed at multiple facilities. For studies in the Vero cell lineage, CP-100356 (0.5µM or 2 µM, +PGPi) was included. Experiments performed at1: Enanta
Pharmaceuticals;2: Southern Research (SR);3: Viroclinics Biosciences (VCB); 4: Georgia State University (GSU).

Table 2 | Potency of EDP-235 against select nirmatrelvir-
associated variants

3CLpro kcat/Km IC50 [nM]

3CLpro [nM] [(M×s)−1] EDP-235 Nirmatrelvir

Ancestral 10 4.5 × 104 4 4

L50F 100 3.7 × 104 3 4.4

E166H 100 9.0 × 102 92 > 10,000

E166V 100 3.6 × 102 113 > 10,000

T21I/E166V 100 7.0 × 102 100 > 10,000

L50F/E166V 10 6.3 × 102 72 > 10,000

L50F/E166A/L167F 40 7.6 × 102 184 1200

FRET assay; data are mean from three individual experiments.
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(Fig. 2e). Cumulative histopathology scoring of alveolar hemorrhage,
alveolar inflammation, interstitial inflammation, vascular inflamma-
tion, bronchial-alveolar hyperplasia, perivascular edema, and immu-
noreactivity showed significant decreases in EDP-235-treated animals
relative to infected vehicle-treated animals (Fig. 2f). Lung viral loads
displayed significant differences between EDP-235-treated and
untreated animals at study endpoint, with the former demonstrating
multi log10 reductions in live virus, genomic viral RNA (gRNA), and sub-
genomic viral RNA (sgRNA) (Fig. 2g–i).

EDP-235 therapeutically blocks SARS-CoV-2 replication and
transmission in ferrets
While Syrian hamsters recapitulate the pathology produced in human
SARS-CoV-2 infection, they are not as well suited to evaluate viral
transmission as ferrets. Ferrets replicate SARS-CoV-2 to high titers in
their upper airways and have previously been employed in the study of
SARS-CoV-2 transmission51,52. The ferret model was used to evaluate
EDP-235’s ability to therapeutically halt viral replication and to prevent
transmission from infected to naïve animals (Fig. 3). Prior to in vivo
work, a 24h oral single dose pharmacokinetic study was performed in
ferrets, administering either 200 or 500mg/kg. While no pharmaco-
kinetic dose response was observed between the 200 and 500mg/kg
dosing groups (Supplementary Fig. 11), it was noted that plasma
exposure levels were comparable to those seen in human phase 1
clinical studies. This was especially true when compared to the human
400mg fed state, with the exception that EDP-235’s half-life in ferrets
dosed at 200mg/kg was ~2-3-fold reduced compared to that observed
in humans (6.7 h versus 13-22 hgeometricmean in humans)53. For these
pharmacokinetic parameter reasons, 200mg/kg ferret dosing was
selected for the efficacy study, given either once per day (QD) or BID.
Ferrets were inoculated intranasally with 1 × 105 plaque-forming units
(PFU) of SARS-CoV-2 USA/WA1/2020. At 12 h post-infection (hpi), ani-
mals weredosed orallywith either vehicle or EDP-235 for three days. At
60 hpi, uninfected and untreated naïve ferrets were co-housed 1:1 with
infected ferrets and monitored for 5.5 days for viral transmis-
sion (Fig. 3a).

All ferrets were clinically scoreddaily as none/normal for lethargy,
orbital tightening, diarrhea, respiratory distress, activity, nasal

discharge, and neurological symptoms. Primary-infected animals
maintained consistent weight and temperature (Fig. 3b, c). On each
study day, rectal swab and nasal wash samples were obtained. Nasal
turbinates were collected upon sacrifice, and viral replication was
evaluated. Viral loads increased rapidly in primary infected vehicle-
treated animals, peaking at 2–3 dpi (Fig. 3d–f). Across all readouts and
dosing cohorts, EDP-235 rapidly reduced viral loads in initially infected
ferrets (Fig. 3d–h), with significant virion reductions observed in the
first samples obtained 12 h post-dosing (Fig. 3e). After 48 h of dosing,
virion levels were below the LoD, representing a > 3 log10 drop relative
to vehicle-treated animals.

Viral transmission occurred rapidly (within 12 h of co-housing),
fromvehicle-treated source animals to untreated contact animals, with
peak viral loads observed 2.5 days post-co-housing. Both EDP-235
dosing regimens completely suppressed viral transmission, as ferrets
co-housedwith EDP-235-treated infected ferrets hadundetectable viral
loads (Fig. 3d–h). In contrast to primary-infected ferrets, contact fer-
rets co-housed with the infected vehicle-treated ferrets showed sig-
nificant weight loss and increases in body temperature (Fig. 3b, c). This
change was likely driven by a ferret-adaptive spike mutation in the
RBD, N501T, which can emerge rapidly54, and was observed in
sequenced virus collected from primary infected vehicle-treated fer-
rets on day 4. Shotgun metagenomic next-generation sequencing of
day 4 viruses from EDP-235-treated animals was used to detect any
potential resistancemutations but read-depthswere insufficient to call
any variants, likely due to the high efficacy of EDP-235.

Discussion
In this study, we present the in vitro and in vivo characterization of
EDP-235, an oral antiviral, specifically designed to target the 3CLpro of
SARS-CoV-2. While the real-world efficacy of targeting the 3CLpro has
been established with nirmatrelvir, the need for additional ther-
apeutics with a simpler dosing regimen, expanded patient eligibility
through fewer drug-drug interactions, improved tolerability,
enhanced potency, and reduced resistance liability would benefit
those suffering from COVID-193,55. The in vitro data reported here
demonstrate improvements by EDP-235 relative to nirmatrelvir
regarding potency, resistance, and in preventing transmission in ferret
studies. EDP-235 is currently in development with once-daily dosing
without the use of any boosting agent such as ritonavir.

Table 4 | EDP-235 inhibits zoonotic coronaviruses

Assay Host 3CLpro Species % Amino
Acid Identity
of RBD

IC50 or
EC50

[nM]

Biochemical
3CLpro FRET1

Human SARS-CoV-2 100 4.0

Bat RaTG13/2013 82 1.7

RmYN02/2019 43 1.9

RshSTT200/2010 74 1.9

Pangolin P5L/2017 81 2.6

MP789/2019 98 2.5

Pig PEDV 12 1.5

NanoLuc infec-
tious virus in cells2

Pangolin pgCoV 97 13

Bat WIV1 75 8.4

WIV16 75 16

SHC014 76 21

BtCoV/Ii/GD/
2014-422
(MERS-422)

22 6.9

Performed at 1Enanta Pharmaceuticals (data are mean values from two individual experiments)
and 2University of North Carolina at Chapel Hill (data are mean values from four individual
experiments). Percent amino acid sequence identity for biochemical assays was calculated
based on alignment to the RBD of SARS-CoV-2 Wuhan-Hu-1 (NC_045512.2)45. Alignments were
performed using Geneious.

Table 3 | Broad-spectrum activity of EDP-235 against human
coronaviruses

Virus (Clinical
Isolate)

Assay Details +/− PGPi IC50 or
EC50 [nM]

N

SARS-CoV Biochemical1 − 5.4 3

Toronto-2 isolate, Vero
E6 / CPE2

+ 24 2

HKU-39849 isolate,
Vero E6 / VYR3

+ < 0.5 3

MERS-CoV Biochemical1 − 70 3

EMC/2012 isolate, Vero
E6 / VYR3

+ 7 4

HCoV-229E Biochemical1 − 1.9 3

MRC-5 / CPE1 − 3.6 16

MRC-5 / RT-qPCR1 − 1.4 2

3D pHAEC-ALI /
RT-qPCR1

− 0.66 3

HCoV-OC43 Biochemical1 − 3.4 3

HCT-8 / RT-qPCR1 − 47 2

HCoV-HKU1 Biochemical1 − 3.8 3

HCoV-NL63 Biochemical1 − 1.8 3

LLC-MK2 / RT-qPCR1 − 6.1 6

The antiviral activity of EDP-235 against six HCoVs. For infectious viral studies in the Vero cell
lineage, 2 µM CP-100356 (+ PGPi) was included. Experiments performed at 1: Enanta
Pharmaceuticals; 2: SR; 3: VCB.
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Across a range of orthogonal assays, EDP-235 demonstrated
potent nanomolar efficacy against multiple SARS-CoV-2 lineages and
variants. EDP-235 has a SI ≥ 500fold for the 3CLpro versus 30 human
proteases and 50% cellular cytotoxicity concentration values of
> 10 µM. These results indicate minimal off-target effects resulting in
low toxicity. In the phase 2 SPRINT trial56, EDP-235 was generally safe
and well tolerated with a low frequency of adverse events (1.3%, 6.4%,
and 2.6% for 200mg, 400mg, and placebo arms respectively), with no
serious adverse events or discontinuations observed, providing fur-
ther evidence of the safety of EDP-235 in people.

The potent antiviral efficacy of EDP-235 extends beyond SARS-
CoV-2 to other clinically relevant HCoVs. These endemic HCoVs are
estimated to be responsible for 10–30% of all common cold
infections57. Notably, EDP-235 also demonstrates activity against bat,
pangolin, and pig zoonotic CoVs, effectively inhibiting the 3CLpros of

these species as well as their ability to replicate in cell culture. While
SARS-CoV-2 currently poses the greatest health threat to people, there
remains a risk of zoonotic spillover events, especially given humanity’s
widespread encroachment on natural animal habitats. EDP-235’s
broad-spectrum pan-coronavirus activity, and thus utility against
future emerging CoVs, highlights its significance in the context of
pandemic preparedness. Additionally, the rare documented cases of
SARS-CoV-2 cross-transmission occurring between humans and other
mammals58,59 speaks to the ability of the virus to evolve undetected
prior to re-infection in humans. These observations underscore the
necessity of a broad-spectrum coronavirus inhibitor.

As SARS-CoV-2mutates to better infecthumancells and evadeour
adaptive immune system, real-world examples of emerging resistance
present therapeutic challenges. Previously approved monoclonal
antibody treatments have lost their effectiveness due to rapid and
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Fig. 2 | EDP-235 is efficacious in a prophylactic Syrian hamster model. a Study
design. Hamsters were orally dosed with EDP-235 or vehicle 1 h prior to intranasal
inoculation with 6× 103 TCID50/animal SARS-CoV-2 USA/WA1/2020 or PBS for
naïve. b Percent body weight change from 0-day baseline (n = 8 per cohort). c IHC
staining of terminal lung samples for SARS-CoV-2 N protein (brown) (2X magnifi-
cation). Minimal focal immunoreactivity seen in 200mg/kg animal (arrow).
Representative images shown (n= 8 per cohort). d Sections of panel C were scored
from 1 (minimal/minor) to 5 (severe/overwhelming) (n = 8 per cohort). e H&E stain
of terminal lung samples (1.25X magnification). SARS-CoV-2 effects characterized
by dark consolidated lung regions (arrows). Representative images shown (n = 8
per cohort). f Left lung composite histopathology score. Microscopic finding
categories were alveolar hemorrhage, alveolar/interstitial inflammation, vascular
inflammation, bronchial-alveolar hyperplasia, perivascular edema, and

immunoreactivity. Each variable scored from 1-5 as in (d) (n = 8 per cohort).
g Infectious virus titer in terminal lung samples (n = 8 per cohort). h sgRNA (N
protein) in terminal lung samples (n = 8 per cohort). i) gRNA (N protein) in terminal
lung samples (n = 8 per cohort). All graphs are mean± SEM; statistical significance
determined versus infected VC by 2-way ANOVA with Tukey’s (b) or 1-way ANOVA
withDunnett’s (d, f,g,h, i) post hoc test. All P valueswere < 0.0001 unless indicated
otherwise in the figure. ANOVA = analysis of variance; g/sgRNA = genomic/sub-
genomic RNA; h = hour; H&E = hematoxylin and eosin; IHC = immunohistochem-
istry; LoD = Limit of Detection; N protein = nucleocapsid protein; PBS = phosphate
buffered saline; sac. = sacrifice; SARS-CoV-2 = severe acute respiratory syndrome
coronavirus 2; SEM = standard error of the mean; TCID50 = median tissue culture
infectious dose; VC = vehicle control.
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continual spike mutations24. Encouragingly, there has been limited
development of resistance to the nucleoside analogs remdesivir and
molnupiravir, as well as the 3CLpro inhibitor nirmatrelvir28,60,61. How-
ever, multiple in vitro studies have selected for 3CLpro mutations
conferring resistance to nirmatrelvir27,29–32, so the possibility of clinical
resistance remains.

In cross-resistance testing, EDP-235 matched or improved upon
the antiviral potency of nirmatrelvir across all assessed variants. Var-
iant EDP-235 resistance was inversely proportional to 3CLpro activity,
with EDP-235 potency shifts > 5-fold suffering 7-125-fold reductions in
enzymatic activity. These deficiencies may contribute to the lack of

emergence of the most drug-resistant variants in patient populations,
as they are likely fitness-impaired. Indeed, the 3CLpro’s lack of
sequence-plasticity15 likely contributes to EDP-235’s broad activity
across both human and zoonotic coronaviruses.

The translatability of the Syrian golden hamster model to human
clinical benefit has been established with the 3CLpro inhibitors nir-
matrelvir and ensitrelvir62,63. Pathophysiology in hamsters resembles
the early pathology of SARS-CoV-2 in people, with histological chan-
ges, high viral loads achieved in the lungs, and associated clinical
signs49,64. EDP-235 was protective against virus-induced weight loss,
and significantly reduced viral burden and lung histopathology. Given
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Fig. 3 | EDP-235 effectively blocks infection and viral transmission in ferrets.
a Study design. Ferrets were infected with 1 × 105 PFU of SARS-CoV-2 USA/WA1/
2020 intranasally. 12 hpi, animals were orally dosed with vehicle or EDP-235 QD or
BID. 60 hpi uninfected and untreated ferrets were co-housed 1:1 with infected
dosed animals. Originally infected animals were sacrificed 4 dpi while the contact
ferrets were monitored for an additional 4 days. b Percent body weight change
from baseline (0 days) (n = 6 per cohort). c Animal temperature (n = 6 per cohort)
(d) Nasal lavage viral load determined by RT-qPCR (nsp9 gene) (n = 6 per cohort).
eNasal lavage infectious virus quantified byTCID50 (n = 6 per cohort). fRectal swab
viral load determined by RT-qPCR (nsp9 gene) (n = 6 per cohort).g Endpoint (day 4
or day 8) nasal turbinate viral load determined by RNA levels of nsp9 (n = 6 per
cohort).h Infectious virus in endpoint nasal turbinates determined by TCID50 (n = 6

per cohort). All graphs aremean ± SEM. All P-values were < 0.0001 unless indicated
otherwise in the figure. Statistics are for bothQD andBID differences versus vehicle
andwere runusing 2-wayANOVAwith Tukey’s (b–f) or 1-wayANOVAwithDunnett’s
(g, h) post hoc test. In (b–f), both QD and BID treatment resulted in the same
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twice daily; dpi = days post-infection; hpi = hours post-infection; LoD = limit of
detection;nsp9 = non-structural protein 9; PFU=plaque-forming units; QD=once a
day; RT-qPCR= reverse transcription quantitative polymerase chain reaction; sac. =
sacrifice; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; SEM =
standard error of the mean; TCID50 = median tissue culture infectious dose; VC =
vehicle control.
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the translatability of the hamster model, these results suggest that
EDP-235 has the potential to not only reduce viral load but also
improve clinical symptoms.

The ferret model’s utility as a predictor of clinical relevance for
people has also been established with remdesivir, molnupiravir, and
nirmatrelvir52,54,65. In ferrets, SARS-CoV-2 replicates to high titers pri-
marily in the upper airways.While ferrets do not generally presentwith
clinical signs, they do function well as a transmission model of
disease51. Our ferret study was designed to evaluate the antiviral effect
of EDP-235 when dosed therapeutically, as well as its ability to prevent
SARS-CoV-2 contact transmission to treatment-naïve animals co-
housed 48 h post-treatment of the infected animals. Indeed, not only
did EDP-235 show potent antiviral effects in primary-infected ferrets, it
also completely prevented transmission to treatment-naïve animals.
The ability to prevent or reduce transmission has broad implications
with regards to isolation of infected individuals and quarantine of
household contacts.

Social isolation following infection with SARS-CoV-2 is disruptive
to the lives of both the infected and their families66,67. This also carries
broader economic and social burdens, from lost productivity with
isolation to continued viral transmission enabled by a premature
return to social settings. Both Pfizer’s phase 2/3 EPIC-PEP trial of Pax-
lovid and Merck’s MOVe-AHEAD phase 3 trial of Lagevrio explored
post-exposure prophylactic treatment to prevent this transmission,
but while positive trends were observed for both studies, neither was
able to reach statistical significance over placebo68,69. Similar results
were seen in a ferret model; nirmatrelvir administered with ritonavir
was dosed to match human exposure levels. However, this failed to
block transmission to untreated contact animals in a similar design to
our own study, or when dosed prophylactically post-exposure52. Con-
versely, parallel testing of molnupiravir prevented such transmission
in ferrets. While the methodologies of this molnupiravir ferret work
differed from the Merck clinical trial design (infected-dosed ferrets
prevented transmission to naïve versus patient prophylactic adminis-
tration post-exposure did not), these results somewhat obscure the
translatability of ferret transmission studies to human clinical
benefit52,65. Despite this ambiguity, the ability of EDP-235 to prevent
viral transmission between ferrets, while nirmatrelvir did not, suggests
EDP-235 may offer a distinct advantage over Paxlovid in blocking
transmission to close contacts. Having an antiviral agent which could
enable not only a faster but also a safer return of infected individuals to
social environments would be of great benefit.

In summary, EDP-235 is a potent oral inhibitor of SARS-CoV-2,
with consistent potencies against all commonly circulating var-
iants tested to date as well as against other human and non-
human coronaviruses. EDP-235 is highly selective for the cor-
onavirus 3CLpro active site and has no measurable cytotoxicity
up to 10 µM. EDP-235 demonstrated an improved profile over
nirmatrelvir in cross-resistance testing against known SARS-CoV-2
3CLpro variants found both naturally and through in vitro
selection27,28. In animal testing, EDP-235 protected Syrian golden
hamsters from viral-induced distress and histopathology, with
multi-log10 reductions in viral titers and RNA levels. In the ferret
model, therapeutic EDP-235 treatment rapidly decreased both
viral titers and RNA below the LoD and prevented transmission to
untreated co-housed ferrets. EDP-235’s potential as a treatment
for COVID-19 should continue to be evaluated in human clinical
trials.

Methods
Cell culture, viruses, and compounds
HuH-7 (JCRB0403), LLC-MK2 (CCL-7), HCT-8 (CCL-244), and MRC5
(CCL-171) cellswere obtained from JCRB (HuH-7) or ATCCand cultured
in Dulbecco’s Modified Eagle Medium (Corning), OPTI-MEM reduced
serum media (Gibco), Roswell Park Memorial Institute 1640 medium

(Gibco), or Eagle’s Minimum Essential Medium (Corning) respectively.
All cell lines were supplemented with either 2% (LLC-MK2 cells) or 10%
fetal bovine serum (Gibco) and 1X Anti/Anti or 1X penicillin and
streptomycin (Gibco). HuH-7 cells were supplemented with 1X Gluta-
MAX (Gibco). All cell lines tested negative for mycoplasma con-
tamination (MycoAlertTM Mycoplasma Detection Kit, Lonza). HCT-8
andMRC-5 cell lineswere authenticated using STRprofiling. HuH-7 cell
line was authenticated using isozyme analysis. LLC-MK2 cell line was
not authenticated by vendor.

HCoV-229E (University of Texas Medical Branch, and ATCC), was
propagated in MRC-5 cells. HCoV-NL63 (BEI Resources) was amplified
in LLC-MK2 cells. HCoV-OC43 (University of Texas Medical Branch)
was grown in HCT-8 cells. HCoV-229E, HCoV-NL63 and HCoV-OC43
were propagated at an MOI of 0.1. When infected monolayers had
60–70% CPE, viruses were collected, pre-clarified, supplemented with
cryoprotectant agents, and titered by TCID50 or plaque assays.
Southern Research (SR) obtained and titered SARS-CoV-2 USA-WA1/
2020, B.1.617.2, B.1.1.529 strains, and SARS-CoV Toronto 2. Viroclinics
Biosciences (VCB) obtained and titered SARS-CoV-2 Germany/BavPat1/
2020, B.1.351, B.1.1.7, SARS-CoV HKU-39849, and MERS-CoV EMC/
2012 strains. Georgia State University (GSU) obtained and titered
SARS-CoV-2 B.1.1.529, BA.2, BA.2.12.1, BA.4, BA.5.1, BQ.1.1, XBB.1.5,
EG.5.1, EG.5.1.1, EG.5.2, and BA.2.86 strains. SR and VCB obtained Vero
E6 cells from ATCC. GSU obtained Vero E6-TMPRSS2 cells from BBS
Bioscience.

Unlessotherwise specified, all cells, virus infections and cell-based
assayswere incubated at 37 °C in a humidified and 5%CO2 atmosphere.

All compounds were synthesized by Enanta Pharmaceuticals, Inc.
EDP-235 and Nirmatrelvir had purity of 98.6% and 98.2%, respectively.
Compounds were resuspended in dimethyl sulfoxide (DMSO) and
added manually or with an automated liquid handler (ECHO 650
Beckman Coulter). CP-100356 was purchased from Axon Medchem
with a purity of 98.7%. All compounds utilized in this study meet
community criteria for chemical probes.

Biochemical assays
IC50s were determined using a previously established FRET assay40.
Briefly, ancestral (USA-WA1/2020), variants described, or zoonotic
SARS-CoV-2 3CLpro proteins were expressed andpurified from E. coli
(Shanghai ChemPartner Co.). Recombinant proteins were incubated
at room temperature for 30min with increasing concentrations of
compound (EDP-235 or nirmatrelvir) in 50mM HEPES pH 7.5, 5mM
NaCl, 1 mM EDTA, 0.1mg/mL BSA, 1mM DTT, and 0.01% volume per
volume TritonX-100. The FRET substrate, Tamra-SIT-
SAVLQSGFRKMK-Dabcyl-OH, (BACHEM Holding) was added
30minutes post-incubation, and fluorescence wasmeasured over 1 h
at room temperature (Envision, PerkinElmer). Progress curves were
used to determine the initial velocities with IC50s and hill coefficient
values calculated as previously described in ref. 70. The final con-
centrationof 3CLpro proteinwas 2.5-100 nM, and FRET substratewas
20–40 μM. Variations in concentrations were due to inherent dif-
ferences in 3CLpro activity and FRET substrate affinity. For time-
dependent inhibition experiments, progress curves obtained at var-
ious concentrations of EDP-235 against ancestral 3CLpro without
preincubation were corrected for baseline by subtraction of the no
enzyme progress curves. Individual baseline corrected progress
curveswere fitted to the time-dependent inhibitionmodel using non-
linear regression fitting in GraphPad Prism70. The reversibility of
inhibition was evaluated through incubation with varying 3CLpro
concentrations (0–50 μM) with 50μM of EDP-235 for 2 h at RT, fol-
lowed by jump-dilution with 20 μM FRET substrate as given above.
The progress curves for activity recoverywere then fitted to the time-
dependent inhibition model. To determine the Ki

app of 3 nM, kinetic
mechanism experiments were performed with FRET substrate con-
centrations ranging from 0 to 100μM and the FRET substrate being
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added at time 0. Ki
app values were generated by fitting to substrate

competitive inhibition with respect to the FRET peptide70.

X-ray crystallography and structure determination
X-ray crystallography work was performed at Evotec. Crystals were
grown over two days in a 200mM sodium thiocyanate, 20 percent
weight per volume polyethylene glycol 3350 (MDL JCSG+ condition
B2) with a drop ratio of 30:63:6 (protein:reservoir:seed suspension).
Mass spectrometry was used to confirm the covalent attachment of
EDP-235 and the 3CLpro. To collect diffraction data, the crystal was
transferred to a drop of neat reservoir solution, to this was added 10%
weight per volume polyethylene glycol 400 in reservoir solution. The
resulting drop was stirred until homogenous with a final composition
of 5% weight per volume of polyethylene glycol 400 in reservoir con-
dition. The crystal was promptly cryo-cooled by dunking into liquid
nitrogen. An X-ray diffraction dataset to 2.0Å was recorded with the
Advanced Photon Source (Argonne National Laboratory), using IMCA-
CAT’s beamline at full transmission and an oscillation range of 0.2° and
exposure time of 0.02 seconds per frame for 900 frames. The wave-
length of the X-ray beamwas 1.000Å. Integration, scaling andmerging
of the diffraction data was performed with autoPROC STARANISO
software (1.1.7 (20211020), 2.3.87 beta for linux64-ifortmade on Jun 08
2022 at 02:21:31, Global Phasing Ltd.). Molecular replacement was
performed using Phaser as implemented in the CCP4i suite (CCP4
Interface version 7.1.018). The ligand model and its crystallographic
restraints were created using Grade2 software (version 1.2.0, Global
Phasing Ltd.). Refinement of the structure, including generation of
restraints for the covalent link between the ligand and C145, was per-
formed using the crystallography software Buster (2.11.8 (22-FEB-
2023), Global Phasing Ltd.) with manual rebuilding and water place-
ment in COOT (0.9.7, Emsley, University of Cambridge). Additional
crystallography details can be found in the Supplementary methods,
Supplementary Table 2, and Supplementary Fig. 12.

SARS-CoV-2 replicon screening
A bacterial artificial chromosome encoding a SARS-CoV-2 (USA-WA1/
2020) replicon was purchased (Telesis Bio) and a modified screening
protocol for SARS-CoV-2 replicon system was developed in-house41,42.
The replicon fragment and a codon-optimized SARS-CoV-2 N (Gen-
eART, Invitrogen) were PCR amplified (Platinum SuperFi II PCRMaster
Mix, Invitrogen), in vitro transcribed with mMESSAGE mMACHINE T7
Ultra (Invitrogen) and purified using the Monarch kit (New England
Biolabs) permanufacturers’ recommendations. 650ng of replicon and
N were electroporated using the Neon Transfection System (Invitro-
gen) at 1700V-20ms-1 pulse into HuH-7 cells (1107 cells/mL) following
the manufacturers’ protocol. Cells were diluted to 800 cells/μL by
adding complete HuH-7 media excluding penicillin and streptomycin,
and compoundswere added. ElectroporatedHuH-7 cells containingno
RNA and treated with DMSO were used as a low control. High control
contained SARS-CoV-2 replicon, N RNA, and was treated with DMSO.
Plates were incubated for 20 h and luminescence was measured using
the Renilla-Glo® Luciferase Assay Reagent (Promega). The percent
residual activity of the replicon was determined after normalizing to
DMSO-treated low and high controls.

Coronavirus infectious virus assays
BSL3-experiments were performed at multiple facilities: Georgia State
University (GSU), Southern Research (SR) and Viroclinics Biosciences
(VCB). Vero E6-TMPRSS2 cells were seeded 14 h pre-infection (GSU), or
Vero E6 cells were seeded in suspension at the time of infection (SR
and VCB). Monolayers were infected with an MOI of 0.1 (SARS-CoV-2
Omicron strains), 0.002 (SARS-CoV-2 lineage A USA-WA1/2020 and
Delta strains, SARS-CoV Toronto-2 isolate), or 0.001 (SARS-CoV-2
lineageBGermany/BavPat1/2020 isolate, Alpha andBeta strains, SARS-
CoV HKU-39849 isolate and MERS-CoV EMC/2012 isolate). EDP-235 in

the presence or absence of 0.5–2μM PGPi was added at the time of
infection. Results were determined as follows: at 48 hpi, the super-
natant was collected and titered by either TCID50 or plaque assay
(GSU). At 72 hpi, cell health was determined using Cell-Titer-Glo
(Promega) per manufacturer’s instructions and luminescence was
measured (CLARIOstar, BMG LabTech Inc.) (SR). After 18–24 hpi, cells
were immunostained for SARS-CoV-2 N protein and foci were counted
(Immunospot Image Analyzer) (VCB). All experiments performed at
GSU using infectious SARS-CoV-2 strains were approved by the Geor-
gia State Institutional Biosafety Committee under protocol B20016
and performed in BSL-3/ABSL-3 facilities.

SARS-CoV-2 3D pHAEC experiments were performed at VCB, with
Mucilair pHAEC tissues sourced from Epithelix. Tissues were pre-
treated basolaterally with EDP-235 for 2 h prior to apical infection at
MOI of 1 (SARS-CoV-2 lineage BGermany/BavPat1/2020 isolate) for 1 h.
The inoculum was removed, tissues were washed and incubated for
48 h. At 24 and 48 hpi, 200 µL apical samples were harvested for ana-
lysis by TCID50 and RT-qPCR.

HCoV-229E, OC43 and NL63 antiviral assays were performed at
Enanta Pharmaceuticals, Inc., and were assessed in MRC-5, HCT-8, and
LLC-MK2 cells, respectively.MRC-5 cells were infected in suspension at
an MOI of 0.05 and incubated at 34 °C for 6 days. HCT-8 and LLC-MK2
cells were seeded 24 h prior to infections and monolayers were
infected at 100 TCID50 (OC43) or an MOI of 0.01 (NL63). OC43 and
NL63 infections were incubated at 34 and 32 °C, respectively, for
7 days. For CPE-based assays, cell health was assessed using ATP-lite
(Perkin Elmer), and luminescence was measured (Envision). For RT-
qPCR-based endpoints, viral RNA was extracted from cells and super-
natant (Quick-RNA Viral 96 Kit, Zymo Research) and quantified by RT-
qPCRusing TaqManRNA-to-Ct-1Step (Applied Biosystems) on the POD
Quant Studio 7 Flex Machine (Thermo Fisher).

For HCoV-229E infections in 3D pHAEC EpiAirway sourced from a
23-year-old Caucasian male (MatTek, AIR-100), apical surfaces were
washed once with transepithelial electrical resistance buffer, and
DMSO or compound was added to the basal media. Adsorptions were
performed apically for 1.5 h with 2 × 103 PFU per tissue. After 1.5 h the
adsorption inoculum was removed, the apical surface was washed
once with transepithelial electrical resistance buffer, and plates incu-
bated for 5 days. The basal media was changed once after 2-3 days,
maintaining DMSO or compound concentration. Total RNA was
extracted using RNAqueous Total RNA Isolation Kit (ThermoFisher),
and viral RNA was quantified using RT-qPCR as described above.

Infectious zoonotic CoV antiviral assays were performed at Uni-
versity of North Carolina, Chapel Hill. Reporter sarbecoviruses or
merbecoviruses expressing recombinant nanoluciferase were used to
perform cell-based antiviral assays in either A549-hACE2 or Huh7.5
cells, respectively. Reporter viruses were generated from infectious
clones as previously described in refs. 47,48,71. Briefly, 2 × 104 A549-
hACE2 or 2.5 × 104 Huh7.5 cells were seeded 24 h before infection with
DMSO normalized across the plate. Cells were infected at a MOI of 0.1
for 1 h after which the inoculumwas removed, andmonolayerswashed
one time. A dilution series of compound was added to the monolayer
and replication was measured at 24 hpi by addition of NanoGlo Luci-
ferase Assay System (Promega).

Cytotoxicity assays
Cytotoxicity assays were performed identically to their respective viral
efficacy studies, but without addition of virus and using a cell viability
readout.

Protease selectivity
Selectivity of EDP-235 was determined as described in the biochemical
assays section of these Methods. Additional materials and conditions
are listed in Supplementary Table 7. All work was performed at Reac-
tion Biology.
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In vivo studies
Studies with male golden Syrian hamsters 1-2 months of age were run
at BIOQUAL, Inc.with eight animals per cohort. Hamster in vivo studies
involving SARS-CoV-2 were performed in accordance with BIOQUAL
standard procedures, the Association for Assessment and Accredita-
tion of Laboratory Animal Care, the Animal Welfare Act, the Public
Health Service Policy on Human Care and Use of Laboratory Animals,
and Centers for Disease Control. Experiments with SARS-CoV-2 invol-
ving hamsters were performed under Institutional Animal Care and
Use Committee-approved protocol #22-101 P and were sourced from
Envigo. Intramuscular anesthesia was used for all procedures. Vehicle
and EDP-235 doses (20 and 50mg/mL) were prepared in 0.5%
methylcellulose in deionized water and mixed for 30min prior to and
during oral dosing. Viral intranasal inoculation of SARS-CoV-2 USA/
WA1/2020 (generated by BIOQUAL) was delivered as 3 × 104 PFU per
nostril in 50 µL PBS, with the head tilted back for 20 s. Animal body
weight symptoms were recorded throughout the study. At 4 dpi, ani-
mals were euthanized. The whole lung was collected during necropsy,
with weight and physical observations recorded before sectioning and
snap-freezing or storage in 10% neutral buffered formalin. Nares and
tracheas were collected and snap frozen. TCID50 analysis was run on
lung, nares, and trachea samples.RT-qPCR (Ngene) analysiswas runon
lung and nares samples. Histopathology services were performed by
Experimental Pathology Laboratories, Inc. Fixed lung was processed
for IHC detection of SARS-CoV-2 nucleocapsid protein, using a SARS-
CoV-2 (COVID-19) nucleocapsid antibody on formalin-fixed paraffin-
embedded tissue. Anti-SARS-CoV-2, 0.02μg/mL, primary antibody
(ProSci, 9099; SARS-CoV-2 (COVID-19) Nucleocapsid Antibody) was
applied to tissues overnight at 4 °C ( ± 2°C) followed by ImmPRESS
Polymer Anti-Rabbit IgGReagent (made in goat, RTU, Vector Labs,MP-
7451) for 30min, DAB solution (3min), and counterstained with
hematoxylin.

Studies with female ferrets 6–10 months of age sourced from
Triple F farms were run at GSU with six animals per cohort. All
in vivo studies involving ferrets 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. Vehicle
and EDP-235 doses (200mg/kg BID or QD) were prepared in 0.5%
methylcellulose in deionized water before each dosing. Ferrets
received intranasal viral inoculation of 1 × 105 PFU of SARS-CoV-2
USA/WA1/2020, and oral dosing of vehicle or EDP-235 began at 12
hpi and continued for three days. At 60 hpi (48 h post-treatment
initiation), each ferret was co-housed with an uninfected,
untreated contact ferret until day 4. Source ferrets were eutha-
nized on day 4, and contact ferrets were further monitored
before being euthanized on day 8. Homogenized nasal turbinates
were collected from all ferrets subsequent to euthanizing. On
days 0-4, nasal lavages from source and contact ferrets were
collected twice a day. On days 5–8, nasal lavages were collected
from contact ferrets once a day. Weight and temperature were
recorded from all ferrets once a day, and a rectal swab was taken.
Lavage and turbinate samples were subject to TCID50 analysis to
determine infectious viral load. RT-qPCR (nsp9 gene) was used to
quantify RNA copies in lavage, turbinates, and rectal swab
samples.

Pharmacokinetic studies
Ferret plasma exposure levels and pharmacokinetic calculations were
determined as follows; performed at Enanta Pharmaceuticals, Inc.
Following a single oral dose of EDP-235 in 3 female ferrets per arm,
plasma samples were collected at 1, 2, 3, 4, 6, 8, 12, and 24 h. Subse-
quently, plasma samples were deproteinized with acetonitrile (Fisher)

and an internal standard acetonitrile solution. Post centrifugation,
quantitation of EDP-235 within the supernatant was determined by
liquid chromatography-tandem mass spectrometric method. Cali-
brators were prepared with blank plasma and standards following the
same procedure as sample preparation.

Materials and data analysis
Primer/probe sequences utilized in Methods are listed in Supplemen-
tary Table 8. Data analysis for all experiments was performed in
GraphPad Prism (version 10.1.2 (324)) or XLfit (version 2405,Microsoft
Excel). Binding constants and best-fit equations were determined
using GraphPad Prism Software. Efficacy, and cytotoxicity concentra-
tions were calculated with a variable slope four-parameter
logistic model.

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

Data availability
All source data used in this study are provided in the Supplementary
Information/Source Data files. The EDP-235 bound 3CLpro X-ray crys-
tal structure can be found at the protein data bank (https://www.rcsb.
org/). PDB accession #: 8VDJ. Source data are providedwith this paper.
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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to spread in the population.We
recently reported the production of bovine colostrum-derived antibodies that can neutralize the virus.
These have been formulated into a nasal spray. The immunoglobulin preparation is capable of blocking
interaction of the trimeric spike protein (Tri S) of SARS-CoV-2 with the cellular receptor angiotensin-con-
verting enzyme 2 (ACE2), entry of a pseudovirus carrying the Tri S into ACE2 over-expressing human em-
bryonic kidney (HEK) cells, and entry of the virus into live Vero E6 cells. Using an ELISA assay, we demon-
strate here that this holds true for different SARS-CoV-2 variants of concern. Using the ferret transmission
model, we show that the nasal spray formulation of anti-SARS-CoV-2 immunoglobulins efficiently blocks
transmission of SARS-CoV-2 from infected to uninfected ferrets. The results indicate that the use of the
nasal spray in humans can add an effective additional layer of protection against the virus, and might
be applicable for other viruses of the upper respiratory tract.

INTRODUCTION

Vaccination, naturally acquired immunity, and social distancing have contributed to ending the severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2) pandemic. Yet endemic transmission of the virus continues, making the quest for additional countermeasures, such as

antiviral therapeutics, an urgent priority.1 SARS-CoV-2 presents a trimeric spike protein (Tri S) on its surface. Binding of this protein, specifically

of the receptor binding domain (RBD) of the spike protein 1 (S1) subunit, to the cellular receptor protein angiotensin-converting enzyme 2

(ACE2) triggers the viral entry cascade, ultimately resulting in infection.2 Neutralizing antibodies (nAb) have the potential to halt this process

by binding to the SARS-CoV-2 Tri S protein, sterically preventing its interaction with ACE2 and, consequently, blocking entry of SARS-CoV-2

into cells.3

We recently reported the use of bovine colostrum-derived nAb as a prophylactic agent against SARS-CoV-24 and a resulting nasal spray

formulation called BioBlock, which has been in use in the Estonian population since spring 2021. The preparation and quality control of the

colostrum-derived antibody formulation was described in detail in our previous report.4 In brief, defatted and casein-depleted colostrumwas

incubated at a low pH of 3.3 to inactivate potential viral contaminants. The immunoglobulin (Ig)-enriched fraction was then prepared by pre-

cipitation with 2 M ammonium sulfate, and the precipitated proteins (mainly Igs) were dissolved in 13DPBS (Dulbecco0s Phosphate Buffered

Saline). The preparation was further dialyzed against 13DPBS, sterile filtered, pasteurized, and evaluated for protein integrity. Concentration

was determined using SDS-PAGE and measurement of UV absorbance at 280 nm. After final formulation, the product was evaluated for pH,

viscosity, polydispersity index, and sterility.4 The nAbs contained in the nasal spray formulation were derived from the colostrum of cows

immunized with the spike proteins of SARS-CoV-2. In vitro, they showed very high efficacy in blocking the interaction of Tri S and ACE2

and inhibited viral entry in three different experimental setups. We hypothesized that the presence of the designed formulation in the nasal

mucosa would prevent virus docking to ACE2 of mucosal cells and thereby block viral entry through the nasal cavity. If correct, prophylactic

administration of the nAb should also inhibit transmission of SARS-CoV-2. In a mouse model, intra-nasal administration of a human-derived

monoclonal antibody indeed inhibited infection with SARS-CoV-2.5
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Ferrets have evolved as a leading animal model for the evaluation of vaccines and therapeutics against respiratory virus infections

including influenza viruses,6 pneumo- and paramyxoviruses,7 and SARS-CoV-2.8,9 Contributing to high predictive power of the model are

similar relative proportions of the ferret and human upper and lower respiratory tract and comparable density of submucosal glands in

the bronchial wall and generations of terminal bronchioles.7 Infection of ferrets with SARS-CoV-2 results predominantly in upper respiratory

disease with high virus shedding and efficient transmission, resembling disease presentation in the majority of human adults.10

In this study, we investigated whether BioBlock is capable of blocking the transmission of SARS-CoV-2 from infected to uninfected ferrets.

We demonstrate that the previously characterized nasal spray formulation of BioBlock, containing colostrum-derived anti-SARS-CoV-2

neutralizing antibodies, is highly effective in suppressing transmission of the virus in a population containing both infected and uninfected

subjects. We show that such polyclonal preparations are highly efficacious against newly emerged virus variants. The re-vaccination scheme

used for cows results in neutralizing antibodies against SARS-CoV-2 that are effective against highly mutated novel SARS-CoV-2 strains, which

were not previously known and therefore not included as antigens during the original immunizations.

RESULTS

Cows in the third trimester of pregnancy were immunized with a total of three injections of either the SARS-CoV-2 RBD or Tri S. The initial

immunization took place at approximately 60 days before the calculated date of parturition, a first booster was administered 21 days later,

and a final booster was given approximately 2 weeks before birth of the calf.4 We thereafter continued immunizations with a mixture of SARS-

CoV-2 variants of concern (VOC) Alpha, Beta, andGamma-derived RBDproteins throughout the lactation period (commonly 9–10months), at

intervals of 5–8 weeks, delivering a total amount of 0.1mg of protein mixture (Figure 1). The cows were re-impregnated 2months after birth of

the calf. When VOCDelta emerged and becamepredominant, the immunization strategy was changed to using 0.1mg of VOCDelta-derived

S1 protein for re-immunizations. Six weeks before the 2nd parturition, immunization was conducted with 0.1 mg of the VOC Delta RBD and

about 3 weeks prior to expected calving with 0.3 mg of VOC Delta S1 protein (Figure 1).

A colostrum-derived Ig preparation from re-immunized cows is highly efficient in blocking ACE2 and SARS-CoV-2 trimeric
spike interaction

We prepared Igs from colostrum according to our previously described procedure4 and validated efficacy in vitro, using an inverted enzyme-

linked immunosorbent assay (ELISA) protocol. We found that neutralization capacity coincided well with pseudovirus and cytopathic effect-

based neutralization assays.4 The ELISA test makes use of the interaction of the Tri S with ACE2. In the absence of neutralizing antibodies,

signals (expressed as optical density [OD] at a wavelength of 450 nm; OD450) were strong, since labeled ACE2 bound to the Tri S protein.

As neutralizing antibodies emerged in the sample preparation, signals gradually decreased, resulting in very low intensities (OD450) as high

concentrations of neutralizing antibodies were present. We coated ELISA plates with Tri S proteins of Alpha, Delta, or Omicron strains and

subjected the Ig preparation of the re-immunized cows and a non-immunized cow to analyses (Figure 2). We observed that half-maximal

Figure 1. Immunization scheme including re-immunizations of cows

Animals were initially immunized during the third trimester of pregnancy about 60, 21, and 14 days before parturition. Cows were then further immunized about

every 5–8 weeks during the lactation/gestation period. In the third trimester of the next pregnancy, about 42 and 14 days before parturition, the next

immunizations were conducted.

ll
OPEN ACCESS

2 iScience 27, 110326, July 19, 2024

iScience
Article



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 101 

 

inhibition (IC50) was 10–20 mg/mL depending on the analyzed VOC. This was in a much lower range than we had observed with the initial Ig

preparation from previous immunizations employing the same assay,4 indicatingmaturation of immune responses due to repetitive boosting

doses (Figure 2A). Most importantly, the quality of the immune response improved. All immunizations were done with antigens from VOC

Alpha, Beta, Gamma, and Delta, but the subsequently emerged VOC Omicron was also potently neutralized. VOC Omicron has more

than 50 mutations compared to the original SARS-CoV-2 strain, 32 of which are located in the spike protein and 26 are unique to Omicron

compared to the VOCs that served as antigens.11

Figure 2. The Ig preparation retrieved after several reimmunizations shows high potency in blocking the in vitro interaction of ACE2 with the Tri S

proteins of Alpha, Delta, Omicron, and VOC strains of SARS-CoV-2

(A) Activity of the Ig preparation against the Tri S proteins of the Alpha, Delta, and Omicron strains of SARS-CoV-2 in vitro. In contrast, the preparation derived

from colostrum of a non-immunized cow did not show any inhibition of the interaction between ACE2 and Tri S in vitro.

(B) Activity of the Ig preparation against VOC BQ.1.1 and XBB.1.5. Employing our inverted ELISA analyses, we observed good efficacy of the nAbs in blocking Tri

S–ACE2 interaction. Half-maximal inhibition (IC50) was determined through a non-linear regression analysis with a variable slope (four parameters). XY-plots for

the Ig preparation analyses are presented with non-linear fit and standard deviations (SD); n = 3 replicates.
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We further tested the Ig preparation from the colostrum of re-immunized cows for in vitro efficacy against the Tri S proteins of the VOC

Omicron 2 isolates BQ.1.1 and XBB.1.5 (Figure 2B), which evolved after the initial appearance ofOmicron and carried evenmore differences in

the spike protein than the initial Omicron isolate.12,13 Albeit at somewhat lower efficiency compared to neutralization of VOC Alpha, Delta,

and Omicron 1, the preparation was still very potent in inhibiting VOCOmicron 2-derived Tri S–ACE2 interactions, showing IC50 values of 44

and 40 mg/mL for the BQ.1.1 and XBB.1.5 isolates, respectively.

A nasal spray containing colostrum-derived nAbs against SARS-CoV-2 blocks transmission of the virus with high efficacy

Since we had previously formulated the Ig preparation of immunized cows into a nasal spray (BioBlock) and had shown the component

antibodies to persist on the human nasal mucosa for at least 4 h,4 we next employed the ferret model (Figure 3) to test whether a pro-

phylactic nasal spray administration of BioBlock would prevent SARS-CoV-2 transmission to healthy subjects, recapitulating a commu-

nity transmission scenario in which people are in close contact with infected individuals for a defined period of time. We conducted the

study in two replicates and treated a total of 8 ferrets with the nasal spray formulation at 0.236 mg/kg. Eight control animals received the

nasal spray vehicle without the Ig preparation. After an initial nasal lavage with either the colostrum-derived nasal spray formulation or

vehicle alone 4 h prior to co-housing, each treated animal was housed with a SARS-CoV-2 (WA-1 strain)-infected source animal (source

to sentinel ratio 1:1) in a direct-contact setting. Treatment of the contacts with the spray-formulation BioBlock was continued in 4-h in-

tervals for the duration of co-housing (12 h total). Subsequently, both donor and recipient animals were monitored for another 96 h,

followed by extraction of respiratory tissues and determination of infectious viral titers and viral RNA copies. The study timeline in

shown in Figure 3.

Weobserved that nasal lavages of source animals (vehicle source and treated source) showed high titers of SARS-CoV-2 (50% tissue culture

infectious dose [TCID50] of 10
5 two days post infection) (Figure 4A). The buffer-treated sentinels started to show measurable titers (TCID50 of

102.5) 2 days post infection (dpi) and high titers (TCID50 of 10
5 to 106) 6 dpi. These findings were corroborated by viral RNA copies present in

nasal lavages (Figure 4B), which reached 105–106 copies 1–4 dpi. Vehicle-treated contacts turned PCR-positive (102 RNA copies) 1 dpi and

developed high viral load (106 copies) 6 dpi (Figure 4B).

Contrary to efficient viral spread to vehicle-treated contacts, all sentinels that had received BioBlock were not productively infected—

neither developing measurable viral titers nor showing a rise in viral RNA copies (Figures 4A and 4B)—confirming efficient protection by

BioBlock against viral transmission from infected to uninfected subjects in vivo.

At study end, viral titers and viral RNA copy numbers were determined in nasal turbinates extracted from all animals (Figures 4C and 4D).

We observed high virus burden in all source- and vehicle-treated contact animals, whereas turbinates of sentinels that had received BioBlock

Figure 3. Experimental setup for ferret experiments

Depicted are uninfected (dark gray; contact) and infected (light gray; source) ferrets. Blue background indicates the time uninfected and infected ferrets were

housed separately. Source ferrets for SARS-CoV-2 were infected 1.5 days prior to cohousing. Nasal lavages of infected source animals and naive contact ferrets

were taken every 12 h (blue squares). Four hours prior to cohousing of source and contact animals, a first dose of BioBlock and buffer alone (red rhombs),

respectively, were administered. During cohousing (pink background) contact ferrets were treated with BioBlock or buffer alone every 4 h (red rhombs). After

12 h animals were separated and monitored further (green background). After termination of the experiment, nasal turbinates were harvested. The duration

of the experiment in days is indicated below the colored boxes.
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Figure 4. The Ig preparation effectively inhibits transmission of SARS-CoV-2 from infected to uninfected ferrets

(A) Virus titers in nasal lavages from animals carrying SARS-CoV-2 (source ferret) and those exposed to the virus (contact ferret) are depicted. One day after

infection, source animals showed high titers of the virus with a further elevation on day 2. Titers stayed high until the animals were terminated. BioBlock-

treated animals were monitored from day 2 until day 6 (termination of the experiment). Green triangles and line depict the buffer-alone treated animals and

show a clear rise in viral titer on day 4 which rapidly climbs until day 6. During the same period, animals treated with BioBlock-containing solution (purple

triangles and line) did not reveal a significant rise in viral titer.

(B) RNA copy numbers of the nasal lavages confirmed viral titration results. After termination of the experiment, nasal turbinates were collected.

(C and D) Source ferrets (blue bars) and buffer-treated contact animals (green bars) showed high SARS-CoV-2 titers (C) and RNA copy numbers (D). Source

animals (red bars) of ferrets to be co-housed with BioBlock-treated animals were likewise efficiently infected, but prophylactic BioBlock suppressed

transmission to contacts (magenta bars). XY-plots in Figures 4A and 4B are presented with geometric SD. Data presented in Figures 4C and 4D were not

normally distributed and thus log transformed. Ordinary one-way ANOVA was then used with Brown-Forsythe test for equal variances. Correction for

multiple comparisons was conducted using !Sidàk’s test. For statistical analyses p values < 0.05 were considered to be statistically significant. Data in

boxplots are presented as mean with SD. n = 8 animals for each treatment (total 32).
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prophylaxis were virus-free. This finding fully supported the conclusion that intranasal treatment of ferrets with prophylactic BioBlock fully

protected against SARS-CoV-2 transmission.

DISCUSSION

Wedemonstrate in this study that anti-SARS-CoV-2 nAb derived from bovine colostrum are highly effective against a range of SARS-CoV-2 VOC

and potently block viral spread from infected source animals to prophylactically treated contact animals in the ferret transmission model. Previ-

ously, we established the high potential of the bovine Ig preparation in vitro.4 However, this achievement was restricted to the original Wuhan

strain and closely relatedVOCAlpha,Beta,Gamma,andDelta. This first generationofVOCwas replaced in less thana year by thenewly emerged

VOC Omicron lineage, which is considerably different from the original SARS-CoV-2 isolate and VOC Alpha, Beta, Gamma, and Delta.11

Although the efficacy of the initial Ig preparation against different VOCwas encouraging, we still chose to re-immunize cows that had given

birth to calves after initial immunization. We did so throughout the entire lactation period. As new variants emerged sequentially, we reacted

and conducted immunizations with the respective VOC as they emerged (Alpha, Beta, Gamma, and Delta). The cows had been re-impreg-

nated, which enabled us to re-apply the initial immunization scheme prior to birth of the calf, in which we immunized and boosted during the

third trimester of pregnancy. This immunization was done using the Delta spike protein. Coincidently, this was the time that Omicron

emerged. Here we showed that the formulation prepared without known Omicron antigens was also very effective against different Omicron

lineages, whose spike protein has numerous mutations compared to the antigens used to immunize cows.11 This is quite different from what

has been seen with anti-SARS-CoV-2 therapeutic monoclonal antibodies, as the antibodies created against pre-Omicron variants mostly lost

their potency whenOmicron and its sub-lineages emerged.12,13 Although not demonstrated experimentally yet, this observation further sup-

ports the theory that the polyclonal nature of the Ig preparation may be the main contributing factor in the broad neutralizing capacity in

comparison to monoclonal antibodies. It seems less likely that the existence of one ‘‘super-broad’’ neutralizing antibody species in the colos-

trum ensures its extraordinary capability. Perhaps more importantly, cows immunized with antigens from ‘‘old’’ virus strains also developed a

protective response against ‘‘new’’ virus strains that were not yet known when this immunization took place. More generally, this would pro-

vide an exceptional opportunity to develop effective protective formulations against mutated pathogens even before changes occur and

spread in the infected population. Such an approach, if implemented widely and in a timely manner, could offer a significant epidemiological

benefit by controlling (restricting) community transmission. Thus, our results provide proof-of-concept that colostrum-derived polyclonal anti-

body preparations may have superior practical value in situations that call for efficient control of a rapidly changing respiratory pathogen.

Throughmeasures like social distancing,mask-wearing, andhandhygiene, the spreadof a virus canbe reduced.14Thispreventsnew infections

and lowers theoverall burdenof thedisease in the community. Controlling community transmission helps tobreak the chainof infection, lowering

the reproduction number (R0) of the virus.15 This, in turn, leads to a decrease in the number of cases and the potential for outbreaks. Furthermore,

controlled transmission helps to avoid overwhelming healthcare systems.16 Lower case numbersmean that hospitals and healthcare facilities can

bettermanage andprovide adequate care for those infectedwithout being stretchedbeyondcapacity. Controlling transmission is also crucial for

protecting vulnerable populations such as the elderly, immunocompromised individuals, and those with underlying health conditions.17 These

groups are more susceptible to severe outcomes from viral infections. Some viral infections can lead to long-term health complications even

in individuals with mild or asymptomatic cases.18 Controlling transmission reduces the overall burden of disease and helps minimize these sec-

ondary health effects. In addition, controlling community transmission supports vaccination efforts.19 Vaccines are more effective in preventing

severeoutcomesand reducing transmissionwhen implemented inapopulationwith lowerbaseline infection rates.As such, theprophylactic func-

tion of BioBlock may significantly impact the epidemiology of SARS-CoV-2 as use of the spray is intended to prevent spreading of the virus.

Limitations of the study

In order to assess the occurrence of nAbs, a surrogate ELISA was employed. Although evaluated and previously successfully used in our

studies, care should be taken in interpreting the results. The ELISA used in this study was corroborated in our earlier study by a pseudovirus

assay and a cytopathic cell-based assay. Both showed similar results for the immunoglobulin preparation as did the ELISA method. However,

the accepted gold standard in the field is the plaque reduction neutralization test (PRNT).20 Still, several limitations are discussed for the

PRNT, among them scalability (low throughput), long turnaround times, and the requirement of BSL3 (biosafety level 3) facilities and qualified

personnel.20 Since we showed consistent results for the ELISA method employed in this study,4 we are confident that our surrogate assay

delivers credible results. As discussed elsewhere, heparin in blood sample preparations can affect the results of SARS-CoV-2 nAbs detec-

tion.20 Since neither the Ig preparations nor BioBlock contain heparin or have been in contact with it, it is not expected that the results pro-

duced by our surrogate assays are compromised in any way.

We acknowledge that the number of test animals (a total of 32) might be considered small. In fact, for each transmission study, we em-

ployed a total of 8 treated ferrets (4 treated animals, 4 animals administered with the spray buffer only, and 2 replicates). Ferrets have

been established as a large animal model of SARS-CoV-2 upper respiratory tract infection and transmission. They are a non-rodent USDA

(United States Department of Agriculture)-controlled species. Group sizes used in this study are consistent with previously published work

using this model (see, for e.g., study by Cox et al.21). Raw data in this study were subjected to full statistical analysis and were found to be

statistically significant. Yet, the design of studies involving large research animals is complex and requires careful evaluation of the potential

additional knowledge-gain versus animal welfare concerns and bioethics considerations. Our selected study design represents a scientifically

justified compromise between these divergent interests that was approved by all stakeholders including the research scientists and the

responsible IACUC (Institutional Animal Care and Use Committee).
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The results presented here show that the nasal spray treatment protected uninfected animals under conditions that mimic the situation in

the real population of interest. The method of infection was not artificial administration of large amounts of viral particles, but natural trans-

mission from infected animals. However, we also clearly understand the limitations of the model used, and that the evidence presented here

derives from in vitro assays and animal experiments. The only way to confirm the actual protective effect in humans is through a clinical trial

with a control group in conditions where the viral infection rate is high enough to reliably demonstrate the effect of the preparation. Nonethe-

less, the clinical potential of the approach is supported by the ferret model, which revealed complete protection against infection by intra-

nasally delivered prophylactic BioBlock.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, JoachimM. Gerhold

(joachim.gerhold@icosagen.com).

Materials availability

SARS-CoV-2 trimeric S proteins, ACE2-hFc protein used in this study are available either commercially from Icosagen Cell Factory OÜ and

Icosagen AS or the lead contact with a completed Materials Transfer Agreement. The viral strain used in this study is commercially available.

Biological samples will bemade available on request, but wemay require payment and/or a completedMaterials Transfer Agreement if there

is potential for commercial application.

Data and code availability

! All data reported in this paper will be shared by the lead contact upon request.
! This paper does not report original code.
! Any additional information required to reanalyze the reported data in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal subjects

This study used female ferrets (Mustela putorius furo), family mustelids, genus mustela, 6-10 months of age. Upon receipt, all ferrets were

housed under standardABSL-1 conditions for an acclimatization period of 72 hours. After 72 hours, ferrets were transferred to ABSL-3 facilities

at Georgia State University. All animals were provided standard ferret enrichment andmonitored at least once daily throughout the course of

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

SARS-CoV

-2 WA-1 isolate

BEI Resources NR-52281

Biological samples

Immunoglobulin preparation from bovine

colostrum, batch 003

This study BOSS Ig 003

BioBlock nasal spray Medihex https://www.medihex.com/en/

products/bioblock/

Nasal spray buffer w/o antibody solution This study N/A

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 trimeric spike proteins This study N/A

ACE2-hFc protein Icosagen AS P-308-100

Critical commercial assays

EZ-LinkTM NHS-PEG4 Biotinylation Kit ThermoFisher Scientific 21455

PierceTM High Sensitivity Streptavidin-HRP ThermoFisher Scientific 21132

ELISA plates; Maxisorp F8 NuncImmunomodule ThermoFisher Scientific 468667

ELISA reader (spectrophotometer)

MultiSkan FC

ThermoFisher Scientific 51119000

Experimental models: Organisms/strains

Ferret (Mustela putorius furo) Triple F Farms NA

Software and algorithms

GraphPad Prism v10.0 GraphPad Software Inc https://www.graphpad.com/
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the study. Biological sex of research animals was determined based on examination of external genitalia. Ferret studies were carried out with

female animals only. No sex-based analyses were performed because co-housing studies may not be carried out with male ferrets (IACUC

protocol A20031), since males are territorial and highly combative when co-housed, resulting in severe injury from fight wounds that would

require termination of the study. The study design does not allow for the use of singly housed male ferrets. Sourced animals were randomly

assigned to cages by animal support staff blinded for the study. Cages were randomly assigned to study groups, animals weighed, and in-

fected as specified. The investigators were not blinded to group allocation for data collection and analysis for any experiment performed in

this study due to size of the research group with clearance for experimentation under high biocontainment conditions required for work with

live SARS-CoV-2. Ferrets are large animals that cannot be handled by a single investigator for the experiments reported under ABSL3 con-

ditions and resources available did not allow involvement of additional personnel that would have been required for blinding. All in vivo

studies with SARS-CoV-2 involving ferrets were approved by the Georgia State Institutional Animal Care and Use Committee under protocol

A20031, 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. All experiments using infectious SARS-CoV-2 strains were approved by the Georgia State Institu-

tional Biosafety Committee under protocol B20016 and performed in BSL-3/ABSL-3 facilities at the Georgia State University.

Ethics statement

All in 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. All experiments using infectious SARS-CoV-2 strains

were approved by the Georgia State Institutional Biosafety Committee under protocol B20016 and performed in BSL-3/ABSL-3 facilities at

Georgia State University.

METHOD DETAILS

Ferret studies

Female ferrets (n=4/group; 6-10 months old; Triple F Farms) were infected intranasally with 1x105 PFU of SARS-CoV-2 WA1. Source ferrets

were co-housed with BioBlock or vehicle-treated sentinels at a 1:1 ratio starting 36 hours after infection. Sentinels were intranasally adminis-

tered BioBlock (0.236 mg/kg) or vehicle (1 ml total dose volume; 500 mL per nare) in 4-hour intervals starting 4 hours prior to the onset of co-

housing. Treatment was continued through the 12-hour co-housing period, for a total of five BioBlock administrations. Source and sentinel

animals were separated at the end of the 12-hour co-housing period, and clinical signs, bodyweight, and temperature monitored once daily.

Nasal lavages were collected from all animals once daily. Source animals were terminated 96 hours after infection and nasal turbinates ex-

tracted. Sentinel animals were terminated 84 hours after cohousing start and nasal turbinates extracted. Infectious SARS-CoV-2 titers and viral

RNA copy numbers were determined in nasal lavage samples and homogenized nasal turbinates by virus titration on Vero-TMPRSS2 cells and

RT-qPCR, respectively.

SARS-CoV-2 neutralizing antibody ELISA

The efficacy of the Ig preparation in blocking the angiotensin-converting enzyme 2 (ACE2) receptor interaction with the SARS-CoV-2 trimeric

spike protein receptor-binding domain (RBD) was determined using an inverted ELISA method.

96-well ELISA microtiter plates (Maxisorp F8 Nunc-Immunomodule, Cat.-no 468667, Thermo Scientific) were coated with SARS-CoV-2

trimeric spike proteins of VOC alpha, delta, or omicron (B.1.1.529, XBB.1.5, BQ.1.1) at 2,5 mlg/ml (100 ml per well) in coating buffer (1x

PBS, pH 7.4) for 16 to 24 hours at 4!C. The coating solution was then aspirated, and wells washed 4 times with 300 ml wash-buffer (1 x

PBS, 0.05% Tween 20, pH 7,4) using an automated ELISA plate washer. After removal of any residual wash-buffer by tapping plates upside

down on dry, clean paper towels, plates were blocked adding 300 ml per well of a blocking buffer (PBS, 1% BPLA, 2% sucrose, pH 7,4). Plates

were covered and kept at room temperature for at least one or up to two hours. The blocking buffer was aspirated, and plates were dried at

35!C in a thermostat for 15-16 hours. In case plates were not used immediately, they were vacuum sealed and kept at 4!C until further use. All

necessary reagents were equilibrated to room temperature prior to conducting experiments.

Ig preparation samples were two-fold diluted in 12 steps starting from3200 mg/ml into analysis buffer (1x PBS, 0,5%BPLA, 2% sucrose, 0,1%

Proclin 300). 50 ml per well of samples were added to the plates in triplicates. Covered plates were incubated for 20 minutes on an orbital

microtiter plate shaker at 450 rpm. Next, 50 ml of enzyme conjugate (1x PBS, 0.5% BPLA, 0.5 mg/ml of biotinylated ACE2-fc, 0.02 mg/ml

Streptavidin-HRP (Pierce! High Sensitivity Streptavidin-HRP, ThermoFisher Scientific, cat.-no. 21132), 0.1% Proclin 300, pH 7.4) was added

without touching the samples in the wells. Prior to use, ACE2-fc (Icosagen AS cat. -no P-308-100) was biotinylated using an EZ-Link! NHS-

PEG4 Biotinylation Kit (ThermoFisher Scientific, cat.-no. 21455). Plates were covered and incubated on an orbital microtiter plate shaker at

450 rpm for 30 minutes, then aspirated and washed 4 times with 300 ml wash buffer (as above). 100 ml TMB VII (Biopanda) was added to

each well. The plates were covered and incubated for 10 minutes on an orbital microtiter plate shaker at 450 rpm. The coloring reaction

was stopped by addition of 50 ml stop solution (0.5 M H2SO4). Plates were briefly shaken, incubated for 1-2 minutes and the optical density

(OD) at a wavelength of 450 nm was measured with an ELISA plate reader (spectrophotometer).

OD450 values of measured samples were divided by the mean value of the eight repeated samples of a negative control (analysis buffer,

composition as above) to obtain relative OD450 values. Samples with a relative OD450 value of <0.75 were considered sufficient in blocking
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ACE2 binding. The threshold of 0.75 was previously determined as the limit of detection (LoD) by comparison of negative sera and sera from

COVID19-patients (measurements of level of blank (LoB) and level of detection (LoD) according to the CLSI standard EP17-A2). Data were

analyzed, plotted, and graphically summarized using GraphPad Prism 10 (GraphPad Software Inc.).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 10 was used to conduct statistical analyses and generation of XY- and boxplots.

Half-maximal inhibition (IC50) was determined through a non-linear regression analysis with a variable slope (four parameters). XY-plots for

the immunoglobulin preparation analyses are presented with non-linear fit and standard deviations (SD); n=3 replicates.

XY-plots in Figures 4A and 4B are presented with geometric SD.

Data presented in Figures 4C and 4D were not normally distributed and thus log transformed. The normality test showed Gaussian

distribution after transformation. Ordinary one-way ANOVA was then used with Brown-Forsythe test for equal variances. Correction for

multiple comparisons was conducted using !Sidàk’s test. For statistical analyses p values <0.05 were considered to be statistically significant.

Data in boxplots are presented as mean with SD. n=8 for each treatment (total 32).

Statistical tests used and sample size can be found in the figure legends.
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Therapeutic mitigation of measles-like
immune amnesia and exacerbated disease
after prior respiratory virus infections in
ferrets

Robert M. Cox 1, Josef D. Wolf 1, Nicole A. Lieberman 2, Carolin M. Lieber1,
Hae-Ji Kang1, Zachary M. Sticher 3, Jeong-Joong Yoon 1,
Meghan K. Andrews 3, Mugunthan Govindarajan3, Rebecca E. Krueger 3,
Elizabeth B. Sobolik 2, Michael G. Natchus3, Andrew T. Gewirtz1,
Rik L. deSwart 4, Alexander A. Kolykhalov3, KhanHekmatyar5, Kaori Sakamoto6,
Alexander L. Greninger 2 & Richard K. Plemper 1

Measles cases have surgedpre-COVID-19 and the pandemic has aggravated the
problem. Most measles-associated morbidity and mortality arises from
destruction of pre-existing immune memory by measles virus (MeV), a para-
myxovirus of the morbillivirus genus. Therapeutic measles vaccination lacks
efficacy, but little is known about preserving immune memory through anti-
virals and the effect of respiratory disease history onmeasles severity.Weuse a
canine distemper virus (CDV)-ferret model as surrogate for measles and
employ an orally efficacious paramyxovirus polymerase inhibitor to address
these questions. A receptor tropism-intact recombinant CDVwith low lethality
reveals an 8-day advantage of antiviral treatment versus therapeutic vaccina-
tion inmaintaining immunememory. Infection of female ferrets with influenza
A virus (IAV) A/CA/07/2009 (H1N1) or respiratory syncytial virus (RSV) four
weeks pre-CDV causes fatal hemorrhagic pneumonia with lung onslaught by
commensal bacteria. RNAseq identifies CDV-induced overexpression of trefoil
factor (TFF) peptides in the respiratory tract, which is absent in animals pre-
infected with IAV. Severe outcomes of consecutive IAV/CDV infections are
mitigatedby oral antivirals evenwhen initiated late. Thesefindings validate the
morbillivirus immune amnesia hypothesis, define measles treatment para-
digms, and identify priming of the TFF axis through prior respiratory infec-
tions as risk factor for exacerbated morbillivirus disease.

After years of the COVID-19 pandemic, over 40 million children
worldwide are at risk of measles due to delayed vaccination1 and
temporary SARS-CoV-2 viral dominance2. Acute measles has a case-
fatality rate of ~1%, but lasting immunosuppression constitutes amajor

health threat after recovery from the primary infection3,4. Morbilli-
viruses such as MeV and CDV invade their hosts through infection of
alveolar macrophages (AMs) and dendritic cells (DCs), using signaling
lymphocyte activation molecule (CD150) as receptor5. Subsequently,
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peripheral blood mononuclear cell (PBMC)-supported cell-associated
viremia ensues, until viral re-entry into the respiratory tract and
infection of epithelial cells through the basolaterally-expressedNectin-
4 receptor6. Viral replication during the viremic phase in CD150+ lym-
phocytes in peripheral blood and primary, secondary, and tertiary
lymphoid tissues depletes CD150-positive lymphocytes, including
memory T and B cells, reducing host antibody repertoire and erasing
immune memory3,4. Such MeV-induced immune amnesia is hypothe-
sized to increase vulnerability to opportunistic infections, leading to
significantly increased morbidity and mortality rates from unrelated
infectious diseases in the years following primary measles7. Treatment
options of acutemeasles are limited to supportive care, IgG therapy in
some high-income countries8, and quarantine of the patient. The
exceptionally high infectivity ofMeV9 and vaccinehesitancy resulted in
ameasles resurgence inmany European countries in 2019 evenprior to
the COVID-19 pandemic10. Yet temporary pausing of vaccination
campaigns in low and middle-income countries during the pandemic
has exacerbated theMeV resurgence andmajormeasles outbreaks are
anticipated globally10. Despite the severity of this health threat,
experimental insight is lacking into the time window for prevention of
MeV-induced immune-suppression through direct-acting antivirals
(DAAs) and the consequences of a large measles wave coinciding with
high activity of unrelated respiratory viruses such as influenza virus
and RSV.

We previously developed an orally efficacious morbillivirus poly-
merase inhibitor, ERDRP-0519, which fully protects ferrets against a
lethal CDV infection in a post-exposure prophylactic dosing regimen11.
We recently identified a structurally and mechanistically distinct
broadened-spectrum paramyxovirus polymerase inhibitor, GHP-
88309, which is orally efficacious against parainfluenzaviruses and
blocks morbilliviruses with sub-micromolar potency in cell culture12.
Using these compounds, we established in this work measles treat-
ment paradigms and explored the effect of prior disease history on
severity of morbillivirus infection.

Results
To verify efficient oral delivery of GHP-88309 to ferrets, we deter-
mined single-dose pharmacokinetic (PK) profiles after oral adminis-
tration at 50 and 150mg/kg bodyweight. GHP-88309 demonstrated
dose-dependent plasma exposure of 177.8 h × nmol/ml and 754.1 h ×
nmol/ml, respectively, and sustained tissue distribution exceeding
1 nmol/g tissue 12 h after administration (Supplementary Fig. S1a, b;
Supplementary Table S1). Twice daily (b.i.d.) oral dosing at 15 and
50mg/kg in a 14-day non-formal tolerability study revealed no signs of
drug-induced toxicity or abnormalities in serum chemistry (Supple-
mentary Fig. S2a–d) and an abbreviated repeated-dose PK study con-
firmed consistent exposure on day 7 (Supplementary Fig. S3;
Supplementary Table S2). Average trough GHP-88309 plasma con-
centration in the 50mg/kg b.i.d. group was 2.4 µM, which was
equivalent to >2 × EC90 against CDV12. This dose of GHP-88309 was
used for all subsequent experiments.

Oral GHP-88309 expands to 8-days the time window of full
protection compared to near-exposure vaccination
Efficacy of GHP-88309, ERDRP-0519, and therapeutic vaccination was
compared in CDV-naïve ferrets infected with reporter-free, highly
pathogenic recombinant recCDV-5804p (recCDV)13, followed by oral
treatment with GHP-88309 (50mg/kg, b.i.d.) initiated 3, 5, or 7 days
post infection (dpi) or oral ERDRP-0519 (50mg/kg, b.i.d) started 3 dpi
(Fig. 1a). Animals in vaccination groups received Purevax CDV vaccine
28, 3, or 1 day prior to, or 1 day after, infection in a prime-boost (28-day
group; -28-day prime, -14-day boost) or prime only (all other groups)
regimen. A reference group received Distemink CDV vaccine at
2 months of age. There was no statistically significant differences CDV
nAb titers between the Purevax prime-boost and Distemink

vaccination groups (Supplementary Fig. S4a). All animals were fur-
thermore fully vaccinated against rabies virus (RABV) by their supplier
and confirmed to haveα-RABV antibodies prior to use (Supplementary
Fig. S4b). Ferrets were monitored daily for clinical signs of morbilli-
virus disease (fever, rash, loss of bodyweight) and in regular intervals
for PBMC-associated viremia, complete blood counts (CBC), and titer
of α-RABV neutralizing antibodies (nAbs) (Fig. 1a). All vehicle-treated
animals succumbedwithin 12 days of infection (Fig. 1b) and developed
severe clinical signs (Supplementary Fig. S5a–e), whereas GHP-88309
mediated complete survival and statistically significantly reduced virus
load (Fig. 1c) when treatment was initiated 3 or 5 dpi, at the onset of
viremia and rash, respectively. Treatment started 7 dpi did not sig-
nificantly improve outcome, and ERDRP-0519 treatment started 3 dpi
only partially protected against infection with this wild type recCDV,
which is more virulent than the fluorescent recCDV reporter strain
used previously11. Fully prime-boost vaccinated animals were pro-
tected, but neither post-exposure nor 1-day pre-exposure vaccination
was efficacious and, moreover, 2 of 3 animals vaccinated prophy-
lactically 3 days prior to infection also succumbed. Clinical signs in
animals of all GHP-88309 treatment groups, except the 7-dpi arm,were
unremarkable 12 dpi (Fig. 1d; Supplementary Fig. S5), whereas ERDRP-
0519-treated animals showed moderate, and vehicle-treated animals
severe, clinical signs.

Lymphocyte counts in the vehicle group dropped rapidly by
approximately two orders of magnitude by 12 dpi (Fig. 1e). Both GHP-
88309 and ERDRP-0519 treatment initiated up to 3 dpi prevented
lymphocytopenia. GHP-88309 started 5 dpi did not alleviate initial
PBMC collapse, but resulted in populations rapidly recovering such
that lymphocytopenia resolved within 4 weeks. Fully vaccinated ani-
mals did not develop lymphocytopenia. However, the single surviving
animal of the -3 dpi prophylactic vaccination group also experienced
temporary collapse of the PBMC population. Pre-existing unrelated
humoral immunity, assessed using α-RABV nAbs as a biomarker, was
fully preserved in animals of the 5dpi andearlier treatment groups, but
was permanently destroyed in the surviving animal of the -3 dpi vac-
cination group (Fig. 1f). Thus, GHP-88309 prevents acute lethal mor-
billivirus infection and mitigates lymphopenia up to 5 days post-
infection thereby providing extending the intervention opportunity by
at least 8 days compared to near-exposure vaccination. Based on
superior oral efficacy of GHP-88309 compared to ERDRP-0519, we
selected GHP-88309 for all subsequent experiments.

Confirmation of immune amnesia hypothesis via recCDV with
tunable polymerase processivity
The 100% lethality of recCDV in untreated ferrets within 2 weeks of
exposure precluded use of this model in exploring questions relevant
to humanmorbillivirus-induced disease inwhich lethality is slower and
less uniform. To surmount this hurdle, we engineered an attenuated
recCDV with intact viral receptor tropism. Previously, we demon-
strated that variable length deletions of 39-55 amino acids in the
structurally disordered CDV nucleocapsid (N) protein tail domain
affect polymerase processivity to different degrees, resulting in
genetically stable tunable recCDV attenuation14. Employing a 55-amino
acid deletion recCDV NΔ425-479 strain, we compared virulence and
severity of immune suppression with that of unmodified recCDV and a
previously described tropism-altered recCDV Nectin-4-blind mutant
strain3 that cannot engage theNectin-4 epithelial cell receptor (Fig. 2a).

Clinical signs caused by the different recombinant strains, which
were all in an otherwise identical recCDV-5804p genetic background,
varied from severe for recCDV NΔ425-479, similar to the parental
recCDV, to unremarkable for recCDV Nectin-4-blind (Fig. 2b, c; Sup-
plementary Fig. S6a–d). All recCDV Nectin-4-blind and a majority of
recCDV NΔ425-479-infected animals survived, whereas ferrets inocu-
latedwith unmodified recCDVdiedwithin 12 days of infection (Fig. 2d).
Surviving animals mounted a robust α-CDV nAb response within three
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weeksof infection (Supplementary Fig. S6e). PBMC-associatedprimary
viremia titers of all three strains were statistically identical in the first
~2 weeks after infection until animals inoculated with parental recCDV
had succumbed (Fig. 2e). Subsequently, viremia in recCDV Nectin-4-

blind animals fully resolved, whereas ferrets infected with recCDV
NΔ425-479 entered a 3-week low-level secondary viremia phase. Only
animals inoculated with recCDV NΔ425-479 experienced lymphocy-
topenia with initial kinetics similar to that of the recCDV-infected
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Fig. 1 | Therapeutic treatment of lethal CDV infection in ferrets. Ferrets were
infected with a lethal challenge of CDV and treated with GHP-88309, ERDRP-0519,
or therapeutic vaccination. a Schematic of the study design. Ferrets were infected
with wild-type recCDV-5804p and monitored for 6 weeks. Symbols in the different
boxes show clinical presentation of animals when treatment of the respective
group was initiated. b Survival curves of ferrets infected in (a). log-rank (Mantel-
Cox) test, median survival is stated. c PBMC associated viremia titers of CDV
infected ferrets shown in (a). 2-way ANOVA with Dunnett’s post-hoc test. d Images

of ferrets taken 12 days after infection with recCDV-5804p. e Lymphocyte counts
from infected ferrets measured during the duration of the study detailed in (a).
Green shading denotes normal range. fRABVneutralizing antibody titers fromCDV
infected ferrets. Symbols (c, e, f) represent geometric means ± geometric SD, lines
intersect means. In (b–e), top row shows results for inhibitor-treated groups, bot-
tom row for vaccinated animals; LoD, limit of detection; n = 3. Source data are
provided as a Source Data file.
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group (Fig. 2f; Supplementary Fig. S7a–d), whereas no statistically
significant changes in lymphocyte counts were detected in ferrets
infected with recCDV Nectin-4-blind, confirming over-attenuation of
this recombinant. In the recCDV NΔ425-479-infected animals, lym-
phocytopenia fully resolved 4 weeks after infection. Pre-existing
humoralα-RABV immunity collapsedwithin 3weeks of recCDVNΔ425-
479 infection and was not restored over a 3-month post-recovery
period (Fig. 2g), whereas recCDV Nectin-4-blind caused only a tem-
porary moderate decline in α-RABV nAbs titers that spontaneously
resolved within 4 weeks of infection.

A comparison of clinical signs after infection of ferrets with the
three recCDV strains with the presentation of humanmeasles revealed
that recCDV NΔ425-479 disease recapitulates hallmarks of human
morbillivirus disease, albeit with accelerated onset of clinical signs
(Fig. 2h). Thus, we have developed a relevant surrogate animal model
of human measles that strongly supports the morbillivirus immune
amnesia hypothesis.

Treatment at the onset of clinical signs alleviates morbillivirus
immune amnesia
To explore the degree to which primary clinical signs of morbillivirus
disease and immune amnesia can be mitigated pharmacologically, we
initiated oral treatmentwithGHP-88309 at four discrete disease stages
after infectionwith recCDVNΔ425-479: first onset of fever (5 dpi), rash
(7 dpi), severediseasewith diarrhea and conjunctivitis (10 dpi), and the
first fatality in the vehicle group (24 dpi) (Fig. 3a). Treatment was
continued b.i.d. until α-CDV nAbs became detectable in serum sam-
ples. In addition to following α-RABV immunity, we administered
quadrivalent influenza vaccine to all animals 28 days prior to infection
with CDV (-28-day prime, -14-day boost). Animals were monitored for
5 months post-CDV and the response to broad innate immune stimu-
lation through intramuscular (i.m.) flagellin, infection with influenza
virus A/CA/07/2009 (H1N1) (pdmCA09) and A/WI/67/2005 (H3N2),
and homotypic rechallenge with pathogenic recCDV-5804p deter-
mined 8, 9.5, 12.5, and 18.5 weeks, respectively, after the original CDV
infection.

All GHP-88309-treated animals and all ferrets of a CDV-vaccinated
reference group survived until study end, whereas approximately 50%
of ferrets in the vehicle group succumbed to recCDVNΔ425-479within
26 days of infection (Fig. 3b; Supplementary Fig. S8a, b). Oral GHP-
88309 started 5 dpi significantly reduced CDV viremia titers (Fig. 3c),
but later initiation of treatment did not affect severity or duration of
primary viremia. However, first administration of GHP-88309 up to 10
dpi statistically significantly shortened virus shedding into nasal lava-
ges (Fig. 3d). Treatment started at the end of acute disease (24 dpi) did
not modulate height or duration of viremia or virus shedding. Lym-
phocytopeniawas suppressed in ferrets of the 5 dpi GHP-88309 group,
resembling CDV-vaccine-mediated protection, and alleviated in the 7
dpi GHP-88309 group (Fig. 3e). In animals first treated later than 7 dpi,
lymphocytopenia was severe, closely resembling that in the vehicle
group, and lymphocyte counts regained pre-infection levels only
~10 weeks after CDV infection. Studies in nonhuman primates infected
withMeVhave revealed that viral RNA remains detectable in PBMCsup
to90days after infection15. Recapitulating thisphenotype,wedetected
CDV RNA for over 64 days in PBMCs extracted from ferrets of all
groups, except for CDV-vaccinated animals and ferrets first treated
with GHP-88309 5 or 7 dpi (Fig. 3f). Early treatment onset thus accel-
erated viral clearance and prevented persistence of viral RNA, which
correlated with statistically significantly earlier appearance of α-CDV
nAbs (Fig. 3g). Whole genome sequencing of viruses recovered from
GHP-88309-experienced animals 8-37 dpi with CDV did not reveal
emergence of GHP-88309-characteristic12 resistance mutations (Sup-
plementary Dataset S1).

Upon stimulation of animalswith 50 µgflagellin i.m. post-recovery
from acute CDV, we monitored expression of a panel of pro-

inflammatory markers by PBMCs harvested before, or 1, 2, and 24 h
after, stimulation (Supplementary Fig. S9). Body temperature was
increased in all animals after flagellin injection without significant
differences in marker expression between groups (Fig. 3h), indicating
that innate response to an immunogen was not compromised after
recovery from acute CDV disease.

Animals of all groups had robust α-RABV (Fig. Fig. 3i) and α-IAV
(Fig. 3j) humoral immunity prior to CDV infection. Treatment with
GHP-88309 5dpi fully preserved nAbs titers, identical to the protective
effect of CDV vaccination. Animals in all later treatment groups
experienced a rapid decline in α-RABV and α-IAV nAbs titers over a
30–40 day period post-CDV infection, which was indistinguishable
from that seen in the vehicle group and, in the case of α-RABV
immunity, irreversible. However, low levels ofα-IAV nAbswere present
in the GHP-88309 7- and 10-dpi treatment groups at the time of chal-
lenge with pdmCA09 9.5 weeks after CDV infection. Accordingly, ani-
mals in both the 5- and 7-dpi GHP-88309 groups showed significantly
reduced peak shed influenza virus load (Fig. 3k) and alleviated clinical
signs of pdmCA09 infection (Supplementary Fig. S10a, b). All animals
infected with pdmCA09 mounted a robust neutralizing response
2weeks after challenge (Supplementary Fig. S10c), indicating that CDV
infection erased pre-existing immunity, but had no lasting suppressive
effect on humoral immune competence to a new challenge post-
recovery.

Since α-pdmCA09 nAbs are not cross-protective against subtype
H3N2 IAVs, they can only provide protection by heterosubtypic
immunity16. We therefore inoculated animals with an A/WI/67/2005
(H3N2) 3 weeks after the pdmCA09 challenge (87 dpi with CDV) to
assess cell-mediated immune competence. As expected, ferrets of the
CDV vaccine and 5-dpi GHP-88309 treatment groups had retainedhigh
α-H3N2 nAbs titers induced by the quadrivalent influenza vaccine
(Supplementary Fig. S10d). Humoral α-H3N2 immunity in all other
groups collapsed. None of the groups showed significant clinical signs
(Supplementary Fig. S10e, f), α-H3N2 nAbs were rapidly rebuilt within
28 days of A/WI/67/2005 (H3N2) challenge (Supplementary Fig. S10g),
and only low levels of virus shedding were detectable 24 h after
infection (Supplementary Fig. S10h), suggesting equivalent cross-
reactive cell-mediated immunity derived from thepdmCA09challenge
in animals of all groups, which is consistent with previous reports for
both the ferret model and human patients17–21. All animals furthermore
mounted a robust humoral α-CDV response post-recovery and were
fully protected against homotypic challenge with non-attenuated
recCDV-5804p 130 days after the original CDV infection (Supplemen-
tary Fig. S11).

These results indicate that treatment initiated at the onset of first
clinical signs of morbillivirus disease (fever; 5 dpi in the CDV ferret
model) fully protects, while treatment started at the onset of rash (7
dpi) partially preserves, pre-existing immunity. Later onset of treat-
ment improves outcome of morbillivirus disease but does not subvert
immune amnesia.

Fatal lung disease after unrelated respiratory virus infection
followed by morbillivirus invasion
Naturally acquired IAV immunity is more robust than vaccine-induced
protection22. To better mimic such immunity, we developed a con-
secutive infection ferret model that establishes a prior disease history
in the animals (Fig. 4a). Influenza virus-naïve ferrets were inoculated
28 days before CDV infection with pdmCA09, with the intent to be
followed for 5 months including challenge with pdmCA09 and CDV.
Animals in reference groupswereCDV vaccinated, or not infectedwith
pdmCA09, respectively. Ferrets in all influenza virus groups developed
fulminant clinical signs of IAV infection (Supplementary Fig. S12) and
reached peak shed viral loads of 105–106 TCID50 units/ml nasal lavage 2
dpi (Fig. 4b). pdmCA09 shedding ceased and all clinical signs resolved
by 6 dpi, and ferrets had mounted robust humoral α-IAV (H1N1)
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Fig. 3 | Therapeutic efficacy of GHP-88309 against recCDV-5804p NΔ425-479.
a Schematic of therapeutic efficacy studies utilizing recCDV-5804p NΔ425-479.
Symbols in the timeline refer to thedifferent treatment groups or shownasal lavage
sampling, respectively. b–k Survival curves (b), PBMC-associated viremia titers
monitored until undetectable (c), CDV nasal lavage titers (d), lymphocyte counts
(e), CDV-specific N RNA in circulating PBMCs of ferrets monitored until undetect-
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withpdmCA09 following recovery fromCDVdisease. Symbols represent geometric
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denotes normal range; n numbers as specified. Source data are provided as a
Source Data file.
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immunity (Supplementary Fig. S13) when infectedwith recCDVNΔ425-
479 4 weeks later (study day 0).

Unexpectedly, most animals consecutively infected with this non-
lethal IAV and low-lethal recCDV succumbed to acute hemorrhagic
pneumonia with extensive spontaneous bleeding 14–18 dpi (Fig. 4c;
Supplementary Fig. S14a–c). Fatalities did not coincide with enhanced
PBMC-associated CDV viremia titers or prolonged CDV shedding

(Fig. 4d, e). Postmortems of moribund vehicle-treated animals that
presented with severe respiratory distress revealed major lung tissue
injury with inflammatory lesions and wide-spread edema affecting
several lobes (Supplementary Fig. S14d–f).

We employed pulmonary ferret MRI for longitudinal non-invasive
assessment of lung disease progression (SupplementaryMovie S1, S2).
Transient viral pneumonia with localized fluid accumulation was
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present 8 days after pdmCA09, but fully resolved by 12 dpi (Fig. 4f).
Infection of ferrets without prior influenza historywith recCDVNΔ425-
479 did not cause pulmonary edema. In contrast, pdmCA09-
experienced animals developed pneumonia that was first detectable
12 days after CDV and rapidly advanced to major hemorrhage 14–19
dpi (Fig. 4f; Supplementary Movie S3, S4; Supplementary Fig. S15).

Histopathology of lung tissue extracted in repeat studies when
vehicle-treated pdmCA09 and recCDV NΔ425-479-infected animals
became moribund (15–19 dpi) revealed widespread edema, necro-
sis, and vasculitis in the small airways (Fig. 4g; Supplementary
Fig. S16). Lung samples extracted 19 dpi from ferrets that were
infected only with recCDV NΔ425-479 contained areas of inflam-
matory cellular infiltrates, bronchial epithelial hyperplasia and
epithelial sloughing consistent with mild interstitial viral pneumo-
nia, but showed no signs of edema and vasculitis, reflected by sig-
nificantly lower pathology scores than those of the consecutively-
infected group (Supplementary Fig. S17). Lung tissues of CDV-
vaccinated consecutively infected animals were unremarkable,
their pathology scores resembling those of mock-infected ferrets.
Gram-staining of tissue samples from consecutively-infected ani-
mals showed fulminant bacterial superinfections that were absent
from animals infected with CDV only, which clinical microbiology
identified as part of the commensal microbiome (Fig. 4h; Supple-
mentary Fig. S17a, b). Metagenomics furthermore revealed a rela-
tive expansion of the Escherichia population in the lung
microbiome 10 dpi with CDV in both singly and consecutively
infected animals (Fig. 4i; Supplementary Dataset S2).

To assess whether priming for exacerbated disease is correlated
with severity of the initial viral pneumonia, is strictly dependent on the
28-day interval between infections, or is IAV-specific, we treated the
initial pdmCA09-infected animals with the broad-spectrum nucleo-
side-analog antiviral 4’-fluorouridine (4’-FlU; EIDD-2749)23, infected
animals with pdmCA09 67 days before CDV, or inoculated ferrets with
RSV-A2-L19F24 instead of pdmCA09, respectively (Fig. 5a). Bronch-
oalveolar lavages (BALs) were sampled at 5 predefined time points
throughout the study. Consistent with previously demonstrated α-IAV
efficacy of 4’-FlU25, once daily (q.d.) oral administration at 2mg/kg
bodyweight initiated 24 h after infection with pdmCA09 statistically
significantly shortened viral shedding and alleviated clinical signs
(Supplementary Fig. S18a, b). However, pharmacological mitigation of
IAV disease did not significantly alter viremia titers or virus shedding
after subsequent infection with recCDV NΔ425-479 (Fig. 5b, c) and the
majority of animals succumbed to hemorrhagic pneumonia (Fig. 5d).
An expanded 67-day interval between IAV and CDV infections had no
major alleviating effect on CDV disease presentation and hemorrhagic
pneumonia outcome (Fig. 5e–g).

Inoculation of ferrets with RSV-A2-L19F resulted in productive
infection, characterized by efficient RSV shedding into nasal lavages
(Supplementary Fig. S19a), but animals did not display overt clinical
signs (Supplementary Fig. S19b). No cross-protective immunity with
paramyxovirus infection was observed when we inoculated ferrets 28-
days after RSV with recCDV NΔ425-479 (Supplementary Fig. S19c–e),
and the majority of animals again succumbed to hemorrhagic pneu-
monia (Supplementary Fig. S19f).

Differential expression of TFF peptides after CDV infection as a
consequence of prior disease history
RNA-qPCRanalysis of BAL samples takenduring and after IAV infection
of ferrets for expression levels of selected pro-inflammatory and
wound-healing cytokines relative to those prior to exposure suggested
that respiratory tissues of IAV-experienced animals may be in an anti-
inflammatory state at the time of CDV infection compared to immune
homeostasis of IAV-naïve animals (Supplementary Fig. S20).

Comparative RNAseq screening of BAL samples extracted 5 dpi
from ferrets infectedwith recCDVNΔ425-479, or consecutively infected
with pdmCA09 followed by recCDV NΔ425-479, identified 9 genes as
significantly differentially expressed between study groups (Fig. 5h).
These included all three genes encoding trefoil factor (TFF) peptides
(Fig. 5i), which are known to be involved in protection and repair of
gastrointestinal26 and, although lesswell studied, respiratory27 epithelia.
Follow-up RT-qPCR of lung tissue extracts harvested 10 days after CDV
infection confirmed that TFF-encoding mRNAs were upregulated sev-
eral 100-fold (TFF1 and 2) to 1000-fold (TFF3) in animals infected only
with CDV compared to the consecutively infected groups (Fig. 5j).
pdmCA09 infection alone resulted in only slightly increased TFF1 and 2
expression 10 dpi and TFF3 was not upregulated (Supplementary
Fig. S21a–c), indicating that extreme induction of TFF1 and 3 is
morbillivirus-specific rather than a general response to respiratory virus
infections. In the mouse respiratory tract, TFF1 and 3 reportedly colo-
calize with mucins Muc5AC and Muc5B28. However, RT-qPCR did not
reveal an equivalent differential upregulation of eitherMuc5 expression
level in the different infection groups (Supplementary Fig. S21d, e).

These results demonstrated that immune priming through unre-
lated primary viral pneumonia sets the stage for exacerbated sub-
sequent morbillivirus disease. CDV infection during, or shortly after,
the recovery phase of an inflammatory episode alters the quality of the
host defense to morbillivirus disease, resulting in significantly lower
expression of respiratory epithelium protective TFFs, which emerged
as correlative for risk to advance to hemorrhagic pneumonia.

Late onset treatment of CDV infection does notmitigate signs of
CDV disease, but alters lethal outcome
To assess the effect of treatment of morbillivirus infection on disease
outcome, we again consecutively infected animals with pdmCA09
(Supplementary Fig. S22) followedby recCDVNΔ425-479, and initiated
oral treatment with GHP-88309 5, 7, 10, and 14 dpi with CDV (Fig. 6a).
Consistent with results of the previous GHP-88309 treatment studies,
PBMC-associated CDV viremiawasmitigated only when treatment was
initiated 5 dpi (Fig. 6b). All animals started on GHP-88309 5 or 7 dpi
with CDV survived, whereas vehicle-treated animals succumbed to
hemorrhagic pneumonia between days 14–19 after CDV infection
(Fig. 6c). A majority of animals in the 10 dpi treatment group recov-
ered, but most ferrets first treated with GHP-88309 14 dpi with CDV
developed lethal pneumonia. Lymphocyte counts were fully preserved
in CDV-vaccinated control animals and ferrets of the 5 dpi treatment
group, and were partially preserved in animals of the 7 dpi group
(Fig. 6d). Although later treatment start did not mitigate lymphocy-
topenia, PBMC repopulation was accelerated in the 10 dpi treatment
group. Circulating granulocyte populations did not deviate from the

Fig. 4 | Fatal lung disease in ferrets infected with respiratory viruses prior to
CDV infection. a Study schematic.bpdmCA09 (H1N1) nasal lavage virus titers after
primary IAV infection, 28days prior to recCDV-5804pNΔ425-479 as specified in (a).
c Survival curves of ferrets from (a). log-rank (Mantel-Cox) test, median survival is
stated; n numbers as specified. d, e PBMC-associated CDV viremia (d) and nasal
lavage (e) titers after infection of ferretswith recCDV-5804pNΔ425-479. Symbols in
(b, d, e) represent geometric means ± geometric SD; n = 3–9 as specified. f MRI
timeline performed on ferrets during primary pdmCA09 (0, 4, 8, and 12 dpi with
influenza) and subsequent recCDV-5804p NΔ425-479 infection (8, 12, and 15 dpi
with CDV). Lungs are outlined in green (dark appearance in MRI images),

arrowheads denote fluid accumulation. Bottom right: necropsy of the ferret MRI-
imaged on D15. gHistopathology of ferret lungs from (a), extracted 5, 18, or 19 dpi
with CDV. hGram staining of lung samples taken 15 dpi with CDV showing bacterial
pneumonia. Purple-brown staining indicates Gram-positive bacteria, pink-red color
marks gram-negative organisms; scale bars in (g, h) represent 100μm.
i Metagenomics analysis of bacterial transcripts in BAL fluids collected from con-
secutively infected or CDV-only ferrets. Below each pie graph, RNA profiles of the
relative compositionof transcripts are shown. Source data are provided as a Source
Data file.
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normal range in any study group, making granulocytes transiently the
predominant white blood cell population in animals experiencing
lymphocytopenia (Supplementary Fig. S23). nAb titers against RABV
and IAVH1N1 reflected the lymphocytopenia results; fully preserved in
vaccinated and 5 dpi GHP-88309-treated animals, partially preserved
in the 7 dpi treatment group, and not preserved when GHP-88309 was
initiated 10 or 14 dpi with CDV (Fig. 6e, f). Accordingly, only ferrets in

the 5 and 7 dpi GHP-88309 treatment groups were fully or partially,
respectively, protected against pdmCA09 challenge 62 days after CDV
(Fig. 6g). However, surviving animals of all GHP-88309 treatment
groupsmounted a robust de novo α-IAV H1N1 nAb response following
challenge with pdmCA09 (Fig. 6h). At study end, all ferrets had fur-
thermore developed robust immunity against CDV reinfection (Sup-
plementary Fig. S24).
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Longitudinal MRI analysis 15 dpi with CDV of consecutively IAV
and CDV-infected animals treated with GHP-88309 demonstrated
suppression of pulmonary edema and hemorrhage (Fig. 6i, j; Supple-
mentary Movies S5, S6), which was confirmed by histopathology of
treated animals (Fig. 6k). Again, whole genome sequencing of CDV
recovered from GHP-88309-treated ferrets 9–19 dpi revealed no
known12 resistance mutations (Supplementary Dataset S3).

Outcome reversal of lethal hemorrhagic pneumonia through late-
onset GHP-88309 established precedent for therapeutic benefit of
direct-acting antiviral therapy initiated after the time window for
mitigation of primary clinical signs of morbillivirus disease has closed.
The results demonstrate that GHP-88309 treatment paradigms for
mitigation of morbillivirus-induced immune amnesia are independent
of whether immunity was naturally acquired or vaccine-induced.

Discussion
Reflecting a paucity of effective antiviral therapeutics, their benefit is
poorly defined for most pathogenic paramyxoviruses and unknown
for members of the Morbillivirus genus, specifically. Recent work
testing remdesivir therapy in a non-human primate model of MeV
infection reported transient reduction of viral RNA through post-
exposure prophylactic treatment, but lymphocytopenia and clinical
disease parameters were not improved and virus replication
rebounded29. Since remdesivir was designed to yield high liver
exposure30, sustained inhibitory concentrationsmay not be reached in
MeV-relevant target cells and tissues. Having identified orally effica-
cious morbillivirus11,31 and broadened-spectrum paramyxovirus12 inhi-
bitors, we established in this study treatment paradigms for
morbillivirus disease. Results support five major conclusions: i) effi-
cacious antivirals such as GHP-88309 expand the therapeutic time
window to eight days compared to therapeutic vaccination; ii) infec-
tions with engineered attenuated recCDV confirm the morbillivirus
immune amnesia hypothesis in the ferret model; iii) therapeutic miti-
gation of primary clinical signs of morbillivirus disease and immune
amnesia is beneficial when treatment is initiated before, or at peak, of
primary viremia; iv) prior disease history of the host defines the risk for
exacerbated, fatal morbillivirus infection; and v) late-onset anti-mor-
billivirus treatment prevents lethal bacterial superinfection.

The impact of prior infection on the outcome of morbillivirus
infection was most unexpected. Although heightened long-term sus-
ceptibility to secondary infections after severe primary viral or bac-
terial pneumoniawasdescribed inmice32, this sepsis-induced transient
immunosuppression was attributed to poor antigen-presentation
capacity of DCs and AMs in the TGF-β-driven anti-inflammatory
microenvironment established during the tissue healing phase after
resolution of the primary infection33. However, immune priming for
catastrophic morbillivirus disease did not require severe primary
pneumonia, since highly efficacious treatment of pdmCA09 infection
with4’-FlU25 did notprevent hemorrhagicpneumoniaafter subsequent
CDV infection. Unlike therapeutic intervention with the primary IAV
infection, late-onset treatment of themorbillivirus infectionwith GHP-
88309 initiated shortly before uncontrolled amplification of com-
mensal bacteria changed outcome, indicating that CDV replication in

the respiratory epithelium after basolateral re-invasion of lungs is
instrumental for progression to lethal secondary complications. Our
study revealed that morbillivirus triggers massive upregulation of
TFF1, TFF3 and, to a lesser degree, TFF2 expression, provided infection
occurred during lung immune homeostasis. In the respiratory tract,
TFFs are predominantly produced by glandular and mucus-secreting
epithelial and hematopoietic cells27,34–36, and TFF1 and 3 specifically
enhance mucociliary bacterial clearance through increasing mucus
viscosity27,37,38.

Based on these observations, we propose an immune-priming-
based mechanism leading to exacerbated disease. IAV infection
reportedly results in transient population of the respiratory tract with
functionally alteredDCs andAMs to restore immunehomeostasis after
the pro-inflammatory response, which are unable to clear bacterial
pathogens efficiently33. CDV infection during the recovery phase, fol-
lowed by basolateral invasion of the respiratory epithelium after pri-
mary viremia, further depletes DCs and AMs6 and fails to upregulate
TFF expression, setting the stage for catastrophic bacterial pneumonia
through impaired clearance of commensal bacteria. How does prior
IAV infection affect TFF1 and 3 upregulation? Type 2 cytokines IL-4 and
IL-13 stimulate TFF3 synthesis in the GI tract in a STAT6-dependent
process27. Upregulation of immunosuppressive cytokines such as
TGFβ anddownregulationof pro-inflammatory IL-1β at the timeofCDV
infection after influenzamay create an environment incompatible with
TFF induction after CDV, but regulation of TFF3 expression in the
airway epithelium is overall poorly understood. Inmice, IAV stimulates
lung-resident lineage-negative epithelial progenitor (LNEP) cells that
are the major responders in distal lung after tissue damage39 and
express high levels of TFF227 potentially creating a negative feedback
loop that prevents TFF1 and 3upregulation. Futureworkmust focus on
the regulation of TFF3 levels in the homeostatic respiratory tract to
better understand the molecular basis for long-lasting impaired
expression after influenza virus priming.

It is currently unknown whether MeV equally induces TFF1 and 3
expression in the human respiratory tract and what impact disease
history of measles patients may have on severity of secondary com-
plications. Anecdotal cases of hemorrhagic pneumonia associated
with measles have been reported40,41, but prior disease history of the
patients was not documented. However, bacterial superinfection after
measles such as laryngitis, bronchitis, and otitis media are common9.
Typically attributed to impaired adaptive immunity due to lympho-
cytopenia, our ferret data support that respiratory disease history of
measles patients should be considered as risk factor for advance to
severe bacterial superinfections. Limitations affecting the predictive
power of the CDV ferret model for human measles include different
disease dynamics42, higher mortality rates of the attenuated recCDV
NΔ425-479, higher inherent neurotropism of CDV than MeV42, and
untested cross-species consistency of pharmacokinetic and efficacy
performance of GHP-88309.

This study establishes treatment paradigms for efficacious phar-
macological intervention in morbillivirus disease, defines respiratory
disease history as a correlate for the risk of severe bacterial super-
infection, and provides precedent for therapeutic benefit of treatment

Fig. 6 | Effect of therapeutic intervention on severe disease outcomes. a Study
schematic. b–f PBMC-associated viremia titers (b), survival (c), lymphocyte counts
(d), and RABV (e) and IAV H1N1 (f) nAb titers of consecutively infected and GHP-
88309-treated ferrets from (a). Green shading in (d) denotes normal range.
g pdmCA09 nasal lavage titers after IAV challenge of ferrets recovered from CDV
disease.h IAVH1N1 nAb titers after challengeof ferrets recovered fromCDVdisease
with pdmCA09 on study day 65. i MRI slices of consecutively infected and GHP-
88309-treated (top row), CDV-vaccinated (middle row), or vehicle-treated (bottom
row) ferrets, taken 15 dpi with CDV. Axial, coronal, and sagittal slices of the same
lung are shown. Arrow heads denote hemorrhagic infiltrates. j 3D MRI

reconstructions and segmentations of lungs from consecutively IAV CDV-infected
and GHP-88309 or vehicle-treated ferrets. Images were collected 15 dpi with CDV;
fluids shown in red. k Lung histopathology of consecutively infected and GHP-
88309-treated or uninfected (mock) ferrets, assessed 19 dpi with CDV; scale bars
represent 100μm. Symbols (b, d–h) represent geometric means ± geometric SD,
lines intersect means; error was not calculated for later timepoints of the GHP-
88309 (+10d) and GHP-88309 (+14d) conditions, when individual animals had
reached endpoints and subgroup sizes were below 3. Log-rank (Mantel-Cox) test
(c), median survival is stated; 2-way ANOVA with Dunnett’s post-hoc test (e–g); n
numbers as specified. Source data are provided as a Source Data file.
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of an acute RNA virus infection with direct-acting antivirals initiated
after the window for mitigation of primary clinical signs has closed.

Methods
Study design
The objectives of this study were to determine the efficacy of GHP-
88309 against morbillivirus disease in the CDV-ferret animal model
and identify therapeutic windows for the successful treatment of a
lethal morbillivirus infection. The CDV-ferret model was chosen
because it provides a surrogate animal model of severe morbillivirus
disease, includingmany of the hallmark symptoms and clinical signs of
measles virus inhumans. Female ferrets (Mustela putorius furo), family
mustelids, genus Mustela, 6–10 months of age, were used for all
experiments. Group sizes were three individual animals per conditions
unless otherwise stated. The effect of treatment on virus replication
and clinical signs in ferrets was determined usingmultiple therapeutic
treatment regimens. Treatment was considered efficacious when sta-
tistically significant reductions in viremia and shed virus titers in
PBMCs and nasal lavages, respectively, were observed and the dura-
tion and severity of clinical signs and immune suppression were
decreased. Study endpoints were predefined prior to initiating
experiments. At least two ferrets were used in all PK and tolerability
studies. Groups of at least three ferrets were used in all in vivo efficacy
studies. Before initiating experiments, animals were randomly
assigned into groups. Exact numbers of independent biological
repeats (individual animals) for each experiment are specified in the
figures or figure legends. All quantitative source data are provided in
the Source Data file.

Cell lines and transfections
MDCK cells (American Type Culture Collection, CCL-34), Human car-
cinoma (HEp-2, American Type Culture Collection, CCL-23), and Afri-
can green monkey kidney epithelial cells (American Type Culture
Collection CCK-81) stably expressing canine signaling lymphocytic
activation molecule (Vero-cSLAM43) were maintained at 37 °C and 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 7.5% fetal bovine serum (FBS). All immortalized cell lines used in
this study were regularly tested for microbial contamination (6-month
intervals).

Viruses
recCDV-5804p, recCDV-5804p-Nectin-4-blind-eGFP, and recCDV-
5804p-NΔ425-479 stocks were propagated on Vero-cSLAM and titra-
ted by TCID50 assay. recRSV-A2-L19 stocks were propagated on HEp-2
cells and titrated by TCID50 assay. A/California/7/2009 (H1N1) and A/
Wisconsin/67/2005 (H3N2) were propagated on MDCK cells for 2 to
3 days at 37 °C. Influenza viruses were titrated by TCID50-hemaggluti-
nation (TCID50-HA) assay on MDCK cells44.

Viral Whole Genome Sequencing
For whole genome sequencing of recCDV-5804p-NΔ425-479 stocks
and ferret nasal lavages or BALF following established methods12,
genomic DNA was first depleted from the RNA extracts with Turbo
DNAse (Thermo #AM1907). First-strand cDNA synthesis was per-
formed using SuperScript IV (Thermo) and random hexamers
(Thermo) followed by second strand synthesis with Sequenase 2.0 kit
(Thermo). Double-stranded cDNAwas simultaneously fragmented and
barcoded using Nextera chemistry (Nextera XT and Nextera Flex). The
resulting libraries were pooled at equal concentrations, and average
library size was determined using Agilent DNA D1000 Tape Station kit
(Agilent). Pooled libraries were sequenced on a Nextseq 500 or
Novaseq 6000. Reads were quality and adapter-trimmed with fastp45.
The 3 leading bases, 3 trailing bases, and bases withmean phred< 20 in
a 4-bp sliding window were cut from each read. Reads shorter than
45 bp and reads in which > 40% bases had phred < 15 were removed.

Consensus genomes for the recCDV-5804p-NΔ425-479 stocks were
generated from the trimmed reads using REVICA (https://github.com/
greninger-lab/revica) with the Canine distemper virus strain 5804 P
(GenBank #AY386316.1) as the initial reference. The LAVA pipeline,
available at https://github.com/greninger-lab/lava/tree/Rava_Slippage-
Patch, was used to interrogate allele frequency changes from the 425
input consensus genome12. Samples with < 10,000 mapped reads or
< 95% coverage breadth were excluded from variant analysis. Inter-
active HTML plots highlighting viral allele frequencies relative to
inoculum are included as (Supplementary Datasets 1 and 3). Sequence
reads have been uploaded to the sequence read archive under a.

Virus yield reduction
For virus yield-based dose–response assays, cells were infected
(M.O.I. = 0.01 TCID50 units per cell) in a 24-well plate format with
recCDV-5804, recCDV-5804p-NΔ425-479, or drug resistant recombi-
nants, in the presence of serial compound dilutions. Cell-associated
progeny virus was harvested 48 h after infection. Viral titers were
determined through TCID50 titration. Four-parameter variable slope
regression modeling was used to determine EC50 and EC90

concentrations.

Pharmacokinetics studies in ferrets
Female ferrets (6 to 10 months of age) received from Triple F Farms
were rested for 1 week, randomly assigned to study groups, and dosed
orally with GHP-88309 dissolved in 1% methylcellulose. Blood was
collected from the anterior vena cava and tissue sampling at the spe-
cified timepoints. Two to three animalsper groupwere sampled for PK
analyses. Plasmawas separated fromblood inmicrovette CB300 EDTA
tubes (2000 × g; 5min; 4 °C) (Sarstedt Inc) and tissue samples were
snap frozen and stored at −80 °C prior to analysis by LC-MS/MS. The
calibration curve range was 10–100,000ngml−1 in blank plasma for
single-dose PK and 10 ng/ml to 50,000ng/ml for all other studies.
Quality control samples of 30, 300, 7500, and 50,000 ng/mL of blank
plasma were run before and after the single-dose PK samples and
quality control samples of 30, 750, and 5000 ng/ml were run before
and after all other plasma samples. The calibration curve range was
1.00–2000ng/ml of tissue lysate for blank tissues. Quality control
samples of 3, 30, and 600 ng/ml of tissue lysate in blank tissues were
analyzed at the beginning of each sample set. Calibration in each
matrix showed linearity with R2 values of > 0.99.

RSV and IAV infections of ferrets
Female ferrets were purchased from Triple F Farms and housed in an
ABSL-2 facility. Prior to study start, ferrets were rested for 1 week, then
randomly assigned to study groups. Animals infected with RSV-A2-L19
were in a separate ABSL2 room from influenza infected ferrets. For
influenza virus and RSV infections, ferrets were anesthetized using
dexmedetomidine/ketamine. Anesthetized ferrets were inoculated
intranasally with 1 × 105 TCID50 units of IAV-A/CA/07/2009 (H1N1) or
1 × 106 TCID50 units of RSV-A2-L19 in a volume of 300μl per nare.
Clinical signs (bodyweight and temperature) were monitored once
daily. Nasal lavages were performed once daily using 1ml of PBS
containing 2× antibiotics-antimycotics (Gibco). Treatment with 4’-FlU
through oral gavage was administered using a once daily (q.d.)
regimen.

CDV infections of ferrets
Female ferrets were received from Triple F Farms and housed in an
ABSL-2 facility. Ferrets were rested for one week prior to the start of
each study and randomly assigned into groups. Influenza vaccinations
(quadrivalent, Flucelvax; Seqirus, Inc.) were administered at specified
time points prior to CDV infection. Prior to infection, ferrets were
anesthetized with dexmedetomidine/ketamine, and infected intrana-
sally with 2 × 105 TCID50 of recCDV-5804p, recCDV-5804p-Nectin-4-
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blind-eGFP or recCDV-5804p-NΔ425-479 in 200 µl (100 µl per nare).
Twice daily treatment with GHP-88309 was initiated at specified times
after infection (3, 5, 7, 10, or 24 days after infection). GHP-88309 was
administered by oral gavage in 3.5ml 1% methylcellulose and flushed
with 3.5ml high-calorie liquid dietary supplement. Control groups
were administered equivalent volumes of 1% methylcellulose. Body-
weight and temperature were monitored daily. Additional monitoring
for clinical signs and anypotential adverse effectswasperformeddaily.
Bloodwas harvested at specified timepoints. Toassess viremia, PBMCs
were isolated from blood by Ficoll gradient centrifugation. Viremia
titers were determined by coculturing serial dilutions of purified
PBMCswith Vero-cSLAMcells and expressed as TCID50 per 106 PBMCs.
Complete blood count (CBC) analyseswereperformedusing aVetScan
HM5 (Abaxis) in accordance with the manufacturer’s protocol. Shed
viral loads were determined fromnasal lavages and titrated by TCID50.
For studies involving influenza challenges, surviving CDV-infected
ferrets were anesthetized with dexmedetomidine/ketamine, and
infected intranasally with 1 × 105 [recIAV-A/California/07/2009 (H1N1)]
or 2 × 105 TCID50HA [A/Wisconsin/67/2005 (H3N2)] in 200 µl (100 µl
per nare). Animals were monitored once daily for clinical signs,
including loss of bodyweight and fever. Upper respiratory virus load
wasmeasured fromnasal lavages performedoncedaily for up to 7days
post influenza infection. Rash was scored using a scale of 0-2 (0, no
rash; 1, mild and localized rash; 2, severe and widespread rash). Diar-
rhea was scored using a scale of 0–2 (0, normal stool; 1, soft stool; 2,
runny stool and/or rectal inflammation). Conjunctivitis was scored
using a scale of 0-2 (0, clear eyes; 1, puffinessormild swelling in at least
one eye; 2, presence of puss in both eyes or unable to open eyes
without cleaning).

Systemic interferon and cytokine profiling
The relative expression of interferon, cytokines, and interferon-
stimulated genes (ISGs) was determined by real-time PCR analysis.
RNA was isolated from purified PBMCs that were harvested at dif-
ferent time points after infection. Complementary DNA was synthe-
sized by reverse transcription using SuperScript III (Invitrogen) using
oligo-dT primers in accordance with the manufacturer’s protocol.
Real-time PCR was performed using Fast SYBR Green Master Mix
(Applied Biosystems) on a Quantstudio 3 real-time PCR system
(Applied Biosystems). Values were normalized to glyceraldehyde-3-
phosphate dehydrogenase mRNA, analyzed by the comparative
threshold cycle (ΔΔCT) method and expressed relative to mock-
infected animals. Sequences of primers are shown in Supplementary
Table S3.

Determination of neutralizing antibody titers
Plasma was heat inactivated and serially diluted (twofold steps) in
serum-free DMEM, mixed with 100 TCID50 units of recCDV-5804p,
recIAV-A/California/07/2009 (H1N1), or VSV-RABV-Gand incubated for
1 h at 37 °C. Mixtures were transferred to cell monolayers and virus
neutralization was measured after 3 d by visualization of syncytia,
hemagglutination assay, or GFP-positive infected cells for recCDV-
5804p, recIAV-A/California/07/2009 (H1N1), and VSV-RABV-G,
respectively. Equal amounts of virus in FBS, DMEM containing 7.5%
FBS, and serum-free DMEM served as controls. Each blood sample was
tested in two technical repeats.

Quantitation of CDV N protein-encoding RNA in PBMCs
CDV N protein-encoding RNA was detected using the a primer-probe
set cdv_n_taq_fw, cdv_n_taq_rev, and cdv_n_probe. RT-qPCR reactions
were performed using a QuantStudio 3 real-time PCR system and the
QuantStudio Design and Analysis package (version 1.5.2). The CDV N
primer-probe set was used with Taqman Fast Virus 1-step master mix
(Thermo Fisher Scientific) to detect viral RNA. To calculate RNA copy
numbers, a standard curve was created using a linearized pTM1-CDV N

plasmid of known concentration as template. Samples were normal-
ized to the numbers of input PBMCs.

Ferret MRI
All ferretswere imagedon ahigh-resolution7 TBruker (70/20)Biospec
MRI scanner at Georgia State University using the ParaVision software
package (Bruker, Billerica, MA, version 360.3.4). Animals were anes-
thetized using a combination of dexamethasone and isoflurane.
Respiration rates and body temperature were continuouslymonitored
and maintained using a small-animal physiological monitoring system
(SA Instruments Inc, Stony Brook, NY and Kent Scientific, Somnosuite
Systems, Torrington, CT). Anesthesia was adjusted to maintain a
respiration rate of 40-60 breaths per minute. A 112/86mm circularly
polarized transmitter/receiver coil was employed for in-vivo imaging.
Following the localizer scan to position the animal in the center of the
magnet, two types of MR protocols were used to capture the lungs in
coronal and axial orientations. To overcome the limitations imposed
by short T2* of lungs and to reducemotion, a 3D Ultra short echo time
(3D UTE) was used to acquire high-quality images with the following
parameters: MR acquisition parameters include: 4.3μs RF block pulse;
flip angle (α) = 3.9°; 51,360 radial projections; 128 points on free
induction decay (FID); field-of-view (FOV) = 58 × 54× 67 (mm3); image
matrix size = 128 × 128 × 128 (voxels3); receiver bandwidth (BW) = 200
kHz; TE =0.06 (ms); repetition time (TR) = 4.206 (ms) and 2 signal
averages. The total acquisition time for an individual ferret UTE scan
was ~7minutes. An additional 2D T1 IG FLASH (intragate fast low angle
shot) self-gatedMRIwasused to collect images along coronal direction
with the following parameters: TR/TE = 400/3msec, flip angle = 30°,
oversampling = 10, 30 slices, matrix size 140 × 128, FOV = 70mm × 64
mm. The total acquisition time was 8min. The images were converted
into DICOM/Nifti formats using Bruker PV-360 software and recon-
structed and processed using ImageJ (version 2.9.0) and ITK-SNAP
(version 3.6.2-alpha).

Histopathology
Pathology scoring was performed according to the following scale: for
alveoli, bronchiolitis, and pleuritis scores, scoring was based upon
distribution: 0 = no lesions, 1 = focal, 2 = multifocal, 3 = multifocal to
coalescing, 4 = diffuse; for perivascular cuffing (PVC) score: 1 = 1 layer
of leukocytes surrounding most affected vessel, 2 = 2–5 layers,
3 = 6–10 layers, 4 = more than 10 layers; for vasculitis score: 1 = infil-
tration of vessel wall by leukocytes, 2 = infiltration and separation of
smooth muscle cells by edema, 3 = same changes as 2 with fibrinoid
change, 4 = effacement of the vessel wall; for interstitial pneumonia
score: 1 = infiltrationof alveolar septa by 1 leukocyte layer thickness, 2 =
expansion by 2 leukocyte thickness, 3 = 3 leukocytes thick, 4 = 4 leu-
kocytes thick or more. The sum of individual scores represents a total
histopathology score, generated for each animal.

RNAseq
Total RNA was treated with Turbo DNAse (ThermoFisher) and used as
input for the Illumina Stranded Total RNA (Ribo-Zero Plus Micro-
biome) library preparation kit using the manufacturer’s specifications,
then sequencedon an IlluminaNovaSeq6000 toobtain approximately
25 million paired end 150 bp reads. Raw reads were quality- and
adapter-trimmed with Trimmomatic v0.3946. Metagenomic analysis of
trimmed read pairs was performed using the CZID pipeline47–49 and
host and CDV-specific proportions determined. Trimmed read pairs
were pseudoaligned to the draft ferret transcriptome MusPutFur1.0,
INSDC Assembly GCA_000215625.150 using Kallisto v0.4651 and tran-
scripts aggregatedby gene. Geneswith anaverage rawexpression level
less than 1 raw count per sample were filtered prior to analysis. Dif-
ferential expression between groups of CDV-infected and flu-
pretreated CDV-infected ferret samples collected during survival BAL
procedures was calculated with the Wald test in DEseq252, with an
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adjusted p value significance threshold of 0.01. All analyses were per-
formed using R v4.2.1. Raw sequence reads used for RNAseq analysis
have been uploaded to the sequence read archive, BioProject
PRJNA1004336.

Inclusion and 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
and the Animal Welfare Act Code of Federal Regulations. Experiments
involving ferrets were approved by the Georgia State University IACUC
under protocols A22035 and A18035. All ferret studies were carried out
with female animals only and no sex-based analyses have been per-
formed for the following reason: per IACUC protocol, co-housing stu-
diesmay not be carried out withmale ferrets, sincemales are territorial
and combativewhen co-housed, resulting in severe injury or death from
fight wounds that would require termination of the study. Vivarium
capacity for long-term housing of large animals in ABSL-2 containment
does not permit the use of singly-housed male ferrets. All experiments
using infectious CDV, RSV IAV, and VSV-deltaG were approved by the
Georgia State Institutional Biosafety Committee under protocol B21029
and performed in BSL-2/ABSL-2 facilities at Georgia State University.

Statistics and reproducibility
One-way or two-way analysis of variance (ANOVA) with Dunnett’s or
Sidak’s multiple comparison post-hoc tests, was used to assess statis-
tical differences. All statistical analyses were carried out in GraphPad
Prism software (Version 9.3.1). Specific statistical tests applied to
individual data sets are specified in the corresponding figure legends.
The number of individual biological replicates for all graphical repre-
sentations are shown in the figures. Representations of mean ± SD or
median ± 95% CI of experimental uncertainty are shown and specified
in the figure legends. Fourteen-day tolerability studies were based on
two ferrets. All statistical analyses and exact P-values are shown in the
Supplementary Dataset S4. Alpha levels were set to 0.05 for all sig-
nificance analyses.

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
PRJNA1004336. All other data generated in this study are provided in
the Supplementary Information, Supplementary Datasets S1–S4, and
the Source Data file. Quantitative source data have been deposited in
Figshare (https://doi.org/10.6084/m9.figshare.24076626). 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 (https://doi.
org/10.5281/zenodo.6142073). All commercial computer codes and
algorithms used are specified in Methods.
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ARTICLE

Small-molecule polymerase inhibitor protects non-
human primates from measles and reduces
shedding
Kevin Wittwer1, Danielle E. Anderson2, Kristin Pfeffermann1, Robert M. Cox 3, Josef D. Wolf3,
Sabine Santibanez4, Annette Mankertz4, Roland Plesker1, Zachary M. Sticher 5, Alexander A. Kolkykhalov5,
Michael G. Natchus5, Christian K. Pfaller 1✉, Richard K. Plemper 3✉ & Veronika von Messling1,6

Measles virus (MeV) is a highly contagious pathogen that enters the human host via the

respiratory route. Besides acute pathologies including fever, cough and the characteristic

measles rash, the infection of lymphocytes leads to substantial immunosuppression that can

exacerbate the outcome of infections with additional pathogens. Despite the availability of

effective vaccine prophylaxis, measles outbreaks continue to occur worldwide. We demon-

strate that prophylactic and post-exposure therapeutic treatment with an orally bioavailable

small-molecule polymerase inhibitor, ERDRP-0519, prevents measles disease in squirrel

monkeys (Saimiri sciureus). Treatment initiation at the onset of clinical signs reduced virus

shedding, which may support outbreak control. Results show that this clinical candidate has

the potential to alleviate clinical measles and augment measles virus eradication.
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Measles virus (MeV) invades the body via the respiratory
route and infects immune cells in the upper respiratory
tract through the signaling lymphocytic activation

molecule receptor SLAM/CD150. During an incubation period of
~10–14 days, infected cells home to mediastinal lymph nodes,
where the virus infects resident SLAM/CD150+T- and B-cells1,2.
This event results in peripheral blood mononuclear cell (PBMC)-
associated viremia and is followed by viral spread to epithelial
cells, which coincides with the onset of clinical signs including
fever, conjunctivitis, and the measles-typical rash2. While many
patients fully recover, mortality increases substantially in the
presence of pre-existing conditions or malnutrition3, which led to
over 200,000 measles virus-related deaths in 20194. Prolonged
immunosuppression in the aftermath of measles impairs memory
responses to non-related infectious diseases5, compromising the
health prospect of recoverees. Humans are the sole MeV reservoir
and infection or vaccination usually result in long-lasting
immunity, making the virus a candidate for eradication6.
Despite major concerted efforts for two decades, a recent eva-
luation of global measles eradication concluded that the antici-
pated progress has not been made and previous gains on vaccine
coverage were lost4,7. Past achievements are further challenged by
the SARS-CoV-2 pandemic, which led to suspension of vacci-
nation programs in developing countries, leaving 78 million
children susceptible to measles8. Due to the exceptionally high
contagiousness of MeV (R0= 13.7–18)9, measles is typically
among the first diseases to reemerge when vaccination coverage
drops in an area10. Since 2017, and thus before COVID-19, lapsed
vaccination coverage has resulted in measles reappearing in
geographic regions that had previously been declared measles-
free. These challenges create an urgent need for the development
of effective pharmacological countermeasures that can con-
solidate progress towards global measles control and support
vaccination-based eradication efforts11.

Previous studies have established high in vitro efficacy of the
small-molecule viral polymerase inhibitor ERDRP-0519 (Fig. 1a)
against MeV and related pathogens of the Morbillivirus genus,
such as canine distemper virus (CDV)12–14. In vivo proof-of-
concept efficacy was established in a lethal CDV-ferret surrogate
model of human measles, demonstrating unprecedented complete
survival of all treated animals and nearly complete suppression of
clinical signs after post-exposure therapeutic dosing13. To assess
the clinical potential of the compound, we evaluated in this study
the oral efficacy against a clinical MeV isolate in non-human
primates, which develop human measles-like disease.

Results
Efficacy of ERDRP-0519 against MeV at concentrations
achieved in vivo. A single-dose pharmacokinetic (PK) study was
performed in squirrel monkeys by oral (intragastric) delivery of
50 mg ERDRP-0519/kg bodyweight and blood sampling at seven
predefined time points after dosing (Fig. 1b). Serum concentra-
tions peaked ~2 h post-administration (Cmax= 3.27 µM), which
exceeded the in vitro EC50 values (0.07–0.3 µM, depending on the
MeV-strain13) by 10- to more than 40-fold. Based on this PK
profile, we recapitulated a once daily (q.d.) and twice daily (b.i.d.)
treatment regimen ex vivo in human PBMCs infected with
reference MeV strain MV/New Jersey.USA/94/1 (genotype D6)
over a 48-h period, initially assuming no significant drug accu-
mulation (Fig. 1c, d, Supplementary methods section, and Sup-
plementary Table 3). Resulting progeny MeV titers were
significantly (p < 0.0001) lower than in untreated controls
(Fig. 1e). The b.i.d. dosing regimen furthermore showed sig-
nificantly (p= 0.0002) higher potency than q.d. administration.
Continuous exposure of MeV-infected hPBMCs to a

conservatively estimated 1.5 µM ERDRP-0519 was nearly ster-
ilizing, resulting in a greater than three orders of magnitude
reduction in progeny virus titer (Fig. 1e). Informed by the ex vivo
recapitulation of the antiviral effect of drug levels achievable after
50 mg/kg oral ERDRP-0519, we selected this dose level, given in a
b.i.d. regimen, for the efficacy study.

Clinical signs of measles virus infection in non-human pri-
mates are reduced under ERDRP-0519 treatment. To assess
antiviral efficacy in vivo, squirrel monkeys were infected intra-
nasally with 106 TCID50 of the MeV field isolate MV/Frank-
furtMain.DEU/17.11 (genotype D8), which has recently been
highly prevalent in Europe15 and responsible for major measles
outbreaks. A total of six animals per group were either left
untreated, treated with ERDRP-0519 12 h prior to infection
(prophylactic group), or treated 3 or 7 days after virus challenge
(therapeutic groups), representing the onset of viremia and the
appearance of first clinical signs, respectively (Fig. 2a). In all cases,
treatment was continued for 14 days b.i.d. Untreated animals
developed characteristic measles rash with inflammation around
the mouth, nose and ears, and half of the monkeys in this control
group presented a generalized rash (Fig. 2b, c, right panel).
Prophylactically treated animals remained free of measles-typical
clinical signs throughout the study (Fig. 2b, c, left panel). Four of
six animals in the day 3 therapeutic group and all animals of the
day 7 therapeutic group developed spots or mild rash in the face
or inguinal region (Fig. 2b). However, none of the treated animals
experienced severe or generalized rash, indicating a treatment
benefit even when drug is administered late, at the time of onset
of clinical signs.

ERDRP-0519 treatment results in reduced viral replication and
immunosuppression but efficient humoral response. Assess-
ment of trough serum concentration during multi-dose b.i.d.
administration of ERDRP-0519 in 15 animals confirmed that
repeat-dosing does not result in ERDRP-0519 accumulation
(Fig. 3a). Mean drug plasma concentration of all animals over the
full study period was ~1.6 µM, and mean trough concentrations
at individual time points exceeded the conservatively estimated
1.5 µM in a 12-day window after treatment start used for ex vivo
hPMBC recapitulation experiments (Fig. 1e). Rash coincided with
increases in body temperature in some of the animals but mean
temperatures in the distinct groups remained within the pre-
infection range of less than 40 °C (Fig. 3b). Body weight changes
remained negligible in all animals throughout the study. One
animal in the day 3 therapeutic group developed mild diarrhea
and deceased on day 15 post-infection (illustrated in parenthesis).
Viremia titers and throat swab titers in this monkey were in the
lower range of animals in the group and leukocyte numbers were
in the normal range. Drug serum concentrations of this animal
were in the peak group of all treated animals (Fig. 1a), but none of
the other monkeys with similar drug serum concentrations
showed adverse effects. Nevertheless, to rule out toxic effects of
the administered compound, we performed histological analysis
of the liver of the deceased animal and found no pathological
alternations when compared to an untreated control animal
(Supplementary Fig. 1a–d). Furthermore, we examined the gut
histologically since a potential, underlying parasitic infections
may have worsen under stress of the study procedure. No mul-
ticellular parasites were found in the lumen of the deceased
animal and no infiltration of eosinophilic granulocytes was
detected, indicating absence of a parasitic infection (Supple-
mentary Fig. 1e–h). We concluded that the isolated death was due
to causes unrelated to ERDRP-0519 administration and/or MeV
infection and continued the study unchanged.
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Blood samples and throat swabs were collected twice weekly
throughout the study (Fig. 2a) and viral load was determined. In
untreated animals, PBMC-associated viremia titers peaked
around day 7 before gradual resolution. Virus burden on day
7 post-infection was significantly higher in the untreated group
than in the prophylactic treatment group (p < 0.0001) and the
day 3 (p= 0.0023) and day 7 (p= 0.0324) therapeutic treatment
groups, respectively. Prophylactic treatment with ERDRP-0519
decreased viremia titers on average by up to 250-fold compared
to untreated animals, and day 3 therapeutic administration
likewise effectively suppressed virus replication (Fig. 3c). How-
ever, initiation of treatment at day 7 post-infection had no
significant effect on the height of maximum virus load, which
was reached on day 10 post-infection in this group. These results
illustrate that pre- or early post-exposure treatment prevents or
strongly alleviates, respectively, PBMC infection. Direct com-
parison of serum ERDRP-0519 concentrations (Fig. 3a) and
PBMC-associated virus titers (Fig. 3c) in the individual animals
at day 7 post-infection revealed that the drug was similarly
efficacious over a wide range of concentrations and that onset of
treatment was indeed the essential parameter influencing
viremia (Supplementary Fig. 2). Viral titers in PBMCs correlated
with MeV N RNA, further underlining the inhibitory effect of
ERDRP-0519 on viral replication (Supplementary Fig. 3a). Virus
was cleared in general within 21 days. Throat swab titers of
animals in all study groups resembled the PBMC-mediated
viremia profile, except for the day 7 therapeutic group. Shed
virus was first detectable 7 days after infection (Fig. 3d).

Compared to untreated animals, shed virus titers in the day 7
therapeutic group dropped significantly (p= 0.0199) by two
orders of magnitude within 72 h of treatment initiation (Fig. 3d),
indicating that the duration and/or efficiency of virus transmis-
sion from an index case to social contacts may be reduced by the
drug, even when treatment is first initiated after the onset of the
measles rash.

Total white blood cell counts revealed typical MeV-induced
leukopenia in untreated animals, which peaked on day 10 after
infection and was followed by slow recovery (Fig. 3e). In contrast,
no leukopenia was observed in the prophylactic and day 3
treatment groups. In the day 7 treatment group, we observed a
trend for lower total white blood cell counts, but this was not
significant, and cell counts increased more rapidly at later time
points compared to the untreated group, making alleviated
immunosuppression in all animals that had received ERDRP-
0519 conceivable (Fig. 3e). Furthermore, animals of all groups
including those prophylactically treated developed on average
protective neutralizing antibody titers of ≥120 (Fig. 3f).
To assess clearance of MeV from the lymphatic system, MeV

N-gene RNA levels were evaluated in lymph nodes of all animals
21 days post-infection and for the deceased animal at the day of
its death. Whereas some of the untreated monkeys still showed
high MeV N-gene RNA prevalence in lymph nodes, RNA levels
were significantly decreased in the prophylactic (p= 0.0295) and
therapeutic day 3 (p= 0.0346) dose groups, indicating accelerated
virus clearance in these groups compared to the untreated group
(Supplementary Fig. 3b).
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Safety of ERDRP-0519 treatment. All monkeys were sacrificed
on day 21, followed by gross- and histopathological analyses. No
histological signs of pharmacotoxicity were detected, but we
noted mild histopathological changes such as lymphatic lesions in
the lung (Fig. 4a, b), enlarged germinal centers in lymph nodes
(Fig. 4c, d), hematopoiesis in spleen (Fig. 4e, f), and mesangial
proliferation in glomeruli of the kidney (Fig. 4g, h), which are
consistent with a recent virus infection. These and other mani-
festations emerged in a subset of animals of all treatment groups
and thus cannot be linked to distinct treatment regimens (Sup-
plementary Table 1).

Viral RNA was recovered from five animals per group at the
last time point of viremia or positive swab titers for Sanger
sequencing of the polymerase L-gene. No mutations causing
amino acid changes were identified in the known clusters of the
MeV polymerase protein associated with viral resistance to
ERDRP-0519 in vitro13,16.

Discussion
This study demonstrates the potential of ERDRP-0519 to improve
management of severe measles and augment MeV eradication in
primates. Our results show that mean attained compound serum
titers in non-human primates after oral b.i.d. dosing were suffi-
cient to significantly reduce MeV replication in an ex vivo reca-
pitulation, anticipating that this dosing regimen inhibits viral
replication in vivo. Indeed, we demonstrate a strong beneficial
effect of ERDRP-0519 in MeV-infected squirrel monkeys leading
to reduced clinical signs. Treatment started as late as 7 days post-
infection prevented appearance of general rash. Earlier onsets of
the treatment regimen further reduced disease severity.

ERDRP-0519 treatment reduced viral titers in PBMCs and throat
swabs. Notably, prophylactic treatment nearly completely prevented
MeV viremia, and treatment started 3 days post-infection reduced
viremia markedly. In agreement with the intra-host life cycle of
MeV17,18, treatment starting 7 days post-infection was unable to
prevent PBMC-associated viremia, but still led to reduced viral titers
in the throat of these animals, indicating decreased viral spread into
and replication in epithelial tissues. The reduced viral load in airways
may affect host-to-host transmission and thus have additional
benefits in breaking outbreak chains.

Lymphocytopenia is a hallmark of MeV infection in humans,
leading to immunosuppression during and after acute infection5.
In our hands, animals treated with ERDRP-0519 trended to
exhibit reduced immunosuppression compared to untreated
animals, but this was not statistically significant. However, pre-
vious experiments of MeV-infected macaques had shown that
elevated numbers of monocytes and eosinophils can compensate
for MeV-induced lymphocytopenia19, indicating that a modest
reduction in total white blood cells may be associated with an
even more profound lymphocytopenia.

An important aspect of MeV infections in humans is the gen-
eration of life-long humoral immune responses that protect effi-
ciently against re-infection. We demonstrate here that ERDRP-0519
treatment does not prevent the generation of humoral immune
responses. All animals from the therapeutically treated groups
developed high levels of neutralizing antibodies. In the prophy-
lactically treated group, two animals did not develop neutralizing
antibodies until the end of the study. It is possible that ERDRP-0519
treatment was so efficient in these individual animals that it pre-
vented the minimal amount of viral replication required to mount
efficient immune responses. However, PBMC-associated viral titers
were similarly low in all animals of this group.

Absence of pathological alternations during necropsy and
abnormalities that could be linked to a distinct group in histological
examination suggests that ERDRP-0519 does not evoke toxic side
effects at the administered dose, which is in line with previous
in vivo experiments of ERDRP-0519 treatment in ferrets13.

The evolution of drug-resistant mutant viruses is a potential
problem for the safety of any antiviral drug. Escape mutant
hotspots occurring in the morbillivirus polymerase after ERDRP-
0519 treatment have been characterized in cell culture and
in vivo13,16. The relative fitness of these ERDRP-0519-resistant
viruses was reduced compared to that of the drug-sensitive parent
virus in all cases13, indicating that escape from the compound is
associated with a selection disadvantage. Viruses re-isolated from
ERDRP-0519-treated animals did not evolve resistance muta-
tions, adding an additional positive aspect to the safety profile of
the drug. Although it is challenging to predict the impact of
emerging resistance on circulating MeV populations, the available
datasets suggest that sustained circulation of ERDRP-0519-
resistant MeV variants is unlikely.

Consistent with the devastating measles burden found in pediatric
patients in many low- and middle-income countries, we believe that
a viable therapeutic option must be amenable to cost-effective
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production, shelf-stable at ambient temperature, and orally bioa-
vailable to allow administration independent of trained health care
professionals11. The clinical candidate ERDRP-0519 meets these
requirements, and is a therapeutic option for newborns and preg-
nant women not eligible to vaccination. In light of the current surge
in MeV outbreaks in geographical regions with generally inter-
mediate to high measles vaccine coverage20, an effective antiviral
with the product profile of ERDRP-0519 could represent the critical

missing link to ultimate global measles elimination, synergizing with
vaccination by establishing a double-pronged prophylactic and post-
exposure therapeutic anti-measles platform21.

Methods
Study design. All animal experiments were carried out in compliance with the
regulations of German animal protection laws and authorized by the Regierung-
spräsidium Darmstadt, Germany (Dezernat V54 – Veterinärwesen und Ver-
braucherschutz, Hilpertstrasse 31, 64295 Darmstadt). Adult male and female
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squirrel monkeys (Saimiri sciureus) were obtained from BioPRIM, 31450 Baziege,
or CNRS 0846 Primatologie, 13790 Rousset, France. Each experimental group was
housed in a separate room, and animals of the same sex were caged together within
the respective groups. For the single-dose pharmacokinetic experiment, animals
were anesthetized, and the drug was given through a stomach tube at a con-
centration of 50 mg/kg bodyweight. Blood samples were collected after 15, 30, and
60 min, and 2, 3, 6, and 24 h. For efficacy assessment, groups of 6 animals were left
untreated or treated with 50 mg/kg of ERDRP-0519 twice daily for two weeks,
starting either 12 h before or 3 or 7 days after intranasal infection with 106 TCID50
of MV/FrankfurtMain.DEU/17.11. Clinical signs, rectal temperature, and weight
were recorded daily, and throat swabs and blood samples were collected before
infection and twice weekly thereafter. On day 21 post-infection, the animals were
euthanized, necropsied, and samples were collected for histological analysis.

Cell culture and viruses. Vero cells stably expressing human SLAM (Vero/
hSLAM) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
5% fetal bovine serum and 1% L-Glutamine. For infection experiments, DMEM

supplemented with 2% FBS and 1% L-Glutamine was used. Human peripheral
blood mononuclear cells (iQ Biosciences; Donor 4327; Lot# P19L1400) were cul-
tured in RPMI-1640 and stimulated with 0.2 μg/ml phytohaemagglutinin (PHA;
Sigma–Aldrich) for 24 h prior to use. The isolate MV/FrankfurtMain.DEU/17.11
was used for infections of animals, and the isolate MeV/NewJersey.USA/94/1 was
used for hPBMC infections. Each will be provided upon request.

Compound synthesis and formulation. In total, 100 mg of ERDRP-051922 was
dissolved in 1 ml of poly(ethylene glycol)-200 (Sigma-Aldrich). On the days of
treatment, the drug stock was diluted 1:10 in 0.5% methylcellulose under vigorous
agitation to avoid precipitation. During all procedures, the drug was protected from
light to avoid degradation.

Pharmacokinetics. Drug concentrations were determined using an internal stan-
dard and a reversed phase isocratic HPLC method with positive ion electrospray
ionization (ESI) mass spectrometry detection (LC/MS/MS) on an AB-SCIEX API
5500 MS/MS instrument (5 μl injection volume). Pharmacokinetic parameters were
estimated using WinNonlin 5.3 (Pharsight).

PK and PD recapitulation in human blood mononuclear cells. Human periph-
eral blood mononuclear cells (hPBMCs) were infected (MOI= 0.1 TCID50 units
per cell) in a 24-well plate format with MeV/NewJersey.USA/94/1 (genotype D6) in
the presence of ERDRP-0519 or DMSO (0.1%). The concentration of ERDRP-0519
was maintained at a constant 1.5 µM (recapitulation of trough steady-state drug
levels achieved during b.i.d. dosing regimen in squirrel monkeys) or adjusted at
various times post-infection to recapitulate ex vivo dynamic plasma drug con-
centrations for once (q.d.) or twice (b.i.d.) daily dosing regimens, based on single-
dose pharmacokinetics in squirrel monkeys. Cells were collected 48 h after infec-
tion and virus was subsequently harvested after two freeze thaw cycles. Released
virus titers were then determined by limited dilution method (TCID50) on Vero/
hSLAM cells. Four biological repeats were used for each ex vivo PK recapitulation
and three biological repeats were used for DMSO-treated hPBMCs.

Virological and immunological sample analyses. White blood cell counts, viral
load quantification in PBMCs, and quantification of neutralizing antibody titers
were performed as follows: for white blood cell counts, blood was diluted 1:100 in
3% acetic acid and cells were counted using a Neubauer chamber. For viral load
quantification in PBMCs, blood was centrifuged at 3000 rpm for 15 min and serum
was frozen at −20 °C until further use. Red blood cell lysis was performed and the
remaining PBMCs were counted using a Neubauer chamber. Viral titers in PBMCs
were quantified in quadruplicates using limited dilution method and calculated as
TCID50/106 PBMCs. Neutralizing antibody titers were quantified by incubating
MeV with 2-fold serial dilutions of the respective serum for 20 min at room
temperature in quadruplicates. Vero/hSLAM cells were added and incubated for
3 days at 37 °C. Neutralizing antibody titers are expressed as the reciprocal of the
highest serum dilution showing no signs of infection. For virus titration from
throat swabs, swabs were placed in 150 μl DMEM with 3% penicillin/streptomycin
and the titer was quantified by limited dilution method.

Quantitative RT–PCR analysis of viral RNA in lymph nodes and PBMCs.
Organs (21 days post-infection) and PBMCs (twice a week) were frozen in
RNAlater (Qiagen) at −80 °C until further processing. For the deceased animal,
organs were frozen in RNAlater at the day of death. Lymph nodes were thawed on
ice, transferred to TRIzol (ambion life technologies) and homogenized using a
tissue homogenizer. Total RNA of lymph nodes and PBMCs was extracted fol-
lowing the TRIzol manufacturer’s protocol. RNA (1000 ng for lymph nodes; 110 ng
for PBMCs) was then subjected to reverse transcription using random hexamer
primers and Superscript III reverse transcriptase in accordance with the manu-
facturer’s protocols. Subsequent quantitative PCR (qPCR) was carried out using
primer pairs specific for a fragment in the MeV N gene23 or GAPDH gene(Sup-
plementary Table 2) and the PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific) in an Applied Biosystems 7500 Real-Time PCR system. Samples were
normalized for GAPDH. The comparative (ΔΔCt) Ct method was applied to
determine relative amounts of N-encoding RNA present in samples from treated
animals compared to those obtained from untreated control animals (lymph
nodes) or compared to those obtained from untreated control animals on day 7
post-infection (peak PBMC virus titer).

Genetic analysis. Viruses isolated from PBMCs and throat swabs were grown on
Vero/hSLAM cells for one passage and RNA was isolated using the Direct-zol RNA
MiniPrep Kit (Zymo Research) according to the manufacturer’s instructions. RNA
was reverse transcribed using random hexamer primers and Superscript III reverse
transcriptase and cDNA sequence was assessed by Sanger sequencing for presence
of resistance mutations in clusters in the MeV L gene known to accumulate
resistance-conferring mutations in tissue culture in the presence of ERDRP-051910.
Sanger sequencing was carried out using MeV L gene specific primers (Supple-
mentary Table 2) and obtained sequences were analyzed using Sequencher software
(Gene Codes Corporation; Version 5.4.6).
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Fig. 4 Histological examination on day 21 post-infection. H&E-stained
tissues from all animals of the study (n= 24) were examined and
representative pictures from individual animals are shown. a Perivascular
lesion due to lymphocytic infiltration in the lung. b Normal lung tissue. c
Lymph nodes with germinal centers (white asterisk) and histiocytosis
(white arrow). d Normal lymph node. e Spleen with germinal centers (white
asterisk) and hematopoiesis (black asterisk). f Normal spleen tissue. g
Mesangial proliferation (black arrow) in glomeruli of the kidney. h Normal
glomerulus. Black bar represents 100 µm (a, b), 200 µm (c–f), 20 µm (g, h).
Representative pictures are shown from untreated group (c, g, h),
therapeutic day 3 (a, b, f), or therapeutic day 7 (d, e) group.
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Necropsy and histology. After euthanasia, each animal was examined for gross
pathological changes, and samples were collected for histopathological examina-
tion. After fixation, all tissue samples were embedded in paraffin. Histology slices
were mounted and stained using standard H&E staining techniques.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 8.
One-way analysis of variance (ANOVA) with Tukey’s multiple comparison post-hoc
test or two-way ANOVA, followed by Dunnett’s multiple comparisons post-hoc test
were applied for statistical comparisons using the untreated group as reference if not
stated otherwise. Different time points for each individual animal were paired. Bio-
logical repeat refers to measurements taken from distinct samples, and results obtained
for each individual biological repeat are shown in the figures along with the exact size
(n number) of biologically independent samples, animals, or independent experiments.
Measure of center (connecting lines and columns) are means throughout. Error bars
represent standard deviations (SD) throughout. For all experiments, the statistical
significance level α was set to <0.05, exact p values (color-coded by experimental
group) are shown in individual graphs wherever possible and significant.

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

Data availability
All data that support the findings of this study are contained within the manuscript and
the associated source data documents are provided in the supplement. Source data are
provided with this paper.
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2.2.3 Structural Basis of Paramyxo- and Pneumovirus Polymerase Inhibitors with Non-

Nucleoside Small-Molecule Antivirals 
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ABSTRACT Small-molecule antivirals can be used as chemical probes to stabilize 
transitory conformational stages of viral target proteins, facilitating structural analyses. 
Here, we evaluate allosteric pneumo- and paramyxovirus polymerase inhibitors that 
have the potential to serve as chemical probes and aid the structural characterization 
of short-lived intermediate conformations of the polymerase complex. Of multiple 
inhibitor classes evaluated, we discuss in-depth distinct sca"olds that were selected 
based on well-understood structure-activity relationships, insight into resistance pro#les, 
biochemical characterization of the mechanism of action, and photoa!nity-based 
target mapping. Each class is thought to block structural rearrangements of polymer­
ase domains albeit target sites and docking poses are distinct. This review highlights 
validated druggable targets in the paramyxo- and pneumovirus polymerase proteins and 
discusses discrete structural stages of the polymerase complexes required for bioactivity.
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T he paramyxoviruses and pneumoviruses families include highly contagious human 
and animal pathogens such as mumps virus, measles virus (MeV), respiratory 

syncytial virus (RSV), human parain$uenza viruses (HPIVs), and the highly pathogenic 
zoonotic Nipah (NiV) and Hendra (HeV) viruses (1). In 2019, for instance, more than 
200,000 MeV deaths were reported worldwide despite global access to a safe and 
e!cacious vaccine, which was the highest number of reported cases in 23 years (2–6). 
RSV remains one of the leading causes of acute respiratory tract infections (ARIs) in both 
adults and children. In 2016, it was estimated that RSV was responsible for more than 
24 million ARIs and 76,000 deaths globally each year (7, 8). As of 2024, three vaccines, 
Abrysvo, Arexvy, and mRESVIA, have been approved by the US Food and Drug Adminis­
tration (FDA) to prevent RSV in adults ages 60 and over (9–11). The Abrysvo vaccine 
has also been approved in pregnant women between 32 and 36 weeks gestational 
age to safeguard infants from RSV infection through transplacentally acquired maternal 
antibodies (9) although concerns were raised about increased risk of preterm birth after 
maternal vaccination (12). Annually, HPIV infections contribute to more than 700,000 
hospitalizations and 34,000 deaths worldwide (13). NiV, causing nearly annual outbreaks 
since 1998, has a case fatality rate of approximately 75% and has been recognized as 
a global public health problem with epidemic or pandemic potential (14, 15). Because 
each of these viruses is associated with major global health and economic burdens, 
novel e"ective therapeutics that can augment vaccine prophylaxis, when available, are 
urgently required.

Paramyxo- and Pneumoviruses belong to the order Mononegavirales, which contains 
RNA viruses with protein-encapsidated non-segmented single-stranded genomes of 
negative polarity (1). The mononegavirus RNA-dependent RNA polymerase (RdRP) 
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complexes constitute attractive druggable targets since they are essential for viral 
genome replication and protein expression but lack host cell homologs with equivalent 
enzymatic activity (16). Conserved across all mononegaviruses, the core RdRP complexes 
consist of two viral proteins: the large (L) protein, which harbors all enzymatic activity, 
and an obligatory chaperone, the phospho- (P) protein (16–20). These L-P complexes are 
subjected to speci!c structural rearrangements as the polymerase transitions between 
pre-initiation, initiation, and various elongation conformations (18, 19, 21–26). Through 
intra-protein domain reorganization, channels for RNA template and product strands are 
generated that extend from the central cavity of the polymerase, and enzymatic domains 
are relocated within proximity of their cognate substrate. Each of these rearrangements 
should, in principle, be druggable with conformation-speci!c small-molecular inhibitors 
that stabilize a distinct conformation of L-P, thus inhibiting polymerase activity by 
blocking cycling of the complex between its di"erent conformational stages (16, 18, 
27, 28).

Several apo structures of mononegavirus polymerase complexes have been reported 
(26, 29–36), and recently, RSV L-P (37) and EBOV VP35-L (38) bound to RNA have been 
solved. However, the resolution of individual domains that are subject to, or enable, 
conformational rearrangements such as the MTase and connector domain remains 
limited due to their inherent structural pliability, undermining therapeutic exploitation 
through structure-guided drug design (16, 18, 33, 34). In addition, native reconstructions 
of the polymerase structures of some clinically signi!cant paramyxoviruses such as NiV 
have yet to be released. Here, we review the current mechanism of action of a diverse 
set of small-molecule inhibitors that may be suitable to serve as molecular probes for the 
structural analysis of distinct conformational stages of the RdRP complex.

L PROTEIN DOMAIN ORGANIZATION AND ENZYMATIC FUNCTIONS

The multidomain L protein mediates phosphodiester bond formation, messenger RNA 
(mRNA) capping and cap methylation, and mRNA polyadenylation (18, 19, 23, 25). 
Throughout the Mononegavirales order, L proteins feature !ve conserved domains (Fig. 
1A): the RdRP, polyribonucleotidyltransferase (PRNTase), connector (CD), methyltransfer­
ase (MTase), and C-terminal (CTD) domains (Fig. 1B), which are separated by short linker 
regions that allow for some domain rearrangements relative to each other (22, 25, 26, 
39, 40). Positioned at an intersection between the RdRP, PRNTase, and CT domains is a 
central cavity that is the site of active polymerization, containing the highly conserved 
GDN motif that constitutes the active site for phosphodiester bond formation (23, 24, 
26, 41). Sequence alignments of paramyxo- and -pneumoviruses revealed six conserved 
regions (CRs I-VI) located in the RdRP domain (CRs I-III) (Fig. 1C), PRNTase domain (CRs 
IV-V) (Fig. 1D), and MTase domain (CR VI) (Fig. 1E), respectively (17–19, 22, 23, 41).

CR I, which is located adjacent to the RNA template entry channel and is part of a 
central cavity mediating phosphodiester bond formation, is thought to directly engage 
in interaction with the P protein (20). CRs II and III are directly involved in mediating 
RNA synthesis and contain a set of conserved motifs (A–F) that are present in all 
mononegavirus polymerases. Speci!cally, CR II is involved in RNA binding, whereas CR III 
harbors a highly conserved GDN motif that constitutes the active site for phosphodiester 
bond formation (17, 18, 23, 25). CR IV contributes to mRNA cap methylation, CR V has 
PRNTase catalytic activity, and CR VI contributes to MTase activity (19, 23–25, 40). CR 
V is considered to contain priming and, at least for some family members, intrusion 
loops that are located within the central polymerase cavity near the GDN active site 
(Fig. 1F). These #exible loops are instrumental for the initiation of de novo RNA synthesis 
through proper positioning of the initial nucleoside triphosphate (NTP) by means of 
base-stacking interactions with an aromatic side chain and preventing the formation of 
viral RNA hairpins (26, 28, 42, 43).
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FIG 1 Architecture of the MeV L protein. (A) 2D schematic of the organization of the !ve conserved MeV L protein domains. 

RNA-dependent RNA polymerase (RdRP) domain in light blue (residues 1–912), polyribonucleotidyltransferase (PRNTase) 

domain in forest green (residues 913–1393), connector domain in yellow (residues 1429–1693), methyltransferase (MTase) 

domain in orange (residues 1722–2028), and the C-terminal domain (CTD) in red (residues 2029–2183). (B) Homology model 

of MeV L protein (Edmonston strain, GenBank: QOT47606.1) in its elongation-3 stage that is based on the cryoEM structure 

of parain"uenza virus 5 (PDB: 6v86), generated using the Swiss model server. Domains are colored as in the 2D schematic. 

(C) Conserved regions of the RdRP domain: CR I in deep blue (residues 217–409), CR II in pale yellow (residues 495–596), and 

CR III in deep teal (residues 653–869) with the GDN shown as spheres. (D) Conserved regions of the PRNTase domain: CR IV in

(Continued on next page)
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REARRANGEMENTS OF MONONEGAVIRUS L PROTEIN DOMAINS AND LOOPS 
ARE REQUIRED FOR TRANSCRIPTION AND REPLICATION

Transcription and replication of paramyxo- and pneumovirus genomes are initiated 
by recognition and binding of a promoter sequence, monopartite for pneumoviruses, 
bipartite for paramyxoviruses, at the 3′ end of the genome by the L-P complex (24, 
41, 43, 44). Once the polymerase complex is engaged, nucleocapsid (N) protein must 
be displaced to unveil the RNA ahead of the RdRP, allowing the RNA strand to enter 
the template channel as the N protomers are routed over the outer surface of the 
polymerase. Depending on whether an approximately 55-nucleotide leader sequence 
that is synthesized !rst is N-encapsidated, the RdRP proceeds either as a replicase or 
as a transcriptase. In replication mode, the nascent RNA is concomitantly encapsidated 
by N protein units as the polymerase advances along the template, and all intergenic 
termination signals are bypassed to generate full-length antigenomes. If the leader 
sequence is not encapsidated, it is released from the polymerase, which then scans 
in transcriptase mode the RNA template for the !rst gene start (GS) signal, at which 
transcription reinitiates until a gene stop signal is reached (45–51). Nascent viral mRNAs 
are capped and methylated by the RdRP as they leave the product exit channel and 
appear on the surface of the complex (21, 22, 40). Each subsequent GS signal triggers 
re-initiation of transcription. However, the frequency of re-initiation is less than 100%, 
leading to a gradient of mRNAs that decreases with increasing distance from the 3′ end 
of the genome (46, 49, 52).

Both transcription and replication require orderly structural rearrangements of the 
RdRP complex (19, 20, 24–26, 32–34, 41, 53), which properly position catalytic regions 
of the polymerase within proximity of the template and nascent RNA product and 
mediate the formation of product exit channels that extend from the central cavity to 
the exterior of the polymerase (Fig. 2A) (25). Loop and domain rearrangements can be 
used to posit the di"erent transitional stages of the polymerase and have been well 
supported by cryo-electron microscopy (cryo-EM) reconstructions of di"erent monone­
gavirus polymerase complexes including those of PIV3 (35), PIV5 (34), mumps virus 
(MuV) (36), RSV (33), human metapneumovirus (HMPV) (30), rabies virus (RABV) (32), 
vesicular stomatitis virus (VSV) (31), Ebola virus (EBOV) (42), and NDV (26) polymerase 
complexes. Owing to the recently published Newcastle disease virus (NDV) L-P complex 
(PDB: 7you), an intriguing new model has been proposed that includes three distinct 
stages of elongation based on the varying distances of the VSV, hMPV, NDV, and PIV5 
priming and intrusion loops in relation to the GDN site and domain arrangements (26).

Based on currently published L protein structures, we propose that the polymerase 
transitions through !ve distinct stages: (i) pre-initiation, (ii) initiation, (iii) elongation-1, 
(iv) elongation-2, and (v) elongation-3. In the pre-initiation state, as demonstrated by the 
RSV L-P-RNA complex (Fig. 2B), the priming and intrusion loops of the polymerase are 
extended away from the GDN site which allows space for incoming promoter RNA (Fig. 
2C) (37). Within the central cavity, a supporting loop, located within the RdRP domain, 
stabilizes the !rst nucleotides of the incoming RNA promoter, resulting in a slight inward 
shift (~1.8 Å) of the PRNTase domain, generating a more compact and stable catalytic 
pocket (37). Subsequently, the polymerase transitions into an initiation state, as seen in 
the RABV and VSV polymerase structures; the priming loop moves within proximity of 
the GDN to properly position the initial NTP and the intrusion loop is extended into a 
cavity within the PRNTase domain (Fig. 2D) (31, 32). Upon the synthesis of the initial 
dinucleotide and the !rst few nucleotides, the polymerase transitions from an initiation 

FIG 1 (Continued)

pale yellow (residues 928–1093) and CR V in sky blue (residues 1129–1376). (E) Conserved region of the MTase domain: VI in 

marine blue (residues 1753–1832). Spatial orientation of CRs in C–E is conserved from the homology model on the left in B. 

(F) MeV L central cavity showing the GDN (residues 772–775) in gray as spheres, the putative priming loop in black (residues 

1200–1233), and the putative intrusion loop in magenta (residues 1279–1302).
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to an elongation-1 stage, as observed in the HMPV, RSV, and EBOV polymerases (30, 
33, 42). In this stage, the PRNTase domain swings away from the RdRP domain to open 
an RNA product exit channel, the priming loop begins to extend back in the PRNTase 
domain and away from the active site, and the intrusion loop moves slightly toward the 
GDN (Fig. 2E) (26).

The committed polymerase then transitions into elongation-2 stage where, during 
transcription, the MTase-CTD domains reposition directly above the PRNTase domain, 
allowing for capping by extending the nascent RNA exit channel from the PRNTase into 
the MTase (26). While in the elongation-2 stage, the priming loop extends further into 
the PRNTase domain, and the intrusion loop continues to move closer to the GDN as 
was reported in the NDV polymerase structure (Fig. 2F) (26). Finally, in elongation-3 
stage, the priming loop reaches maximum retraction into the PRNTase domain and the 
intrusion loop relocates away from the GDN site (Fig. 2G), as has been observed in the 
PIV5 polymerase structure (34).

The relocation of the intrusion loop during elongation-1 and -2 within proximity of 
the 5′ end of the nascent RNA appears necessary for the highly conserved HR motif 
to facilitate the production of capped, methylated, m7GpppNm-RNAs (catalyzed by 
the MTase) through the formation of an intermediate covalent interaction between a 
conserved histidine and the 5′ α-phosphate of mono-phosphorylated RNA (pRNA) (Fig. 
3A through D) (22, 40, 54). When the polymerase is in replicase mode, however, in which 
the nascent RNA strand remains uncapped and non-methylated, the MTase-CTD module 

FIG 2 Channels and loop re-arrangements of the mononegavirus polymerase. (A) NTP entry, template entry, template exit, and RNA product exit channels 

extending from the central cavity (black dashed circle) of a MeV L homology model (PDB: 6v86). (B) RSV L with promoter bound (PDB: 8snx) representing a 

pre-initiation state for de novo RNA synthesis. RNA (orange). (C) In a pre-initiation state, the priming and intrusion loops are extended away from the active site 

allowing space for the incoming RNA template. (D) Upon transitioning into an initiation state, the priming loop is positioned within proximity of the GDN and the 

intrusion loop is extended into the PRNTase domain. (E) Entering an elongation-1 stage, the priming loop moves away from the active site and into the PRNTase 

domain while the intrusion loop moves slightly closer to the GDN. (F) As the polymerase enters an elongation-2 stage, the priming loop extends deeper into the 

PRNTase domain and the intrusion loop continues to move closer to the GDN. (G) In the elongation-3 stage, the priming loop is retracted even further into the 

PRNTase domain, and the intrusion loop begins to move away from the GDN toward the PRNTase domain. (C–G) Di!erent MeV L homology models that were 

generated based on the coordinates of RSV (C; PDB: 8snx), VSV (D; PDB: 5a22), HMPV (E; PDB: 6u5o), NDV (F; PDB: 7you), and PIV5 (G; PDB: 6v86), respectively, and 

aligned to show loop arrangements within the central cavity in relation to the GDN. To improve clarity, only residues 1217–1233 of the priming loop are shown. 

RdRP (light blue), PRNTase (forest green), connector (yellow), MTase (orange), CTD (red), GDN (gray spheres), priming loop (black), intrusion loop (magenta), HR 

motif (yellow sticks). Arrows show loop movement.
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relocates even further away from the PRNTase domain into a conformation distinct from 
that observed during transcription (34).

FIG 3 Overview of viral mRNA capping and methylation. (A) The Nε2 of the highly conserved histidine of the HR motif nucleophilically attacks the α-phosphate 

of 5′-pppN-RNA and forms a covalent interaction. (B) Within the PRNTase active site GDP, generated from GTP through the guanosine, 5′-triphosphatase activity 

of L protein is transferred to pN-RNA when the β-phosphate of GDP nucleophilically attacks the α-phosphate of the pN-RNA that is covalently linked to 

histidine. (C) With GpppN-RNA now in the S-adenosyl-L-methionine (SAM)-dependent MTase core, the 5′-cap is methylated at the adenosine-2′-O and guanine-N7 

positions, (D) yielding a bioactive mRNA product, m7GpppNm-RNA. RdRP (light blue), PRNTase (forest green), MTase (orange), GDN (yellow star), intrusion loop 

(black), nascent RNA (brown), GDP (dark blue), SAM and methyl groups (red).
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In the elongation-3 stage and transcriptase mode, further elongation of the nascent 
pppA-RNA covalently linked to a histidine of the HR motif may pull the !exible intrusion 
loop up toward the PRNTase domain and active site of capping (26). The intrusion loop 
may then continue to extend away from the GDN active site toward the MTase-CTD 
catalytic domain, possibly due to some non-covalent interaction between the HR motif 
and the now capped GpppA-RNA.

MECHANISTIC OVERVIEW OF SOME NON-NUCLEOSIDE INHIBITORS OF 
PARAMYXO- AND PNEUMOVIRUS POLYMERASES

All major domains of the PIV3, PIV5, MuV, RABV, VSV, and NDV L protein have been 
resolved, but the structural organization of multiple !exible regions remains unidenti"ed 
(26, 31–35). Of the other polymerase complex reconstructions (i.e., RSV, HMPV, and 
EBOV), only the RdRP and PRNTase domains have been visualized due to inherent 
structural !exibility of the connector, MTase, and CT domains (30, 33, 42).

Although resolution of these domains has yet to be achieved for RSV RdRP, two 
substrate-bound, stabilized RSV polymerase structures provide proof of concept that 
structural resolution can be improved when the protein is complexed with its substrate 
or a chemical probe, respectively. In one structure, binding of the RNA promoter to RSV L 
improved the density of a !exible supporting helix that has not been previously visible in 
any cryo-EM maps of the apo polymerase complex (37). In the second structure, binding 
of the well-characterized, non-nucleoside inhibitor JNJ-8003 to RSV L stabilized the L-P 
complex, as evidenced by an increased melting temperature in a thermal shift assay, 
which allowed for the visualization of a novel-binding pocket within the PRNTase domain 
that surrounds the HR motif and may play a role in mRNA capping (55).

In search of candidate chemotypes that may aid further structural analyses of 
paramyxo- and pneumovirus RdRP complexes, we will focus in the following predom­
inantly on advanced experimental polymerase inhibitor drugs that have met the 
following criteria: well-understood structure-activity relationships (SARs), insight into 
viral resistance pro"les, biochemical characterization of the MOA, and photoa#nity 
crosslinking or docking pose reconstruction-based target site mapping (Table 1). Four 
distinct chemical classes meet these requests with a comprehensive set of medicinal 
chemistry, viromics, and biochemical data: the broadened-spectrum paramyxovirus 
inhibitor GHP-88309 (Fig. 4A), the RSV inhibitors JNJ-8003 (Fig. 4B) and AVG-233 (Fig. 
4C), and the morbillivirus blocker ERDRP-0519 (Fig. 4D) (27, 28, 35, 56–59). Based on 

TABLE 1 Fully characterized compound classes

Compound Virus Hypothesized MOA Resistance mutation(s) RdRP assay Target identi!cation Refs

AVG-233 RSV Blocks de novo polymerase initiation at the 
promoter by preventing RdRP, PRNTase, and 
MTase reorganization

L1502Q H1632Q Yes Yes (27)

ERDRP-0519 MeV Prevents phosphodiester bond formation 
by inhibiting priming and intrusion loop 
rearrangements

H589Y S768A T776A
L1170F R1233Q V1239A

Yes Yes (28, 29)

GHP-88309 MeVa

CDV
HPIV1/3

Blocks de novo polymerase initiation at the 
promoter by preventing

RdRP and PRNTase reorganization

S869P
Y942H I1009F Y1106S

Yes Yes (56)

JNJ-8003 RSVb

HMPV
Blocks de novo polymerase initiation at the 

promoter by preventing intrusion loop and 
domain rearrangements

R526W
R999G
D1026N
Y1361F
I1381S/T
C1388G
K1464N

Yes Yes (55)

aTarget identi"cation through photoa#nity labeling.
bTarget identi"cation through cryo-EM.
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the available experimental data, each of these compounds is thought to block RdRP 
activity by stabilizing distinct polymerase conformations. Multiple other compounds 
have been identi!ed that target the RSV polymerase, such as AZ-27 (43, 60, 61), BI-
compound D (62, 63), BRD3969 (64), Compound 1 (65), PC786 (66, 67), Triazole-1 (68), 
and the parent compound of AZ-27, YM-53403 (60, 69). However, the characterization 
of these inhibitors is less complete (Table 2), limiting their contribution to advancing 
the structural understanding of di"erent polymerase conformations through their use as 
chemical probes.

GHP-88309 emerged from a high-throughput screening (HTS) campaign against 
human parain#uenza virus type-3 (HPIV3) and has originally demonstrated oral e$cacy 
in respirovirus mouse. The compound showed an unusual expanded anti-paramyxovirus 
indication spectrum, however, that includes, in addition to pathogens of the respirovi­
rus genus, morbilliviruses such as MeV and CDV, and some members of the henipavi­
rus genus (56, 70). The potent oral e$cacy of GHP-88309 against morbilliviruses has 
been demonstrated subsequently in the canine distemper virus (CDV) ferret model, 
which serves as a surrogate system for human measles (71). AVG-233 and JNJ-8003 
likewise emerged from HTS campaigns (55, 72). The lead analog of this !rst-in-class 
anti-RSV chemotype, AVG-388, e$ciently reduced viral replication in human airway 
epithelium organoids and the RSV mouse model, in which treatment dose-dependently 
lowered viral load, alleviated lung histopathology, and prevented viral pneumonia (27). 
JNJ-8003 demonstrated subnanomolar e$cacy against RSV A and B clinical isolates, 
and nanomolar e$cacy against HMPV in a reporter assay (55). ERDRP-0519 is the lead 
compound of a pan-morbillivirus series (28, 57, 59) with demonstrated oral e$cacy 
against a clinical MeV isolate in a non-human primate model in addition to activity in the 
CDV ferret model (28, 57, 73).

FIG 4 GHP-88309, ERDRP-0519, JNJ-8003, and AVG-233 compound structures. Structures of (A) GHP-88309, (B) JNJ-8003, (C) AVG-233, and (D) ERDRP-0519.

TABLE 2 Compound classes with incomplete biochemical characterizationa

Compound Virus Hypothesized MOA Resistance mutation(s) RdRP assay Target identi!cation Refs

AZ-27 RSV Blocks de novo polymerase initiation at the 
promoter by an unknown mechanism

Y1631H Yes No (43, 60, 61)

BI-Compound D RSV Prevents 5′ capping of transcripts E1269D
I1381S L1421F

Yes No (62, 63)

BRD3969 RSV May prevent capping, methylation, or 
polyadenylation

ND Yes No (64)

Compound 1 RSV ND I1413T
Y1631C

No No (65)

PC786 RSV ND Y1631H No No (66, 67)
Triazole-1 RSV ND T1684A No No (68)
YM-53403 RSV Blocks de novo polymerase initiation at the 

promoter by an unknown mechanism
Y1631H Yes No (60, 69)

aND, not determined.
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MOA CHARACTERIZATION THROUGH BIOCHEMICAL RDRP ASSAYS

The !rst evidence that inhibition by GHP-88309, JNJ-8003, AVG-233, and ERDRP-0519 is 
mechanistically distinct came from biochemical RdRP activity assays, which demonstra­
ted that GHP-88309, JNJ-8003, and AVG-233 block de novo polymerase initiation at the 
promoter after the synthesis of the !rst few nucleotides, but not RNA elongation by an 
already committed polymerase complex (27, 55, 56, 72). Chemically distinct experimen­
tal leads AZ-27 and YM-53403, that were both likewise subjected to in vitro biochemi­
cal assays for MOA characterization, mechanistically resembled this activity pattern of 
GHP-88309, JNJ-8003, and AVG-233; de novo polymerase initiation at the promoter was 
inhibited, halting RNA synthesis after the addition of the !rst few nucleotides, suggesting 
that also these compounds block an early stage of RNA synthesis (43, 60, 69). Inhibition 
of RNA synthesis, but not phosphodiester bond formation, by these structurally distinct 
inhibitors suggests that these compounds may interfere with conformational rearrange­
ments of the polymerase complex as it transitions between initiation and elongation 
states.

In contrast, ERDRP-0519 blocked RNA ampli!cation in a primer extension assay, 
which is considered to represent elongation by a committed polymerase complex, 
prevented the synthesis of the very !rst phosphodiester bond upon de novo polymerase 
initiation at the promoter, and, as the only compound subjected to in vitro paramyxo- 
and pneumovirus RdRP assays, suppressed 3′ extension from a back-primed template 
(28). Although likely an artifact of the non-encapsidated synthetic RNA templates used 
in the assay, back-priming is thought to mechanistically resemble RNA elongation by 
a committed polymerase (74, 75). The unique MOA pattern of ERDRP-0519 strongly 
suggested direct suppression of phosphodiester bond formation by this compound.

In contrast, the mechanisms that have been demonstrated for BI-compound D and 
BRD3969 do not involve the prevention of RNA synthesis. In the presence of BI-com­
pound D, short transcripts are synthesized that lack a 5′cap, suggesting this compound 
may target the PRNTase domain and prevent capping, potentially through targeting the 
site of guanylylation (62). Also, BRD3969 does not inhibit RNA synthesis but may block 
viral replication through the prevention of capping, methylation, or polyadenylation (64).

These biochemical data provided general mechanistic insight for AZ-27, AVG-233, 
BI-compound D, BRD3969, ERDRP-0519, GHP-88309, JNJ-8003, and YM-53403 but did not 
provide direct insight into the nature of their physical target sites. Physical target sites 
for AZ-27, BI-compound D, Compound 1, PC786, Triazole-1, and YM-53403 have been 
hypothesized based on resistance pro!ling. In the case of GHP-88309, JNJ-8003, AVG-233, 
and ERDRP-0519, additional insight into the docking poses came from both resistance 
pro!ling and photoa"nity labeling-based target mapping (GHP-88309, AVG-233, and 
ERDRP-0519) or structural data (JNJ-8003).

RESISTANCE PROFILING

To place this mechanistic information into a structural context, all four compound classes 
were resistance pro!led. The unique resistance pro!les of GHP-88309 and ERDRP-0519, 
as well as the absence of cross-resistance, support that these compounds have distinct 
pharmacophores and target di#erent regions within the central cavity of the MeV 
polymerase (28, 56). Resistance mutations to GHP-88309 and ERDRP-0519 emerged 
exclusively in the core region of the polymerase complex formed by the RdRP and 
PRNTase domains, suggesting that these compounds dock into the central cavity of the 
polymerase. Speci!cally, GHP-88309 resistance sites mapped to L residues S869P (in the 
RdRP domain) and Y942H, I1009F, and Y1106S (in the PRNTase domain) (Fig. 5A) (56). 
In contrast to recently emerged members of the henipavirus genus such as Ghanian 
henipavirus (70, preprint), NiV L naturally contains a histidine residue (H1156) at the 
position homologous to Y1106, which was associated with natural low susceptibility of 
NiV, to GHP-88309 (56). Viral escape from ERDRP-0519 was achieved by substitutions 
H589Y, S768A, or T776A in the RdRP domain and L1170F, R1233Q, or V1239A in the 
PRNTase domain of the morbillivirus L proteins (Fig. 5B) (28).

Minireview Antimicrobial Agents and Chemotherapy

Month XXXX  Volume 0  Issue 0 10.1128/aac.00800-24 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/a
ac

 o
n 

28
 A

ug
us

t 2
02

4 
by

 1
31

.9
6.

21
7.

48
.



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 142 

 

FIG 5 Spatial arrangement of resistance mutations. (A) Resistance sites are tightly clustered around GHP-88309. (B) Location 

of ERDRP-0519 resistance sites. (C) The majority of JNJ-8003 resistance mutations cluster around the binding site. (D) AVG-233 

resistance mutations are observed within proximity of the compound. For GHP-88309, ERDRP-0519, and AVG-233, the original

(Continued on next page)
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In contrast to these resistance hot-spots located in the central RdRP cavity, resistance 
mutations to JNJ-8003 emerged in the RdRP domain (R526W), the PRNTase domain 
(R999G, D1026N, Y1361F, I1381S/T, and C1388G), and the CD (K1464N) (Fig. 5C) (55). 
Resistance mutations to AVG-233 mapped to residues L1502Q and H1632Q, which are 
positioned in the !exible connector domain of the RSV polymerase complex (Fig. 5D) 
(27). Resistance has also been observed at an adjacent residue in the RSV polymerase, 
Y1631H, in the chemically unrelated RSV inhibitors AZ-27 (60, 61), Compound 1 (65), 
PC786 (66), and YM-53403 (69). Strikingly, little cross-resistance was noted between 
AVG-233 and AZ-27 since the Y1631H substitution only slightly reduced the sensitiv­
ity of the polymerase to AVG-233 and neither L1502Q nor H1632Q mediates escape 
from AZ-27 (60, 61). These adjacent, but distinct, resistance sites suggest that although 
AVG-233 and the structurally unrelated RSV inhibitors AZ-27, Compound 1, PC786, and 
YM-53403 may bind to the same target domain, their speci"c docking poses remain 
distinct.

RSV L resistance to BI-compound D was observed in the PRNTase domain (I1381S, 
E1269D, and L1421F) (62), to Compound 1 in the PRNTase (I1431T) (65), and Triazole-1 
in the CD (T1684A) (68). The locations of resistance to BI-compound D are not surprising 
given its RdRP assay phenotype and hypothesized MOA. It is plausible that the mecha­
nism of inhibition of Compound 1 and PC786 may resemble that of AZ-27.

TARGETING PRNTASE DOMAIN REARRANGEMENTS

GHP-88309 cross-linked to MeV L residues 992–994, which line the inner wall of 
the central polymerase cavity and are adjacent to a cluster of GHP-88309 resistance 
mutations. A top-scoring docking pose derived from these data positioned GHP-88309 
at an intersection between the RdRP and PRNTase domains, binding near the RNA 
template channel (56). In this pose, the ligand is predicted to simultaneously interact 
with residue R865 and a resistant site residue, Y942, in the RdRP domain (Fig. 6A) 
(56), suggesting that GHP-88309 may lock the polymerase into an initiation stage by 
preventing PRNTase domain rearrangement relative to the RdRP domain. This original 
docking pose of GHP-88309 was extracted from a MeV L homology model based on the 
coordinates reported for PIV 5 L (34). Since recent data (26) suggest that the PIV 5 L 
structure may alternatively represent an elongation-3 stage, we re-evaluated the in silico 
docking pose of GHP-88309 using a MeV L model based on the pre-initiation VSV L-P 
structure (PDB: 5a22). In this conformation, a top-scoring pose predicted three di#erent 
ligand-residue interactions but, importantly, still positioned GHP-88309 within the same 
binding pocket as previously described (56). In our model, interactions of GHP-88309 
with L were predicted to engage residues A935, M940, R1011 in the RdRP domain (Fig. 6B 
and C).

Because GHP-88309 impairs de novo polymerase initiation at the promoter after the 
synthesis of the "rst phosphodiester bonds, when template RNA must be present in 
the template entry channel and the active site, this compound likely does not prevent 
template entry or polymerase transition between a pre-initiation and initiation stage. 
Furthermore, since GHP-88309 cannot inhibit an already engaged polymerase, inhibi­
tion of the transition between any of the hypothesized elongation stages is not likely. 
Accordingly, plausible mechanisms of GHP-88309 include the prevention of (i) PRNTase 
domain movement away from the RdRP domain to generate an RNA exit channel, (ii) 
retraction of the priming loop from the active site, or (iii) intrusion loop rearrangement 
allowing contact with nascent RNA. Blocking rearrangement of the PRNTase domain 
relative to the RdRP domain could also indirectly lock the priming loop in place and 

FIG 5 (Continued)

docking pose of each compound is shown. The cryo-EM structure (PDB: 8fu3) is shown for JNJ-8003 and RSV L-P (residues 1–

1461), residues 1462–2165 have been modeled. Resistance mutation (red sphere), compound (marine blue), RdRP (light blue), 

PRNTase (forest green), connector (yellow), MTase (orange), CTD (red), GDN (gray spheres), priming loop (black), intrusion loop 

(magenta), HR motif (yellow sticks).
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prevent rearrangement of the intrusion loop. If the priming loop cannot retract from the 
active site and/or the intrusion loop cannot relocate to within proximity of the 5′-end 
of the nascent RNA, polymerization should stop after the !rst few nucleotides since 
the polymerase cannot transition into an elongation-1 stage, which is consistent with 
the performance of GHP-88309 in the biochemical polymerase assays. Consequently, 
GHP-88309 used as a chemical probe should stabilize morbillivirus and respirovirus 
polymerase complexes in an initiation con!rmation.

TARGETING REARRANGEMENTS OF THE PRIMING AND INTRUSION LOOP

ERDRP-0519 a"nity-mapped to two peptides of interest within the PRNTase domain, 
residues 952–966 and 1151–1176, which are both located near the intersection of the 
PRNTase, connector, and MTase domains. The identi!ed peptides are in 3-way proxim­
ity to the HR motif, priming, and intrusion loops (28, 59). Docking pose extraction 
positioned ERDRP-0519 between the RdRP and PRNTase domains, bringing the ligand 
in direct contact with PRNTase residues Y1155, N1285, and H1288 (Fig. 7A), which 
may prevent reorganization of the priming and intrusion loops. Notably, ERDRP-0519 
resistance residues are not predicted to be in direct contact with the ligand in this 
docking pose but are located in highly conserved regions surrounding the photoa"n-
ity-mapping-derived physical target site. Accordingly, these substitutions may mediate 
viral escape through secondary resistance, possibly through altered orientation of the 
priming loop when the polymerase is transitioning to an initiation conformation that 
reduces compound a"nity for the target. The docking pose of ERDRP-0519 suggests 
that primary resistance may not be feasible since residues predicted to be in direct 

FIG 6 In silico docking of GHP-88309 in MeV L. (A) Original top-scoring docking pose of GHP-88309 in a MeV L homology model based on PIV5 P-L (PDB: 6v86). 

Resistance mutation (red spheres), predicted interaction residue (yellow spheres), resistance residue that is predicted to interact (cyan). (B) Top-scoring docking 

pose of GHP-88309 in a MeV L homology model based on VSV P-L (PDB: 5a22), representing the polymerase in an initiation stage which is the predicted, targeted 

conformation. Predicted interaction residue (red spheres), priming loop (black), intrusion loop (magenta), HR motif (yellow sticks). (C) 2-D ligand map of new 

predicted interactions. (A and B) Compound (marine blue), GDN (gray spheres), RdRP (light blue), PRNTase (forest green), connector (yellow). Docking poses and 

ligand maps were generated using the molecular operating environment (MOE) software package.
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contact with the ligand are highly conserved and may not be changeable without loss of 
polymerase bioactivity (28).

ERDRP-0519 is the only small-molecule paramyxo- or pneumovirus inhibitor known 
to be capable of blocking all phosphodiester bond synthesis at the promoter and 
arresting an already engaged polymerase. Considering this unique phenotype, the 
compound could inhibit the polymerase through distinct MOAs, which could include 
(i) prevention of template RNA entry, (ii) prevention of NTP base-stacking, (iii) disruption 
of loop reorganization, (iv) distortion of loops, (v) a!ecting processivity, and/or (vi) 
interference with the catalytic active site. Concluding from a recently reported RSV 
L-RNA structure (PDB: 8snx), binding of ERDRP-0519 could also (vii) a!ect compaction 
of the catalytic pocket or interactions critical for stabilizing the RNA template (28, 37). 
Of these candidate MOAs, (i), (ii), and (vii) appear unlikely because they should a!ect 
only initiation but not elongation. Similarly, an e!ect on processivity (v) should only 
a!ect elongation and not initiation. Because resistance mutations were observed near 
the GDN active site (S768A and T776A), direct interference with catalytic activity (vi) has 
to be considered. However, with both template and product loaded, ERDRP-0519 could 
sterically not "t, arguing against this mode of action.

Based on a predicted interaction between ERDRP-0519 and H1288 in the HR motif of 
the intrusion loop, it appears most likely that the compound prevents the rearrangement 
of both the priming and intrusion loop. By docking into an intersection of three domains 

FIG 7 Docking of ERDRP-0519 into MeV L. (A) Original top-scoring docking pose of ERDRP-0519 in a MeV L homology model based on PIV5 P-L (PDB: 6v86). 

Resistance mutation (red spheres), predicted interaction residue (yellow spheres). (B) ERDRP-0519 in a top-scoring pose in a MeV L homology model based on 

the RSV P-L-RNA structure (PDB: 8snx) to represent the hypothesized targeted pre-initiation conformation. Predicted interaction residue (red spheres), priming 

loop (black), intrusion loop (magenta), HR motif (yellow sticks). (C) New predicted interactions are shown in a 2-D ligand map. (A and B) Compound (marine blue), 

GDN (gray spheres), RdRP (light blue), PRNTase (forest green). Docking poses and ligand maps were generated using the molecular operating environment (MOE) 

software package.
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critical to polymerase rearrangement, ERDRP-0519 may block all loop reorganization, 
preventing transitions both from initiation to elongation and between elongation stages 
of the complex. However, formal experimental proof outside the arti!cial biochemical 
RdRP assay that ERDRP-0519 can, indeed, halt an engaged polymerase is still lacking.

Noteworthy, a preliminary in silico docking prediction suggested that the binding 
pocket of ERDRP-0519 is not present when MeV L is in an initiation conformation (28). 
However, re-docking of ERDRP-0519 into the MeV L model in pre-initiation conformation 
based on the RSV P-L-RNA structure (PDB: 8snx) further supported the above mechanistic 
hypothesis. In a top-scoring pose, the predicted binding pocket was present and the 
ligand posited to interact with residues Y1155 and H1288 (HR motif ) through interac­
tions with its piperidine and pyrazole rings, respectively (Fig. 7B and C). Additional 
contacts were established in this pose between the ligand and residue R1058 in the 
PRNTase domain.

TARGETING TRANSITIONS BETWEEN THE ELONGATION STAGES

High-resolution cryo-EM structural data of RSV L-P complexed with JNJ-8003 revealed 
that the ligand established substantial interactions with four residues in the intrusion 
loop, L1337, H1338 (HR motif ), R1345, and F1349, a single residue in the priming loop 
(S1266), and three residues that line a hydrophobic pocket, L1372, I1381, and F1385 (Fig. 
8A) (55).

This JNJ-8003 docking pose with RSV L-P shows both the priming and intrusion 
loop extended away from the GDN active site and located in the PRNTase domain (55), 
suggesting that the polymerase may be in a pre-initiation, or elongation-1/3 stage (26). 
However, a comparison of the RSV L-P complex with JNJ-8003 with the RSV L-P-RNA 
structure favored a pre-initiation state of the complex based on the similar position 
of the PRNTase domain relative to the RdRP domain and how well the priming and 
intrusion loops align.

We, therefore, propose that binding of JNJ-8003 to RSV L inhibits the transition of 
the polymerase into an elongation-2 stage through either extensive interactions with 
the intrusion loop and/or by preventing domain rearrangements. This mechanism allows 
for initial phosphodiester bond formation but prevents the interaction between the HR 
motif and the tri-phosphorylated RNA (pppN-RNA) that is required for methylation of 
capped nascent RNAs.

TARGETING PRNTASE AND MTASE DOMAIN REORGANIZATION

AVG-233 photoa"nity mapping cross-linked the compound with four peptides of the 
RSV L protein: one in the PRNTase domain (RSV L residues 1376–1409), two in the 
connecting domain (RSV L residues 1554–1576 and 1675–1678), and one in the MTase 
domain (RSV L residues 1880–1892) (27). Only the peptide located in the PRNTase could 
be observed on a native RSV L reconstruction (PDB: 6pzk) since the high structural 
#exibility of the RSV polymerase connector and MTase domains has so far precluded 
the structural appreciation of the RSV L-P holoenzyme. Docking predicted AVG-233 to 
bind to the interface of the PRNTase, connecting, and MTase domains, suggesting an 
interaction between the ligand and RSV L residue W1262 of the priming loop (Fig. 8B) 
and placing the compound within ~4 Å proximity of residue H1388 in the HR motif (27). 
The aromatic priming residue(s) of RSV L have yet to be identi!ed, but RSV L residues 
P1261 and W1262 are reportedly required for RNA synthesis and could, thus, play a 
cooperative role in forming base-stacking interactions with incoming NTPs (76).

Although the compound was predicted to engage priming loop residue W1262, it 
does not prevent initial phosphodiester bond formation. Therefore, this contact may be 
incorrect or, alternatively, an alternate residue such as Y1276 may act as the priming 
residue when W1262 is unavailable (76).

Based on all available evidence, AVG-233 most likely stabilizes the orientation of RSV 
L RdRP, PRNTase, and MTase domains relative to each other in an initiation conformation 
(27), presumably by preventing the polymerase from transitioning into an elongation-1 
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stage. If this hypothesized MOA is correct, pharmacological stabilization of the !exible 
connector domain through AVG-233 may open a path toward reconstruction of the 
complete L assembly including the connector and MTase domains.

We assessed this hypothesis by re-analyzing the in silico docking pose of AVG-233 
in an RSV L homology model based on pre-initiation VSV L-P (PDB: 5a22). AVG-233 was 
predicted to populate the same binding pocket as described previously and engage 
residue W1262, as observed in the original docking pose. In addition, a new interaction 
was predicted to involve residue W1500 in the MTase domain (Fig. 8C and D) (27).

CONSERVATION OF RESISTANCE AND INTERACTING RESIDUES ACROSS VIRAL 
FAMILIES

How structurally conserved are validated druggable sites across di"erent polymerases 
of the mononegavirus order? We analyzed the sequence conservation of (i) resistance 

FIG 8 JNJ-8003 bound to RSV L and AVG-233 docked into RSV L. (A) The cryo-EM structure of RSV L-P with JNJ-8003 (PDB: 8fu3). Resistance mutation (red 

spheres), predicted interaction residue (yellow spheres), resistance residue that is predicted to interact (cyan). (B) Original top-scoring docking pose of AVG-233 

in RSV L. The RdRP and PRNTase domains are from the apo structure of RSV L-P (PDB: 6pzk), and the connector, MTase, and CTD were modeled based on VSV 

L-P (PDB: 5a22) and RABV L-P (PDB: 6ueb). Resistance mutation (red spheres) predicted interaction residue (yellow spheres). (C) The top-scoring docking pose of 

AVG-233 in an RSV L homology model based on the VSV P-L coordinates (PDB: 5a22), representing the hypothesized targeted initiation con#rmation. Predicted 

interaction residue (red spheres), priming loop (black), intrusion loop (magenta), HR motif (yellow sticks). (D) 2-D ligand interaction map of new predicted 

interactions. (A–C) Compound (marine blue), GDN (gray spheres), RdRP (light blue), PRNTase (forest green), connector (yellow). Docking poses and ligand maps 

were generated using the molecular operating environment (MOE) software package.
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hot spots and (ii) residues that are predicted to interact with GHP-88309, ERDRP-0519, 
JNJ-8003, and AVG-233 across signature mononegaviruses, including paramyxoviruses 
(MeV, HPIV3/5, NiV, HeV), pneumoviruses (RSV and HMPV), rhabdoviruses (RABV and 
VSV), and !loviruses (EBOV and Marburg virus). GHP-88309 resistance sites were 
moderately conserved in polymerases representing the di"erent families (Fig. 9A). 
However, multiple ERDRP-0519 (Fig. 9B), JNJ-8003 (Fig. 9C), and AVG-233 (Fig. 9D) 
resistance residues showed very little to no conservation across all families with the 
exception of the fully conserved JNJ-8003 resistance site, R999. We observed moderate 
conservation of MeV L residues predicted to interact with GHP-88309 (R865, A935, 
and Y954) (Fig. 10A and B) and ERDRP-0519 (Y1155) (Fig. 10C and D), and the RSV L 
residues predicted to interact with JNJ-8003 (R1266 and L1377) (Fig. 10E) and AVG-233 
(W1262) (Fig. 10F and G). However, three residues of MeV L thought to interact with 
ERDRP-0519 (R1058, N1285, and H1288) (Fig. 10C and D) are highly conserved across 
families. Additionally, two residues of RSV L shown to interact with JNJ-8003 (F1349 
and F1385) are highly conserved across viral families and one residue, H1338 of the 
HR motif, is fully conserved (Fig. 10E). Based on the original and new in silico docking 
poses discussed above, the conservation of the predicted interacting residues of these 

FIG 9 GHP-88309, ERDRP-0519, JNJ-8003, and AVG-233 sequence identity analysis of resistance sites. Resistance pro!le alignments of (A) GHP-88309, 

(B) ERDRP-0519, (C) JNJ-8003, and (D) AVG-233. High sequence identity (highlighted red and bold). Partial sequence identity (highlighted yellow and bold). 

Sequences alignments: MeV (NP_056924), HPIV3 (AXU38775), NiV (ACT32616), HeV (APT69531), HPIV5 (YP138518), RSV (YP_009518860), HMPV (AAQ67700), 

RABV (ABN11300), VSV (UTK57347), EBOV (AHX24663), Marburg virus; MARV (ABA87130).
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compounds suggests that some druggable sites may be conserved across polymerases 
of the mononegavirus families.

CONCLUSIONS

Groundbreaking progress has been made in the last decade toward the structural 
understanding of mononegavirus polymerase complexes. However, a paucity of fully 
resolved L protein structures in di!erent conformational stages still hampers the 
complete molecular understanding of polymerase function and regulation. Ample 
precedent supports the use of chemical and biological probes to advance structural 
knowledge through the stabilization of "exible protein domains and physiologically 
short-lived conformational intermediates. For instance, antibodies and nanobodies (77) 
have been used successfully as structural stabilizers that allowed for the analysis of 

FIG 10 GHP-88309, ERDRP-0519, JNJ-8003, and AVG-233 sequence identity analysis of predicted interacting residues. (A) MeV L residues originally predicted 

to interact with GHP-88309 and (B) new predicted interactions based on docking into MeV L in an initiation conformation. (C) Residues of MeV L originally 

predicted to interact with ERDRP-0519 and (D) new predicted interactions based on docking into MeV L in a pre-initiation conformation. (E) RSV L residues 

that were identi#ed to interact with JNJ-8003 in the cryo-EM structure. (F) Original predicted RSV L residue interactions with AVG-233 and (G) new predicted 

interactions based on docking into RSV L in an initiation conformation. Residues that are both a site of resistance and prediction interaction or are both an 

original and new predicted site of interaction for a given compound are not shown twice. High sequence identity (highlighted red and bold). Partial sequence 

identity (highlighted yellow and bold). Sequence alignments: MeV (NP_056924), HPIV3 (AXU38775), NiV (ACT32616), HeV (APT69531), HPIV5 (YP138518), RSV 

(YP_009518860), HMPV (AAQ67700), RABV (ABN11300), VSV (UTK57347), EBOV (AHX24663), Marburg virus; MARV (ABA87130).
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proteins such as a beta2-adrenergic receptor (78), interphotoreceptor retinoid-binding 
protein (79), the antitoxin MazE (80), the SecY protein-translocation channel (81), the 
solute carrier 11 transporter (82), and the human M2 muscarinic acetylcholine receptor 
(83).

The high-resolution cryo-EM structure of the RSV L-P complex with JNJ-8003 bound 
provides proof-of-concept that a small-molecule inhibitor can be used to stabilize the 
conformation of a mononegavirus polymerase. JNJ-8003 stabilized the RSV polymerase 
and allowed for the !rst-time visualization of a novel pocket surrounding the HR motif, 
which is hypothesized to play an essential role in capping, that has not been observed 
in the apo RSV, HMPV, or VSV polymerase structures (55). Although full resolution of the 
RSV L-P complex could not be achieved with JNJ-8003, it is tantalizing to speculate that 
complete resolution may be achievable when a second probe with a distinct target site, 
such as AVG-233, is used.

Well-validated and -behaved small-molecule viral polymerase inhibitors with high 
binding a"nity and distinct target sites (Fig. 11A through C) have great potential 
to improve the resolution of #exible domains in the paramyxovirus and pneumovi­
rus L proteins and reveal transient conformational stages. The resulting deepened 
knowledge into the organization and regulation of the RdRP complex may pave the 
path toward future synthetic optimization of drug-binding a"nity and, potentially, 

FIG 11 Distinct binding sites of GHP-88309, ERDRP-0519, AVG-233, and JNJ-8003 in the mononega­

virus polymerase. (A) In silico predicted binding sites of GHP-88309, ERDRP-0519, and AVG-233 and 

the structure-informed target site of JNJ-8003 in a polymerase model generated using MeV L-based 

PIV5 coordinates (PDB: 6v86). Close-up view of compounds predicted to target the polymerase when 

the priming and intrusion loops are extended away from the active site, either in a pre-initiation or 

elongation-1/3 stage (B), and in an initiation (C) conformation, modeled based on RSV P-L-RNA (PDB: 

8snx) and VSV P-L (PDB: 5a22), respectively. GHP-88309 (blue), ERDRP-0519 (orange), AVG-233 (red), 

JNJ-8003 (green), RdRP (light blue), PRNTase (forest green), connector (yellow), MTase (orange), CTD (red), 

GDN (gray spheres), priming loop (black), intrusion loop (magenta).
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support structure-guided target hopping toward related members of the paramyxo- or 
pneumovirus families, or other pathogens in the mononegavirus order, currently not 
inhibited by advanced experimental therapeutics and clinical candidates. This notion 
is supported by the tight clustering of the binding sites of these compounds in areas 
of overall high sequence conservation, suggesting docking to conserved microdomains 
that may be druggable in di!erent virus families within the mononegavirus order. As 
more chemically diverse inhibitor classes are identi"ed and mechanistically character­
ized for di!erent mononegaviruses, a comprehensive map of druggable targets in the 
mononegavirus L protein may come into view that has the potential to serve as a 
blueprint for accelerated drug development against newly emerging mononegaviruses 
of pandemic threat. Although in silico drug discovery has yet to deliver proof-of-concept, 
recent advances in arti"cial intelligence (AI) assisted in silico drug design (84, 85) may 
accelerate future hit identi"cation and lead development.
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2.3 Research Topic: NiV 

2.3.1 Characterization of the Three-way Interplay Between Nipah Virus Phosphoprotein X-

domain, the Polymerase, N-tail, and the N-core 
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A three-way interface of the Nipah virus phosphoprotein 
X-domain coordinates polymerase movement along the 
viral genome
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ABSTRACT Nipah virus (NiV) is a highly pathogenic paramyxovirus causing frequently 
lethal encephalitis in humans. The NiV genome is encapsidated by the nucleocapsid 
(N) protein. RNA synthesis is mediated by the viral RNA-dependent RNA polymerase 
(RdRP), consisting of the polymerase (L) protein complexed with the homo-tetrameric 
phosphoprotein (P). The advance of the polymerase along its template requires iterative 
dissolution and reformation of transient interactions between P and N protomers in a 
highly regulated process that remains poorly understood. This study applied functional 
and biochemical NiV polymerase assays to the problem. We mapped three distinct 
protein interfaces on the C-terminal P-X domain (P-XD), which form a triangular prism 
and engage L, the C-terminal N tail, and the globular N core, respectively. Transcomple­
mentation assays using NiV L and N-tail binding-de"cient mutants revealed that only 
one XD of a P tetramer binds to L, whereas three must be available for N-binding 
for e!cient polymerase activity. The dissolution of the N-tail complex with P-XD was 
coordinated by a transient interaction between N-core and the α−1/2 face of this XD 
but not unoccupied XDs of the P tetramer, creating a timer for coordinated polymerase 
advance.

IMPORTANCE Mononegaviruses comprise major human pathogens such as the Ebola 
virus, rabies virus, respiratory syncytial virus, measles virus, and Nipah virus (NiV). For 
replication and transcription, their polymerase complexes must negotiate a protein-
encapsidated RNA genome, which requires the highly coordinated continuous formation 
and resolution of protein-protein interfaces as the polymerase advances along the 
template. The viral P protein assumes a central role in this process, but the molecu­
lar mechanism of ensuring polymerase mobility is poorly understood. Studying NiV 
polymerase complexes, we applied functional and biochemical assays to map three 
distinct interfaces in the NiV P XD and identi"ed transient interactions between XD and 
the nucleocapsid core as instrumental in coordinating polymerase advance. These results 
de"ne a conserved molecular principle regulating paramyxovirus polymerase dynamics 
and illuminate a promising druggable target for the structure-guided development of 
broad-spectrum polymerase inhibitors.

KEYWORDS paramyxovirus, Nipah virus, phosphoprotein, nucleocapsid, polymerase

N ipah virus (NiV) is an emerging zoonotic paramyxovirus in the henipavirus genus 
that is found primarily in Southeast Asia (1, 2). NiV was "rst identi"ed in a 

1998–1999 outbreak involving farmed pigs and hog farm workers in Malaysia and has 
since reemerged in nearly yearly outbreaks in other geographical areas, predominantly 
Bangladesh and India (3–6). Classi"ed as a biosafety level 4 pathogen, NiV causes 
encephalitis in humans with case fatality rates ranging between 40% and 90% (1, 3, 7, 8). 
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No approved vaccines or antivirals for NiV prophylaxis or disease management currently 
exist (9, 10), highlighting an urgent unmet medical need that makes the identi!ca-
tion of novel druggable target sites a priority.

NiV contains a non-segmented, negative-sense single-stranded RNA genome that 
consists of approximately 18 kilobases (11, 12). The N protein is composed of two 
domains, a mostly globular N-core that encapsidates the viral RNA and interacts 
with neighboring N protomers in the helical ribonucleoprotein (RNP) assembly, and 
an intrinsically disordered N-tail domain that protrudes from the RNP (13–17). Only 
encapsidated genomic and antigenomic RNA is recognized by the P-L RNA-depend­
ent RNA polymerase (RdRP) complex as a template for RNA synthesis (13, 18–20). All 
enzymatic activities reside in the L protein, whereas the P homo-tetramer functions as 
an obligatory molecular chaperone that ensures proper folding of L and tethers the 
polymerase to its template through protein-protein interactions with both L and N (20–
22).

All paramyxovirus P proteins feature a three-domain architecture, consisting of a 
structurally largely disordered N-terminal domain (NTD, NiV residues 1–469), an α-helical 
oligomerization domain (OD, NiV residues 470–578) (23), and the C-terminal XD (NiV 
residues 660–709; Fig. 1A). The OD and XD are separated by a disordered "exible linker 
region (23). The N-terminus of all P proteins can interact with newly synthesized free 
N proteins, forming No-P complexes that prevent premature N polymerization and/or 
unproductive random encapsidation of host cell RNAs (24–26). Each XD consists of three 
short α-helices that form an antiparallel three-helix bundle, arranged as a triangular 
prism (27, 28), which serves as a three-way protein-protein interaction interface (Fig. 
1B) (22, 29). The face between α-helixes 1 and 3 engages with L through electrostatic, 
hydrophobic, and hydrogen bond interactions (30). In measles virus (MeV), L binding 
by XD has been biochemically mapped (22), and L-P structures were solved for parain­
"uenza virus 5 (PIV5), Newcastle disease virus, parain"uenzavirus type 3, and recently, 
a partial NiV structure that con!rmed contacts between the α−1/3 face and L near 
the nucleoside triphosphate (NTP) entry site (30–33). The α−2/3 face interacts with a 
molecular recognition element (MoRE) in N-tail, triggering the folding of MoRE into 
an α-helix that binds to XD mainly through hydrophobic interactions (28, 34–39). This 
P-XD N-MoRE interaction must be transient to allow polymerase mobility along the 
RNP template, requiring continuous dissolution and reengagement with downstream 
N-MoREs. However, little is known about the molecular regulator that synchronizes 
resolve of the XD-MoRE interface with polymerase activity.

In contrast to the well-studied α−1/3 and α−2/3 faces, the biological role of the third 
XD side, α−1/2, is poorly de!ned. Applying a viral evolution approach to identify 
candidate binding partners for morbillivirus P-XD α−1/2, we recently demonstrated an 
interaction of this face with an acidic loop exposed on the surface of N-core, prompting 
us to hypothesize that this transient contact triggers the release of MoRE from the XD 
α−2/3 face, possibly functioning as the timer for dissolution of the P-XD N-MoRE 
interaction (29). The resulting iterative binding and release of N-tail by P-XD is thought to 
ensure polymerase mobility and stabilize the interaction between RdRP and the 
template, reducing the risk of premature chain termination (40).

In the present study, we have experimentally tested this hypothesis through func­
tional and biochemical mapping of the three distinct interfaces of NiV P-XD. Having 
identi!ed and mechanistically validated key residues essential to polymerase bioactivity 
and, P-XD interaction with L, N-MoRE, and N-core, we employed functional transcomple­
mentation assays that revealed that paramyxovirus N-MoRE release from P-XD is 
triggered by reorganization of the unstructured N-tail and transient contact of the P-XD 
α−1/2 face with N-core. These data provide mechanistic insight into the NiV replication 
machinery, demonstrate that the P-XD faces are functionally conserved across the 
paramyxovirus family, and highlight a promising druggable target site.
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RESULTS

To probe the individual faces of the NiV XD prism biochemically, we identi!ed residues 
for directed mutagenesis that were predicted to engage in the distinct protein-protein 
interfaces based on the structure of the NiV P-XD N-MoRE complex (PDB: 7pno) and 
NiV P-XD L interaction homology models build with the coordinates released for PIV5 
(PDB: 6v86) and HeV P-XD (PDB: 4heo). The e"ect of each candidate mutant on Nipah 
polymerase bioactivity and P binding e#ciency to L or N was evaluated using minige­
nome (MG) and co-immunoprecipitation (coIP) assays, respectively.

FIG 1 Probing the N-MoRE binding interface of NiV P-XD. (A) 2D-schematic of NiV P NTD (residues 1–469), OD (residues 470–578); and X domain (XD; residues 

660–709). (B) XD forms a triangular prism with two distinct faces that interact with L (α−1/3 helix) and N-MoRE (α−2/3 helix), and a third face that is predicted to 

interact with N-core (α−1/2 helix). A negative charge was introduced at position 697 (I697D) in the hydrophobic core of XD to disrupt the overall conformation 

of XD. (C) Localization of all residues subjected to mutagenesis in a homology model of NiV P-XD (PDB: 4heo). Substituted side chains are shown as sticks and 

color-coded to match minigenome (MG) assay graphs. (D) MG assays of N-MoRE binding-defective candidates. (E) MG activity pro!les of NiV P-WT and candidate 

N-MoRE binding-de!cient mutants. Symbols represent means of independent biological repeats (n = 3), error bars denoting SD. (F and G) Immunoblots of 

whole-cell lysates (WCL) and immunoprecipitates (IP) of P-CTD and full-length P mutants predicted to be de!cient in N-MoRE binding to NiV N (F) and L 

(G), respectively. NiV P-CTD, NiV P, and NiV N were detected with speci!c antibodies directed against the FLAG, HA, and HIS6 epitopes, respectively. NiV 

L was FLAG epitope-tagged; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Co-immunoprecipitation (coIP) e#ciency 

was determined by densitometry. (H) Surface homology model of NiV P-XD (PDB: 4heo) showing the location of α−2 residues that, when mutated, impact 

polymerase bioactivity and the P:N interaction. (I) NiV P-XD structure showing the spatial orientation of L677, E680, Y684, and A688 in complex with NiV N-MoRE 

(PDB: 7pno). NiV P-XD (gray) and N-MoRE (pink). Bars represent means of biological repeats ± SD, and symbols show individual experiments. N numbers are 

shown. Analysis with one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons post-hoc test, comparing mean P mutant bioactivity to that of 

wild-type P.
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Residues in P-XD α-helix 2 are critical for the interaction with N-MoRE

We !rst generated a series of charge-introducing or reversing mutants in P-XD α−2 and 
α−3 residues that are predicted to a"ect interaction with N-MoRE (Fig. 1C). MG assays 
identi!ed three substitutions in P α−2, L677R, E680R, and Y684R, and one in a loop 
connecting P α−2 and α−3, A688R (38), that completely abolished or greatly reduced 
bioactivity, respectively (Fig. 1D). Previously, we have demonstrated that introducing a 
charge within the hydrophobic core of related MeV P-XD alters the global conformation 
of this domain, eliminating all bioactivity (22). To generate a reference construct with 
bio-inactive P-XD, we introduced an analogous I697D substitution into the hydrophobic 
core (Fig. 1B) of NiV XD.

Standard conditions for MG assay were a relative P:N:L plasmid ratio of 1:1:1. To 
test whether di"erences in activity are due to di"erent optimal ratios of the mutant 
plasmids compared to the parental constructs, we generated MG activity pro!les testing 
di"erent relative ratios, ranging from 0.4:1:1 to 2:1:1, of the plasmid encoding wild-type 
P or the candidate N-MoRE binding-de!cient mutants relative to the N- and L-encoding 
plasmids. Reduction of the relative amount of NiV P plasmid below parity with the N 
and L plasmids resulted in a steep decline in bioactivity (Fig. 1E), but none of the mutant 
P plasmids showed a relative activity maximum distinct from that of wild-type P. These 
results demonstrate that the NiV MG system is highly sensitive to changes in the relative 
ratios of the helper plasmids. However, reduced bioactivity of the mutant P plasmids 
tested did not re#ect an altered relative ratio activity peak but indicated a true loss of 
function.

To compare the relative a$nity of the di"erent P-XD mutant candidates for N-MoRE, 
we generated N-terminally truncated P-CTD constructs that were unable to engage N 
in NoP complexes through the interaction of the P N-terminal domain with monomeric 
N. Each candidate mutant, including the P-I697D control, signi!cantly reduced P:N-MoRE 
coIP e$ciency (Fig. 1F; Fig. S1 in Supplementary File 1). Lower signal intensities of 
unchanged P-CTD and N in whole-cell lysate samples are likely a consequence of the 
more e$cient interaction between these P-CTD and N proteins, which may enhance the 
probability of N-P-CTD aggregate formation. This phenotype appears to be a feature 
of the truncated P-CTD construct. To validate that the candidate mutations speci!cally 
disturbed the P-XD N-MoRE interface rather than globally disrupting XD conformation, 
we examined in parallel the coIP e$ciency of full-length Ps with NiV L. For all of these 
experiments, a truncated NiV L1763 construct was used (41) that lacks the methyltrans­
ferase (MTase) and C-terminal domains and is less prone to spontaneous formation of 
aggregates. P-L coIP e$ciency of the P-I697D reference construct was reduced by over 
80%, indicating the impact of overall P-XD misfolding (Fig. 1G; Fig. S2). Compared to 
wild-type, P-L677R and -E680R fully maintained the ability to interact with L, whereas 
the e$ciency of L interaction with P-Y684R and -A688R was reduced by nearly 50% 
(Fig. 1G; Fig. S2). By comparison, all candidate mutations predicted to speci!cally a"ect 
the MoRE-binding face of NiV P-XD maintained relative L binding-competence of at 
least 50% that of standard P, con!rming basic folding competence of the mutated XD 
domains. When we located these residues in a model derived from the coordinates 
released for the NiV P-XD:N-MoRE complex (PDB: 7pno), they formed one continuous 
interface on XD (Fig. 1H) in an orientation expected to physically contact N-MoRE (Fig. 1I).

The α-1/3 face of P-XD mediates interaction with NiV L

Having identi!ed residues responsible for the interaction of P-XD with N-MoRE, we 
next probed the NiV P-XD α−1/3 face (Fig. 2A) in search of residues that engage L. In 
MG assays, we shortlisted six residues of 11 candidates that, when mutated, decreased 
polymerase activity below 40% that of wild-type P (Fig. 2B). Substitutions P-S660R, 
-V663R, and -L667 in α-helix 1 abolished, and P-T670R signi!cantly reduced, polymer­
ase activity. Two additional mutants, P-N702A and -D706R, located in α-helix 3 highly 
reduced P-L bioactivity. MG activity pro!les generated for six candidates con!rmed that 
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reduced polymerase performance again was not due to altered optimal plasmid ratios 
but re!ected an absolute loss of bioactivity (Fig. 2C).

Four of these six candidates, P-S660R, -V663R, -L677R, and -N702A, showed decreased 
binding to NiV L in coIP (Fig. 2D; Fig. S3 to S5). However, each retained their ability 
to bind N-MoRE at a relative level equivalent to that of wild-type P (Fig. 2E; Fig. S6), 
suggesting that these four residues de"ne a microdomain on the P-XD α−1/3 face 

FIG 2 Identi"cation of an L binding microdomain in NiV P-XD. (A) Surface model of the α−1/3 face of NiV P-XD with 

candidate L binding residues subjected to mutagenesis labeled (PDB: 4heo). Substituted side chains are shown as sticks and 

color-coded to matching graphs. (B) Mean RdRP bioactivity of potential L binding mutants. (C) Candidate L binding mutant 

MG activity pro"les. Symbols represent means of three independent experiments ± SD. (D and E) Biochemical assessment of 

the interaction of candidate L binding mutants with NiV N. WCL and coIP immunoblots of candidate full-length P mutants and 

NiV L1763 (D), and P-CTD mutants and NiV N (E). Antibody detection and densitometry as described in Fig. 1. (F) Homology 

model of NiV P-XD interacting with NiV L based on the PIV5 structure (PDB: 6v86), showing the spatial orientation of NiV P 

S660, V663, L667, and N702 in relation to L. XD (gray), RdRP domain (light blue), PRNTase domain (green), connector domain 

(yellow), MTase domain (orange), and CT domain (red). Bars represent means ± SD, and symbols show individual experiments; 

N numbers are shown. Analysis with one-way ANOVA with Dunnett’s multiple comparisons post-hoc test, comparing mean P 

mutant bioactivity to that of wild-type P.
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that engages NiV L. These experimental results are fully consistent with the position of 
P-S660R, -V663R, -L677R, and -N702A predicted by the NiV P-XD:L homology model that 
we generated based on the PIV5 L-P (PDB: 6v86) complex (Fig. 2F).

Substitutions to residues in P-XD α-1 helix impair polymerase bioactivity

In previous work, we proposed that morbillivirus P-XD, when bound to N-MoRE, forms 
a transient interface with an acidic loop in N-core (29), which triggers resolution of 
the N-MoRE interaction with P-XD, allowing the polymerase to advance along the 
RNP template. To explore whether this putative interface is conserved across di!erent 
paramyxovirus genera, we mutated multiple residues along the α−1/2 face of NiV P-XD 
(Fig. 3A) and characterized consequences for polymerase bioactivity. Three substitutions, 
P-D662I, -K665D, and -R669S, which form a cluster on α helix 1 of XD (Fig. 3A), reduced 
polymerase bioactivity pro"les below 50% in minigenome assays (Fig. 3B and C).

The morbillivirus model suggests that mutations disrupting the P-XD α−1/2 face 
should not a!ect P interaction with L and N-MoRE in coIP. All three candidate N-core 
binders indeed interacted e#ciently with NiV L and N-MoRE (Fig. 3D; Fig. S7A through C). 
Whereas the coIP e#ciency of P-D662I and N-MoRE was statistically indistinguishable 
from that of wild-type P, P-K665D and P-R669S even showed a statistically signi"cant 
increase in coIP e#ciency (Fig. 3E; Fig. S7D through F). This increase may re$ect an 
impaired P-XD N-core-driven release mechanism of the P-XD N-MoRE interaction.

Transcomplementation minigenome assays demonstrate that L binding and 
N-core binding functionalities of NiV P-XD are attributed to distinct XDs in 
the P tetramer

To evaluate whether the distinct P-XD functionalities are provided by di!erent XD 
moieties in a P tetramer or functionally coupled, we tested combinations of the di!erent 
loss-of-function mutants in transcomplementation minigenome assays. When plasmids 
encoding distinct P mutants, M1 and M2, were co-transfected at a 4:1 ratio, cells were 
expected, based on mathematical modeling developed in our previous work (22), to 
produce tetramer species consisting of approximately 40% 4 M1/0 M2, 40% 3 M1/1 M2, 
slightly less than 20% of 2 M1/2 M2, and very low amounts of 1 M1/3 M2 and 0 M1/4 M2. 
These species distributions assume free homo- and heterotypic mixing of M1 and M2. 
Using P-A688R as a representative N-MoRE binding-de"cient and L binding-competent 
mutant, we explored transcomplementation of all L binding-de"cient mutants with P-
A688R at a 4:1 and 1:4 ratio (Fig. 4A; Table 1). The bioactivity of each L binding-de"cient 
mutant increased signi"cantly when transcomplemented with P-A688R at a 4:1 ratio. In 
the reverse experiment, a plasmid ratio of 1:4 resulted in a signi"cant reduction in 
bioactivity compared to the 4:1 ratio (Fig. 4A) and to wild-type P (Table 1).

These data suggest that wild-type-like bioactivity requires P tetramers with multiple 
XDs capable of binding to N-MoRE and at least one XD able to engage L. Transcomple­
mentation of L-binding de"cient P-S660R with the three other N-MoRE binding-de"cient 
mutants, P-L677R, -E680R, and -Y684R at a 4:1 signi"cantly restored bioactivity (Fig. 4B). 
When we enriched the relative subpopulations of 3 M11M2 or 1 M13M2 tetramers by 
increasing the ratios of the di!erent mutant populations to an extreme 10:1 and 1:10, 
bioactivities of all trans-complemented mutants decreased signi"cantly below that of 
wild-type P but the P-V663R:A688R (10:1) transcomplementation pair (Fig. 4C). This 
reduction in bioactivity was greatest when subpopulations were enriched for L-binding 
competent P-XD, suggesting that more P-XD in a P tetramer must be N-binding than L-
binding competent for optimal bioactivity.

Having established the transcomplementation of NiV P L binding and N-MoRE 
binding functionalities, we next expanded the approach to N-core binding-de"cient 
mutants. L binding-de"cient P-S660R e#ciently transcomplemented with N-core 
defective P-D662I and R669S at a 4:1 ratio (Fig. 4D). Bioactivity of either combination was 
signi"cantly greater than that of the respective N-core binding-de"cient mutant alone, 
and the combination of P-S660R with P-R669S speci"cally returned polymerase function 
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to near wild-type level. In contrast, P-K665D was unable to transcomplement with P-
S660R despite e!cient physical binding to L and N-MoRE. The P-K665D substitution may 
prevent productive interaction with either one or both binding partners through 
secondary structural e"ects that impede bioactivity but not physical contact. E!cient 
transcomplementation of P-S660R with P-D662I and R669S established proof-of-concept 
that L- and N-core-binding capacities of P-XD can be provided in trans, indicating that 
the interaction of P-XD with N-core is not required to dissolve XD complexes with L.

The P-XD engaging N-MoRE must be N-core binding competent

No appreciable transcomplementation occurred, however, when we explored uncou­
pling P-XD N-MoRE binding and N-core binding functionalities, combining N-core 

FIG 3 Evidence for an N-core interacting face in P-XD. (A) All residue substitutions were evaluated along the outer α−1/2 face of NiV P-XD model (PDB: 

4heo). Substituted side chains are shown as sticks and color coded to match graphs. (B) Assessment of prospective N-core interacting mutants by MG assays. 

(C) Bioactivity pro#les of candidate N-core binding mutants. Symbols represent means of three independent biological repeats ± SD. (D and E) Relative coIP 

e!ciency showing immunoblots (WCL and IP) and densitometry quanti#cation. Interaction between candidate full-length P mutants and NiV L1763 (D), and 

P-CTD mutants and NiV N (E). Antibody detection and densitometry as described in Fig. 1. Bars represent means ± SD, and symbols show individual experiments; 

N numbers are shown. Analysis with one-way ANOVA with Dunnett’s multiple comparisons post-hoc test, comparing mean P mutant bioactivity to that of 

wild-type P.
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FIG 4 Transcomplementation of L, N-MoRE, and N-core binding-de!cient mutants. (A) Bioactivity of L binding-de!cient mutants and P-A688R, a representative 

N-MoRE binding-de!cient mutant, when transcomplemented at a 4:1 and 1:4 relative plasmid ratio. (B) Bioactivity of a representative L binding-de!cient mutant, 

P-S660R, and additional N-MoRE binding-de!cient constructs at a 4:1 ratio. (C) L binding-de!cient mutants with N-MoRE binding-de!cient P-A688R at a 10:1 

and 1:10 ratio. (D) L binding-de!cient P-S660R transcomplemented with N-core binding-de!cient mutants at a 4:1 ratio. P-I697D was included in (A and C) as 

a reference for unspeci!c global XD disruption. In all panels, relevant homotypic mutant P bioactivities were included for statistical analysis. Schematic below 

graphs represent the dominant mixed P tetramer population that is competent (+) or incompetent (−) to bind L, N-MoRE, or N-core, respectively. Bars represent 

means ± SD, and symbols show individual experiments; N numbers are shown. Analysis with one-way ANOVA with Dunnet’s (when comparing to P-WT) or 

Tukey’s (when comparing to homotypic mutants) multiple comparisons post-hoc test, comparing mean mutant P bioactivity to that of wild-type P.
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binding-de!cient mutants P-D662I, -K665D, and -R669S with N-MoRE-defective P-A688R 
at both 4:1 and 1:4 ratios (Fig. 5A). The placement of P-XD N-core and N-MoRE binding 
capabilities in cis complementation groups indicates that an individual P-XD must be 
capable to simultaneously interact with N-MoRE and N-core for polymerase bioactivity.

To further probe for direct mechanistic links between the three faces of the NiV P-XD 
moiety, we introduced double substitutions in XD to generate a family of NiV P proteins 
that are competent only for one of the three interactions, binding to L (N-MoRE and 
-core null; P-D662I A688R), N-MoRE (L and N-core null; P-S660R D662I), or N-core (L 
and N-MoRE null; P-S660R A688R). CoIP analyses con!rmed that the resulting N-MoRE 
and -core null and L and N-core null double mutations were mostly unchanged in their 
ability to interact with L and N-MoRE, respectively, compared to the corresponding single 
mutants (Fig. 5B and C; Fig. S8 and S9). We did notice, however, an additional decrease 
in the L binding e"ciency of the P-S660R + A688R mutant compared to P-S660R alone 
(Fig. 5B; Fig. S9). When tested in MG assays, none of the combinations in which N-MoRE 
and N-core binding competence were provided in trans showed any signi!cant increase 
in bioactivity over the individual plasmids transfected alone, con!rming that these 
functionalities must be present on the same XD moiety (Fig. 5D). Underscoring the 
importance of the transient interaction of XD with N-core, a P tetramer is not bioactive 
when all of its XDs can interact with N-MoRE, but none can engage N-core (Fig. 5E). 
However, we detected e"cient transcomplementation of XDs lacking both N-MoRE and 
N-core binding competence with an L binding-de!cient XD, represented by P-S660R (Fig. 
5F). These results demonstrate that the P-XD to L interface is not regulated by N-core 
binding, but polymerase activity depends on N-core binding competence of the XD 
moieties physically engaging N-MoRE.

DISCUSSION

To access their template, mononegavirus polymerases must temporarily induce local 
release of the encapsidated RNA from the RNP, which requires coordinated protein-
protein interactions between the RdRP complex and the N protein assembly (28, 34, 
35, 38, 39). Continuous release and reformation of these interactions are required to 
ensure polymerase mobility along the template. Induced interactions between P-XD 
and N-MoRE located in the exposed N-tails were identi!ed in di#erent paramyxoviruses 
(22, 28, 29, 34, 35, 38, 39, 42), and a cartwheeling model of iterative P-XD to N-MoRE 
binding and release was proposed early that assumes that the di#erent XD moieties of 
a P tetramer are at distinct stages of interaction with, and separation from, N-MoRE at 
any point in time (37, 43). Subsequently, we demonstrated that a distinct P-XD face docks 
to L in the P-L polymerase complexes (22), which was con!rmed by structural studies 
(30–32). Using recombinant viruses with engineered shortened N tails, we discovered 

TABLE 1 Statistical analysis of L-binding-de!cient mutant transcomplementations with A688Ra

NiV P

Ratio P1:P2 P-WT A688R

4:1 S660R:A688R <0.0001 <0.0001
V663R:A688R 0.0163 <0.0001
L667R:A688R 0.0314 <0.0001
I697D:A688R <0.0001 >0.9999
N702A:A688R 0.9854 <0.0001

1:4 S660R:A688R <0.0001 0.3827
V663R:A688R <0.0001 0.0064
L667R:A688R <0.0001 <0.0001
I697D:A688R <0.0001 >0.9999
N702A:A688R <0.0001 0.0469

aAnalysis of data from Fig. 4A comparing the homotypic bioactivity of (i) P-WT and (ii) A688R to transcomplemen­
ted mutants at a 4:1 and 1:4 ratio. Analysis with one-way ANOVA with Dunnet’s (when comparing to P-WT) or 
Tukey’s [when comparing to homotypic mutant(s)] multiple comparisons post-hoc tests. Table shows P-values; 
gray shading indicates P-values < 0.05.
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FIG 5 Double mutant transcomplementation. (A) N-core binding-de!cient mutants and N-MoRE binding-de!cient P-A688R 

at a 4:1 and 1:4 ratio. (B and C) CoIP e"ciency of double binding-de!cient mutants. WCL and IP immunoblots are shown for 

full-length P double mutants and NiV L1763 (B), and P-CTD double mutants and NiV N (C). Antibody detection and densi­

tometry as described in Fig. 1. (D) Transcomplementation of (i) an L/N-MoRE binding-de!cient double mutant and N-core 

binding-de!cient P-D662I (4:1 and 1:4 ratio) and (ii) N-core/L binding-de!cient double mutants and N-MoRE binding-de!cient 

P-A688R at a 4:1 ratio. (E) Transcomplementation of L/N-core binding-de!cient double mutant with N-core binding-de!cient 

P-D662I at a 4:1 and 1:4 ratio. (F) Transcomplementation of L binding-de!cient P-S660R and N-core/MoRE binding-de!cient 

double mutants at a 4:1 ratio. In A–C, relative bioactivities and coIP e"ciencies of selected single P mutants determined in

(Continued on next page)

Full-Length Text Journal of Virology

Month XXXX  Volume 0  Issue 0 10.1128/jvi.00986-2410

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/j
vi

 o
n 

04
 S

ep
te

m
be

r 2
02

4 
by

 1
31

.9
6.

21
7.

48
.



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 165 

that the third P-XD face transiently engages N-core in the RNP assembly (29), but the 
relevance of this interaction beyond members of the morbillivirus genus and its role 
relative to the other P-XD functionalities was unknown. Advancing our insight into the 
regulation of the paramyxovirus polymerase complex, the present study supports three 
major conclusions:

1. Three-way interactions of P-XD with L, N-MoRE, and N-core are not unique to the 
morbilliviruses but a conserved feature of several, and presumably all, paramyxovi­
rus genera. We demonstrated through an array of coIP and functional assays that 
henipavirus P-XD moieties have three distinct functionalities that are attributed 
to the three di!erent faces of the triangular prism fold (35) of paramyxovirus XD. 
Applying structure-guided mutagenesis to the NiV P-XD problem, we identi"ed 
for each XD face a set of residues that, when mutated, a!ect a speci"c protein-
protein interaction while leaving the other functionalities intact, indicating that 
the overall folding geometry of XD was uncompromised. However, the bioactivity 
of the corresponding mutant polymerase complex was a!ected by any of these 
changes, con"rming that each XD functionality is essential for polymerase activity. 
Speci"cally, we noted a complete lack of MG activity in the presence of mutations 
located in the N-MoRE and L binding face of P-XD, whereas changes in the 
face interacting with N-core resulted in residual bioactivity of approximately 30% 
that of unchanged P-L. This di!erence in e!ect size likely re#ects low-frequency 
spontaneous release of P-XD from N-MoRE without the trigger provided by the 
N-core binding face under minireplicon conditions. We expect that spontaneous 
release is insu$cient to sustain virus replication since all three XD faces are highly 
conserved in the family (22, 28, 38).

2. P-XD interaction with N-MoRE/N-core and L is essential but must involve distinct 
P-XD moieties in the P tetramer. Mutations a!ecting P-XD L binding competence 
and either interaction with N-MoRE or N-core can be complemented in trans in 
minigenome assays, indicating that they can reside on distinct XD moieties of 
the NiV P tetramer. This "nding is consistent with our previous observation that 
the interaction of morbillivirus P-XD with N-MoRE or L is mutually exclusive (22). 
Although the experimental set-up of the NiV MG system did not allow engineering 
of the P tetramer composition equivalent to what we applied to the morbillivirus 
system, we propose based on the conservation of all XD faces that also NiV P-XD 
moieties can engage with either N-MoRE or L but not with both simultaneously. 
Likely, this feature of P interaction with L or N is conserved throughout the 
paramyxovirus family.

3. P-XD N-MoRE and N-core binding capabilities must be located on the same 
physical XD moieties and cannot be complemented in trans. Our NiV MG 
complementation studies provide compelling support that, in contrast to the 
alternative interactions with N-MoRE or L, XD N-core and N-MoRE binding 
functionalities are mechanistically linked and must be present on the same 
XD unit for polymerase bioactivity. This "nding is consistent with a model 
of controlled paramyxovirus polymerase movement along the encapsidated 
template that involves periodic contraction of the unstructured N-tails (39), 
bringing the P-XD bound to N-MoRE into close proximity to N-core (Fig. 6). In 
the morbillivirus genus, this reorganization of the N-tail positions a basic patch 
on the α−1/2 face of the XD:N-MoRE four-helix bundle in contact with an acidic 

FIG 5 (Continued)

Fig. 1 to 3 were included to facilitate direct comparison. Schematics below graphs as described in Fig. 4. Bars represent means 

± SD, and symbols show individual experiments; N numbers are shown. Analysis with one-way ANOVA with Dunnet’s (when 

comparing to P-WT) or Tukey’s (when comparing to homotypic mutants) multiple comparisons post-hoc test, comparing 

mean P mutant bioactivity to that of wild-type P.
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loop located in the N-core (29). Analogous crosstalk between the free α−1/2 XD 
face of the NiV P-XD/N-MoRE complex and N-core may function as a trigger to 
dissolve the complex, creating a timer for the RdRP to regain mobility and advance 
along the template that is conserved across polymerases of the paramyxovirus 
family. For the e!ective release of a bound N-MoRE, the P-XD:N-MoRE complex 
must contact N-core since these functionalities cannot be complemented in trans. 
Likely, cross-talk between P-XD and N-core temporarily lowers the XD binding 
a"nity for N-MoRE, possibly by inducing a transient structural reorganization 
in XD. Once N-MoRE has been released, the XD is free to return to its original 
con#guration and reengage with the MoRE of a downstream N protomer.

In MeV, only a single XD moiety of a P tetramer must be L binding-competent, and 
engineered P complexes with such a single L-competent XD con#guration in fact 
enhanced overall polymerase activity in MG assays. This #nding was interpreted to 
suggest periodic release of the morbillivirus P-XD:L interaction, which requires reorder­
ing of the tetramer when more than a single XD competes for binding to L (22). Our 
study reveals that an analogous principle applies to the NiV polymerase complex since P 
tetramers enriched for single L-competent XDs supported high polymerase activity, 
whereas reversal of the relative P mutant ratios resulted in a steep decline in activity. 
Previously, it was unclear, however, whether the cross-talk between P-XD and N-core is 
required to induce XD release from L or N-MoRE. Using the N-core-de#cient NiV P-D662I 
and P-R669S mutants in transcomplementation assays, we now demonstrate that XD 
interaction and release of L occur spontaneously and independent of XD cross-talk with 
N-core, whereas N-MoRE release is directly linked to XD engaging N-core. These #ndings 
advance the mechanistic understanding of molecular determinants controlling paramyx­
ovirus polymerase processivity and identify novel druggable target sites for the struc­
ture-guided identi#cation of non-competitive next-generation paramyxovirus 
polymerase inhibitors.

MATERIALS AND METHODS

Study design

Cells were used as an in vitro model to identify and characterize interactions between 
Nipah phosphoprotein XD and Nipah N-MoRE, Nipah L, and Nipah N-core. Minigenome 
assays were performed to assess how mutations of di!erent residues within the P-XD 
a!ect polymerase bioactivity. Co-immunoprecipitations and western blots were 
conducted to assess the biochemistry of these distinct mutations, speci#cally the impact 
each mutation has on protein-protein interactions between P and L protein or P and N 
protein.

Cells

Baby hamster kidney (BHK) cells, BHK-21 (C-13, ATCC), and stably expressing T7 (BHKT7) 
polymerase were cultured in Dulbecco’s Modi#ed Eagle Medium (DMEM) supplemented 
with 7.5% heat-inactivated fetal bovine serum (FBS) and maintained in 37°C in 5% CO2. 
Cells were tested frequently for mycoplasma contamination. GeneJuice (MilliporeSigma) 
was used to transiently transfect cells according to the manufacturer’s protocol.

Molecular biology

All plasmids used were under the control of a T7 promoter. To improve the NiV nanoluci­
ferase reporter signal to background ratio, a nanoluciferase-PEST (proline-glutamic acid-
serine-threonine) reporter was used in all minigenome assays. Point mutations within 
the XD of NiV P (NCBI reference sequence: NP_112022) were introduced by site-directed 
PCR mutagenesis. For biochemical assays, an N-terminus 2× hemagglutinin (HA)-tag was 
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added to NiV P by PCR and re-ligated at a MluI site introduced through non-coding 
mutations within the HA sequence. A truncated NiV P∆1-469 (NiV P-CTD) construct 
containing an N-terminal 3× FLAG-tag was generated by PCR and re-ligated at an EcoRV 
site. NiV N was constructed to contain a C-terminal 6× HIS-tag that was directly added by 
PCR. A previously described (41) truncated NiV L protein with a C-terminal 3 × FLAG tag, 
which remains folding competent but is absent of the methyltransferase (MTase) and C-
terminal domain, was generated by PCR and re-ligation at an added EcoRV restriction 
site. All constructs generated were validated by Sanger sequencing.

Minigenome reporter assays

Cells were seeded in 96-well plates (7,500 cells/well) in 50 µL of DMEM (7.5% FBS). To 
assess the bioactivity of each mutant, multiple technical repeats were performed for 
each biological repeat, and cells were transfected with either NiV P wild-type or mutant 
(0.1 µg), NiV N (0.1 µg), NiV L (0.1 µg), and NiV nanoluciferase reporter (0.2 µg). All 
negative controls had NiV L replaced by an empty vector, pUC-19 (0.1 µg). In all trans 
complementation experiments, the total amount of NiV P was maintained at 0.1 µg. 
Nanoluciferase activity was quanti!ed 40 hours post-transfection by adding Nano-Glo 
Luciferase Assay Substrate (Promega) to each well and measuring luciferase activity 
using a Synergy H1 microplate reader (BioTek). Relative RdRP activities were expressed as 
a percentage of activity in the presence of wild-type NiV P determined by the percentage 
of relative activity = [(SignalSample – SignalMinimum)/(SignalMaximum – SignalMinimum)] ×
100. SignalMaximum was determined by cells that had been transfected with wild-type 

FIG 6 Mechanistic hypothesis of P-XD:N-MoRE interaction with N-core. (A) NiV P functions as a cofactor tethering NiV L to the 

RNP template. A single XD of the P tetramer interacts with NiV L near the NTP entry site, and the remaining XDs are in di"erent 

stages of N-MoRE binding on adjacent N-tails. NiV P (blue) with XD labeled. NiV N (gray) with MoRE (lime green). L protein 

RdRP domain (blue), polyribonucleotidyltransferase (PRNTase) domain (green), connector domain (yellow), methyltransferase 

(MTase) domain (orange), and C-terminal domain (CTD; red). For clarity, only two of the four XDs of the P tetramer are shown. 

(B) N-tail refolding brings the α−1/2 face of the P-XD:N-MoRE complex into proximity of N-core. (C) Interaction between 

XD:N-MoRE and N-core transiently interrupts the conformation of XD, releasing N-MoRE. (D) The released P-XD subsequently 

binds to the MoRE of an N-tail of a downstream N protomers, allowing movement of the polymerase complex along the RNP 

template.
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NiV P, and SignalMinimum was determined by cells that had been transfected with an 
equal concentration of the negative control.

SDS-PAGE, immunoblotting, and densitometry

Cells were seeded in six-well plates (30,000 cells/well) in 2 mL of DMEM (7.5% FBS), 
and each well was transfected with equal concentrations of plasmid DNA to a total of 
1 µg. Mock wells were transfected with an empty vector, pUC19. Twenty-four hours post 
transfection cells were washed once in Dulbecco’s phosphate bu!ered saline followed 
by chemical lysis [50 mM HEPES (pH 7.2), 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 
and protease inhibitor (Sigma)]. Lysates were clari"ed for 30 minutes at 14,000 rpm (4°C), 
mixed 1:1 with Laemmli bu!er and then incubated for 30 minutes at 45°C. Samples 
were separated on 10% SDS-PAGE gels and semi-dry transferred to polyvinylidene 
di#ouride membranes (Thermo Scienti"c) using the Trans-Blot Turbo Transfer System 
(Bio-Rad). Immunodetection of NiV P mutants was performed using anti-HA at a 1:4,000 
dilution (Invitrogen; HA.C5), NiV P-CTD using anti-FLAG at a 1:10,000 dilution (Sigma; 
M2), NiV N using anti-HIS at a 1:4,000 dilution (ThermoFisher Scienti"c; HIS.H8), NiV L1763 
using anti-FLAG at a 1:10,000 dilution (Sigma; M2), and cellular glyceraldehyde three-
phosphate dehydrogenase at a 1:10,000 dilution (GAPDH; Sigma; G8795). Immunoblots 
were incubated in an anti-species IgG light chain-speci"c secondary antibody conjuga­
ted with horseradish peroxidase at a 1:10,000 dilution (Jackson ImmunoResearch) and 
then developed using a ChemiDoc digital imaging system (Bio-Rad). Densitometry was 
performed using Image Lab (Bio-Rad; version 6.1.0 build 7) to analyze non-saturated 
images with global background correction. Positive controls (wild-type NiV P or NiV N) 
and negative controls (an equal concentration of an empty-vector, pUC-19) were present 
on every immunoblot. There were no across-blot normalizations performed.

Co-immunoprecipitation

Clari"ed lysates were incubated with 1 µL of antibody speci"c to HA, FLAG, or HIS 
epitopes, rotated at 4°C overnight and then clari"ed for 30 minutes. Pierce Protein G 
Agarose beads (50 µL) were washed three times in 0.5 mL of cold lysis bu!er. Immune 
complexes were precipitated at 4°C, rotated for 1 hour, washed 2 times in 0.5 mL of cold 
lysis bu!er, and then resuspended in 100 µL of Laemmli bu!er. Relative co-immunopreci­
pitation e$ciencies were calculated by densitometric quanti"cation of co-precipitated 
NiV P, N, or L, normalized to the amount of protein co-precipitated by wild-type NiV 
P or wild-type NiV P-CTD, determined by the percentage of wild-type P = [(VolumeSam­

ple – VolumeMinimum)/(VolumeMaximum – VolumeMinimum)] × 100. VolumeMaximum was 
determined by cells that had been transfected with wild-type NiV P or wild-type NiV 
P-CTD, and VolumeMinimum was determined by the background volume for a particular 
sample.

Statistical analysis

All experiments performed consist of a minimum of three biological repeats. Graphi­
cal representations of experimental data show the mean of biological repeats ± SDs 
shown as error bars. One-way analysis of variance with either a Dunnet’s or Tukey’s 
post-hoc test was used to evaluate statistical signi"cance between samples. A statistical 
signi"cance level of ∝ = 0.05 was used for all experiments, and we report multiplicity-
adjusted P values for each comparison. To analyze mutant P to wild-type P bioactivity 
or coIP e$ciency, we compared the mean of each mutant with the mean of a con­
trol column (wild-type P at 100%) with Dunnett’s multiple comparisons post-hoc test. 
When analyzing mutant-to-mutant bioactivity in transcomplementation experiments, 
we compare the mean of each mutant(s) with the mean of every other mutant(s) with 
Tukey’s multiple comparisons post-hoc test. Statistical analyses were performed using 
GraphPad Prism (version 10) software.
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3. CONCLUSIONS 

 The key findings for each research topic in this dissertation are summarized in three 

separate sections. In addition, each section includes a discussion that delves into the three 

specific, related topics: 

i) Evaluating therapeutic options for treating SARS-CoV-2 (Cox et al., 2023; Cox, Wolf, 

Lieber, et al., 2021; Cox, Wolf, & Plemper, 2021; Gildemann et al., 2024; Lieber et al., 2022; 

Rhodin et al., 2024; Sourimant et al., 2022).  

ii) Secondary bacterial superinfections and the necessity for enhanced treatment 

strategies for viral infections (Cox et al., 2024). 

iii) Limitations of using high-throughput screening to identify novel antivirals NiV targets 

(Wolf & Plemper, 2024).  

3.1 Research Topic: SARS-CoV-2 

3.1.1 Summary of Key SARS-CoV-2 Findings 

This dissertation thoroughly evaluated six different therapeutic options for 

treating/preventing SARS-CoV-2 infection: i) molnupiravir, ii) Paxlovid-like 

nirmatrelvir/ritonavir, iii) GS-621763, iv) 4’-fluorouridine (4’-FlU), v) EDP-235, and vi) BioBlock. 

Each therapy varies in its potential treatment indications, benefits, drawbacks, and the ability of 

each compound to select for resistance mutations.  

i) In studies using the ferret model for asymptomatic SARS-CoV-2 infection, both 

prophylactic and therapeutic twice daily administration of molnupiravir (5mg/kg), initiated 12 

hours after infection, effectively prevented the transmission of SARS-CoV-2 between 

cohabitating ferrets (Cox et al., 2023; Cox, Wolf, Lieber, et al., 2021; Cox, Wolf, & Plemper, 
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2021; Lieber et al., 2022). Similarly, in the Roborovski dwarf hamster model, which mimics 

severe COVID-19-like lung disease, 5mg/kg of molnupiravir treatment initiated 12 hours after 

infection led to complete survival, reduced viral lung levels, and lessened lung damage 

associated with the delta, gamma, and omicron variants (Lieber et al., 2022). 

ii) In ferrets, twice daily treatment with a Paxlovid-like combination of nirmatrelvir and 

ritonavir 12 hours after infection reduced viral shedding of SARS-CoV-2 Wuhan lineage A. 

However, when administered at a dose equivalent to that used in humans (human effect size 

equivalent dose, HESED) 12 hours after infection, there was a decrease in lung viral titers, but 

transmission was not fully prevented. Increasing the dose to five times the HESED only partially 

prevented transmission, but prophylactic treatment at this higher dose successfully prevented 

transmission. In dwarf hamsters, treatment administered 12 hours post infection reduced viral 

lung titers and ensured complete survival against VOCs delta and omicron (Cox et al., 2023). 

iii) GS-621763 (10mg/kg) given twice daily, 12 hours after infection, showed therapeutic 

oral efficacy against both the Wuhan lineage A and the VOC gamma in the ferret model. 

Additionally, GS-621763 effectively prevented direct-contact transmission of VOC gamma (Cox, 

Wolf, Lieber, et al., 2021). 

iv) Once daily treatment of ferrets with 4’-FlU (20mg/kg) when initiated 12 hours after 

infection effectively reduced viral lung titers of Wuhan lineage A as well as VOCs alpha, gamma, 

and delta to undetectable levels. Although this study did not include a transmission assessment, 

the rapid reduction in viral shedding achieved with 4’-FlU suggests it is likely to prevent 

transmission as well (Cox et al., 2023; Cox, Wolf, Lieber, et al., 2021; Cox, Wolf, & Plemper, 

2021; Carolin M. Lieber & Richard K. Plemper, 2022; Rhodin et al., 2024).  
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v) In ferrets infected with SARS-CoV-2 Wuhan lineage A, treatment with EDP-235 

(200mg/kg) 12 hours after infection and administered twice daily successfully reduced viral lung 

titers and prevented transmission (Rhodin et al., 2024). 

vi) After ferrets were infected with the SARS-CoV-2 Wuhan lineage A, they received an 

intranasal spray formulation of the SARS-CoV-2 neutralizing antibody, known as BioBlock. This 

treatment began 4 hours before placing infected and uninfected ferrets together. When the 

spray was applied every 4 hours during a 12-hour co-housing period, it effectively stopped the 

virus from spreading among the ferrets (Gildemann et al., 2024). 

3.1.2 Evaluating Therapeutic Options for Treating SARS-CoV-2 

Early in the pandemic, it was highly encouraging to find that administering a twice-daily 

HESED of molnupiravir could effectively block SARS-CoV-2 transmission in infected ferrets, a 

result supported by several of our studies (Cox et al., 2023; Cox, Wolf, & Plemper, 2021; Lieber 

et al., 2022). In contrast, the Paxlovid-like combination of nirmatrelvir and ritonavir, when given 

twice daily, could only partially prevent transmission if the HESED dose was increased by 

fivefold (Cox et al., 2023). Therapeutic treatments with GS-621763 (10mg/kg) and EDP-235 

(200mg/kg) also demonstrated potent SARS-CoV-2 transmission inhibition (Cox, Wolf, Lieber, et 

al., 2021; Rhodin et al., 2024). A direct comparison of the SARS-CoV-2 protease inhibitors 

Paxlovid-like nirmatrelvir/ritonavir and EDP-235 shows that EDP-235 offers a notable 

advantage: it requires only once-daily dosing and does not require coadministration of 

ritonavir, which avoids the interactions and contraindications associated with Paxlovid (Hoertel 

et al., 2022). Based on these data, molnupiravir, GS-621763, and EDP-235 are recommended for 

preventing the transmission of SARS-CoV-2 from an infected individual to an uninfected one. 
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During the COVID-19 pandemic, household transmission significantly contributed to 

SARS-CoV-2 spread (Madewell et al., 2021). In a direct comparison of prophylactically 

administered HESEDs of molnupiravir and Paxlovid-like nirmatrelvir/ritonavir, neither drug 

effectively prevented direct-contact transmission (Cox et al., 2023). Effective prophylactic 

blockage of transmission required doses of molnupiravir and Paxlovid-like nirmatrelvir/ritonavir 

that were 4x and 5x higher than the currently recommended HESED, respectively. These 

findings align with conclusions from the EPIP-PEP (Paxlovid) and MOVe-ahead (molnupiravir) 

trials, which indicated that post-exposure prophylactic (PEP) treatment with either drug did not 

significantly reduce household SARS-CoV-2 transmission events (Alpizar et al., 2023; Mullard, 

2022).  

However, these trials relied on viral RNA copy numbers as their primary endpoint, and 

molnupiravir, which acts as a viral mutagen, reduces viral infectivity titers without a 

proportional decrease in RNA copy numbers (Cox et al., 2023; Kabinger et al., 2021; Strizki et 

al., 2023). In contrast, Paxlovid reduces both viral titers and RNA copy numbers proportionally. 

Consequently, the MOVe-ahead trial may have underestimated the PEP potential of 

molnupiravir due to this design limitation. This issue is also reflected in clinical trials that use 

SARS-CoV-2 RNA levels as a quantitative measure and claim greater efficacy for Paxlovid over 

molnupiravir, potentially missing the impact of molnupiravir-induced reductions in viral titers 

(Schilling et al., 2024). This underscores the importance of considering drug mechanisms of 

action when designing clinical trials and selecting primary endpoints.  

An alternative post-exposure prophylactic option is BioBlock, which requires only 

intranasal administration. However, BioBlock efficacy was only evaluated with administration 
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every 4 hours, so a more practical treatment regimen that requires less frequent administration 

would need further testing and may in fact require such frequent dosing in high-risk exposure 

situations (Gildemann et al., 2024). The PEP efficacy of GS-621763 and EDP-235 was not 

assessed in these studies (Cox, Wolf, Lieber, et al., 2021; Rhodin et al., 2024).   

Antiviral drug resistance poses a significant public health threat and, if not effectively 

managed, can lead to the spread of drug resistant virus (Irwin et al., 2016) similar to what was 

observed after use of adamantanes to treat influenza virus infections, which resulted in the 

global emergence of adamantane-resistant influenza A variants (Dong et al., 2015). The 

potential for viral resistance to develop against a specific compound can be evaluated in vitro 

by applying selective pressure through serial passaging of the virus in cell culture with 

progressively increasing, sub-sterilizing concentrations of the compound. It is crucial to 

thoroughly assess the genetic barrier to resistance for all SARS-CoV-2 treatments and consider 

this factor when physicians prescribe these medications. For example, Paxlovid treatment has 

selected for moderate in vitro resistance and naturally occurring SARS-CoV-2 resistance to 

Paxlovid has been detected in the population, as reported in several studies (Hu et al., 2023; 

Jochmans et al., 2023; Science, 2022a, 2022b; Zhou et al., 2022). While resistance profiling for 

4’FlU against SARS-CoV-2 has not been conducted, the moderate resistance that has been 

selected for and observed with influenza A virus in vitro (Lieber et al., 2024) suggests that SARS-

CoV-2 resistance could potentially develop, although this is not certain. 

In contrast, both molnupiravir and Remdesivir have demonstrated a high genetic barrier 

to SARS-CoV-2 infection (Hedskog et al., 2023; Strizki et al., 2024). This indicates that these 

drugs, along with GS-621763, an oral prodrug of the Remdesivir nucleoside, offer a significant 
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advantage over other SARS-CoV-2 therapies. Notably, no in vivo virus resistant mutants were 

detected in GS-621763 treated SARS-CoV-2-infected ferrets (Cox, Wolf, Lieber, et al., 2021). 

Combined treatment with Paxlovid and molnupiravir (Jeong et al., 2022) or GS-621763 may 

increase the genetic barrier to resistance mutation amplification and enhance treatment 

efficacy. Although EDP-235 and BioBlock have not been resistance profiled against SARS-CoV-2, 

EDP-235 has demonstrated activity against known SARS-CoV-2 nirmatrelvir-resistant variants 

and showed no in vivo virus resistance in EDP-235 treated ferrets (Rhodin et al., 2024). 

3.2 Research Topic: MeV and CDV 

3.2.1 Summary of Key MeV and CDV Findings 

In this study, we employed a CDV-ferret model as a surrogate for MeV infection (Cox et 

al., 2024). In ferrets, infection with wild-type CDV is always lethal, typically leading to death 

within 12 days. However, our findings show that administering the orally effective 

paramyxovirus polymerase inhibitor GHP-88309 (50 mg/kg) twice daily, starting up to 5 days 

post-infection, at the onset of viremia and rash, ensures complete survival and significantly 

reduces viral load. Given the 100% lethality of wild-type CDV within two weeks, we used an 

attenuated recombinant CDV to demonstrate that infection results in severe lymphocytopenia 

and completely disrupts preexisting immunity to influenza and rabies viruses, supporting the 

morbillivirus immune amnesia hypothesis. 

When ferrets were infected with attenuated CDV, treatment with GHP-88309 (50 

mg/kg) twice daily fully prevented lymphocytopenia when started 5 days post-infection and 

reduced its duration when initiated 7 days after infection. To enhance physiological relevance, 

ferrets were subsequently infected with influenza virus (H1N1; pandemic CA09) to assess how 
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CDV infection impacts neutralizing antibody titers in a more robust immune response. 

Unexpectedly, nearly all ferrets infected with influenza 28 days before CDV infection developed 

acute, fatal hemorrhagic bacterial pneumonia. We attribute this severe pneumonia to an 

overgrowth of commensal bacteria driven by an influenza-induced immune priming 

mechanism, which ultimately suppresses a family of trefoil factor (TFF) peptides necessary for 

effective mucociliary bacterial clearance. Therapeutic administration of GHP-88309 twice daily, 

even when started 7 days after CDV infection, prevented hemorrhagic pneumonia in all 

influenza-primed ferrets. 

3.2.2 Secondary Bacterial Superinfections and the Necessity for Enhanced Treatment 

Strategies for Viral Infections 

The human microbiota consists of a diverse array of microorganisms residing in areas 

such as the skin, oronasopharynx, respiratory tract, and intestinal tract, which interact 

symbiotically with the host (Hou et al., 2022; Ursell et al., 2014). These symbiotic relationships 

are crucial for maintaining homeostasis and play a significant role in regulating the immune 

system (Ogunrinola et al., 2020). Disruption of this dynamic balance, known as dysbiosis, can 

lead to a range of chronic conditions, including cancer, heart disease, diabetes, and 

inflammatory bowel disease (Hou et al., 2022; Lau et al., 2017), as well as increase susceptibility 

to acute illnesses such as bacterial superinfections (Hament et al., 1999). 

Many viral infections, including SARS-CoV-2, influenza (IAV), parainfluenza virus, human 

rhinovirus, RSV, and MeV, have been linked to disruptions in microbiota composition, which in 

some cases may directly contribute to secondary bacterial infections (Cox et al., 2024; Groves et 

al., 2018; Gu et al., 2020; Hament et al., 1999; Hofstra et al., 2015; Manna et al., 2020; Morse & 
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Horwitz, 2021; Sencio et al., 2021; Zhang et al., 2020; Zuo et al., 2021; Zuo et al., 2020). Early 

evidence suggesting a connection between secondary bacterial infections and preceding viral 

respiratory infections dates back to the 1920s and 1930s (Hament et al., 1999; Noble et al., 

1928; Webster & Clow, 1932). For instance, during the influenza pandemics of 1918, 1957, and 

1968, there was a notable increase in cases of bacterial pneumonia caused by Staphylococcus 

aureus, a bacterium that typically colonizes the human nose (Barker & Mullooly, 1982; Cate, 

1998; Krismer et al., 2017; Louria et al., 1959; Schwarzmann et al., 1971). Bacterial super 

infections following RSV infection have also been documented (Jeannoël et al., 2019), and 

human rhinovirus, a common cold virus, has been shown to cause dysbiosis, leading to bacterial 

infections like pneumonia and otitis media (Hofstra et al., 2015). Proposed mechanisms for 

microbiota imbalance include enhanced bacterial adherence to host cells due to viral infections, 

suppressed host immune responses to bacterial pathogens, physical damage to cells, reduced 

bacterial clearance, and virus-induced interactions with bacteria (Bartelt & Duncan, 1978; Cox 

et al., 2024; Hament et al., 1999; Harrison, 1954; Paget & Trottein, 2019; Ramphal et al., 1980; 

Sanford et al., 1978). 

Unlike bacterial infections associated with a single viral infection, a recent study 

presented in this thesis (Cox et al., 2024) identified as a significant risk factor for bacterial 

superinfection consecutive infections by different viruses. This finding may help explain why 

some patients experience post-measles complications such as bacterial pneumonia, bronchitis, 

and otitis media (Blutinger et al., 2023; Moss & Griffin, 2012; Perry & Halsey, 2004; Thakur et 

al., 2022). Post-measles complications can occur in up to 40% of cases. The study found that 

ferrets infected with measles-like CDV after recovering from IAV or RSV infection developed 



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 179 

fatal hemorrhagic bacterial pneumonia due to unregulated overgrowth of microbiota in the 

lungs. In this model, a prior respiratory infection altered the immune system in a way that 

inhibited CDV from upregulating trefoil-factor peptides (TFFs) in the respiratory tract. This 

suppression of TFF activity likely led to localized dysbiosis by impairing the TFF-induced 

mucociliary clearance of certain bacterial populations in the lungs (Cox et al., 2024). This 

observation in the ferret model, that a previous respiratory infection exacerbates CDV disease 

might be an extreme example of why some human patients develop bacterial infections 

following MeV infection. 

Bacterial infections pose a significant public health threat, greatly contributing to the 

morbidity and mortality associated with viral respiratory infections (Morens et al., 2008; Morris 

et al., 2017; Shafran et al., 2021). While prophylactic use of broad-spectrum antibiotics might 

seem like a potential strategy to prevent these infections, this approach has notable drawbacks. 

For instance, broad-spectrum antibiotic use can increase bacterial resistance (Zegers et al., 

2017) and, in some cases, may worsen outcomes of viral-induced bacterial infections 

(Yokomichi et al., 2023). If the IAV-CDV-ferret model accurately reflects potential post-measles 

bacterial complications in humans, it is crucial to enhance measles prevention and treatment 

strategies through global vaccine coverage and, as a backup to ensure the availability of highly 

effective antiviral therapies. Furthermore, the fact that treatment with the broad-spectrum 

preclinical antiviral 4'-fluorouridine did not prevent fatal respiratory bacterial superinfections in 

IAV-infected ferrets (Cox et al., 2024) underscores the critical importance of vaccination against 

viruses like influenza when available. 
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We demonstrated that treatment with GHP-88309 after the peak of viremia and after 

the peak of fever, when the therapeutic window has closed for treating primary clinical signs,  

can still prevent a severe disease outcome (Cox et al., 2024). These findings could potentially 

transform treatment approaches. Traditionally, if an antiviral were available for MeV, it might 

not be given to a child already diagnosed with measles and exhibiting the classic MeV rash, 

under the assumption that the patient is in the recovery phase. However, our data indicate that 

late treatment, even after the rash has appeared, can still be beneficial. If our model reflects 

human outcomes, administering antiviral treatment during this phase could help prevent 

secondary complications such as otitis media or other bacterial superinfections. 

Given that this phenomenon is likely not exclusive to an IAV/RSV primed immune 

response to CDV, these findings highlight the urgent need for further research into how 

sequential infections by other common viral pathogens might influence the likelihood of 

subsequent bacterial superinfections. By gaining a broader understanding of these interactions, 

we may be able to prevent or mitigate bacterial infections in high-risk populations through 

proactive and intensive treatment of viral infections before secondary bacterial infections can 

take hold. It is crucial, therefore, to continue identifying and developing novel antiviral 

therapeutics for viruses that currently lack treatment options, ensuring we are prepared with a 

comprehensive range of antiviral treatments. 

3.3 Research Topic: NiV 

3.3.1 Summary of Key NiV Findings 

 In this study we had two main objectives: i) to identify and mechanistically validate key 

residues that are crucial for the bioactivity of the NiV polymerase, as well as P-XD interaction 



SARS-CoV-2, MEASLES, AND THE NIPAH POLYMERASE 181 

with L, N-MoRE, and N-core; and ii) gain insight into the tightly regulated process that advances 

the polymerase along its template, which is driven by transient interactions between P and N 

proteins (Wolf & Plemper, 2024). To achieve these goals, we employed minigenome assays and 

co-immunoprecipitation to functionally and biochemically map the three distinct interfaces of 

the NiV P-XD. We also aimed to elucidate how the Nipah P protein facilitates the release of N-

tails, allowing the polymerase to regain mobility along the ribonucleoprotein (RNP) assembly.  

Our results identified clusters of key residues on each of the three P-XD interfaces, 

defining distinct microdomains that independently mediate interactions with L, N-MoRE, or N-

core: i) residues L677, E680, Y684, and A688 on the N-MoRE binding face of P-XD (alpha 2/3) 

are essential for polymerase bioactivity and efficient interaction with N-MoRE; ii) residues S660, 

V663, L667, and N702 on the L binding face of P-XD (alpha 1/3) are crucial for polymerase 

activity and its interaction with NiV L; and iii) residues D662, K665, and R669 on the N-core 

binding face of P-XD (alpha 1/2) are necessary for polymerase bioactivity, although mutations 

to these residues do not affect P-XD's ability to bind L or N-MoRE. 

After identifying the residues on each face of the XD that drive these crucial protein-

protein interactions, we employed transcomplementation minigenome assays to restore the 

bioactivity of two functionally distinct, bioinactive mutants. Our data indicate that wild-type-

like bioactivity necessitates that most P-XDs within a tetramer can bind to N-MoRE, provided at 

least one XD can interact with L. Notably, an interaction between P-XD and N-core is not 

required to disrupt XD complexes with L. However, an individual P-XD must be capable of 

simultaneously interacting with both N-MoRE and N-core to effectively release the N-tail. Based 

on these findings, we propose that changes in the microenvironment of the P-XD:N-MoRE 
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interface disrupt the interaction between P-XD and the N-tail, enabling the polymerase to 

regain mobility along the template.  

3.3.2 Limitations of Using High-throughput Screening to Identify Novel Antivirals NiV Targets 

Nipah virus poses a significant health risk due to its high pathogenicity and the absence 

of existing vaccines or antiviral treatments. This underscores an urgent medical that makes 

identification of novel druggable target sites a priority. High-throughput screening (HTS) of 

libraries containing hundreds of thousands of compounds (Follmann et al., 2019) can 

significantly accelerate the discovery of new therapeutics for emerging infectious diseases. 

Successful HTS campaigns have previously been conducted in BSL-4 labs, screening 

approximately 10,000 compounds against NiV and 200,000 compounds against Ebola virus 

(Luthra et al., 2018; Tigabu et al., 2014). However, conducting HTS in a biosafety level 4 (BSL-4) 

laboratory is both expensive and complex, and simplified assay designs are needed to reduce 

the biocontainment challenges.  

To avoid the need for HTS in a BSL-4 environment, researchers often conduct screenings 

in BSL-2 labs using pseudotyped viruses, virus-like particles (VLPs), surrogate viruses, or replicon 

and minigenome assays (Basu et al., 2010; Jasenosky et al., 2010; Porotto et al., 2009). For 

example, HTS for NiV inhibitors can be performed in BSL-2 using Cedar virus (CedV), a non-

pathogenic, closely related surrogate. However, these strategies, which do not involve fully 

replication-competent viruses, have limitations as they do not encompass all stages of viral 

replication and therefore hits for all potential viral targets may not be identified. A notable 

limitation is the risk of identifying inhibitors that are specific to the surrogate virus rather than 

the intended pathogen. For instance, the paramyxovirus inhibitor GHP-83309 shows low 
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micromolar potency against CedV (Haas et al., 2024) and would be identified as a hit in a NiV 

HTS using CedV as a surrogate. However, despite its activity against CedV, GHP-83309 is 

ineffective against NiV due to a histidine at amino acid residue 1156 in the NiV RdRP, which 

makes NiV inherently resistant to this compound (Cox et al., 2020). 

4. FUTURE DIRECTIONS 

An alternative strategy for identifying NiV polymerase-specific inhibitors through HTS 

involves creating a replication-competent chimeric virus. This hypothetical chimeric virus would 

feature the native NiV polymerase within a non-pathogenic CedV genetic background, that 

includes at least the M, F, and G proteins from Cedar virus. If successfully developed, such a 

chimeric virus might be suitable for evaluation to potentially be downgraded to a BSL-3 or BSL-2 

agent. 

4.1 Essential Criteria of a Theoretical Chimeric Virus that Replicates using a NiV Polymerase in 

a CedV Genetic Background 

NiV's pathogenicity is linked to its ability to infect the central nervous system (CNS) and 

its capacity to antagonize the innate immune response (Al-Obaidi et al., 2024; Satterfield et al., 

2019; Satterfield et al., 2016; Wagner et al., 2022). Thus, there are two key reasons for 

integrating a CedV genetic background into the chimeric virus to prevent or greatly diminish its 

pathogenicity: 

i) Unlike NiV, which interacts with the host cell receptor ephrin-B3 that is abundant in 

the central nervous system (Laing et al., 2019; Maisner et al., 2009; Marsh et al., 2012; Pernet 

et al., 2012; Vigant & Lee, 2011), the CedV receptor-binding protein (G protein) does not bind 

to ephrin-B3. This lack of neurotropism should mitigate or prevent the neuropathogenesis 
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typically associated with NiV infections (Al-Obaidi et al., 2024; Dawes & Freiberg, 2019; Xu et 

al., 2012). 

ii) The CedV P protein does not antagonize the interferon (IFN) pathway and lacks an 

mRNA editing function needed to produce immune-modulatory accessory proteins (Laing et al., 

2018; Lieu et al., 2015). In contrast, the NiV P gene encodes four proteins: P, C, V, and W. 

During transcription, the viral polymerase occasionally slips at a sequence-specific mRNA 

editing site (AAAAAGGGC), adding one or two non-templated G nucleotides, which produces 

the V (+1G) or W (+2G) proteins with unique C-termini (Figure 5). The C protein is generated 

when the polymerase recognizes an alternative start codon within the P gene open reading 

frame (Satterfield et al., 2019; Satterfield et al., 2016). Each of these four proteins contains a 

signal transducer and activator of transcription-1 (STAT-1) binding domain, enabling interaction 

with host cell STAT-1 to antagonize the type I IFN response (Satterfield et al., 2019). 

Additionally, the W protein can inhibit toll-like receptor 3 (TLR3) (Satterfield et al., 2016), and 

the V protein, which features a zinc-finger motif that can suppress melanoma differentiation-

associated protein 5 (MDA5) and retinoic acid-inducible gene I (RIG-I)-dependent IFN signaling 

(Uchida et al., 2018; Wagner et al., 2022). 

 

Figure 1. 2D Schematic of Nipah Virus Phosphoprotein 
The NiV P protein consists of an N-terminal domain (NTD), oligomerization domain (OD), and a 
C-terminal domain known as the X-domain (XD). The first 35 residues of the NTD interact with 
N-core forming N0P complexes (Yabukarski et al., 2014). 
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Given our current understanding of NiV pathogenicity, a theoretical non-pathogenic 

chimeric virus must fulfill two key criteria: i) it should lack immune-modulatory NiV P elements 

(specifically NiV P NTD residues 114-470), and ii) it must incorporate CedV surface proteins (F 

and G) to avoid ephrin-B3-mediated CNS infection. For the chimeric virus to replicate using a 

genuine NiV polymerase, CedV untranslated regions (UTRs) must be replaced with NiV UTRs, as 

the NiV polymerase does not efficiently recognize CedV promoters (Haas et al., 2024). However, 

it is still unclear whether the NiV polymerase can accurately recognize gene start and gene 

signals within the CedV intragenic regions (IGRs) (Ghosh et al., 1996; Laing et al., 2018; Leppert 

et al., 1979; Tremaglio et al., 2013). Therefore, the appropriate IGR origins for the chimeric virus 

cannot be determined without further experimental investigation. 

Building on the current understanding of NiV protein-protein interactions as detailed in 

this dissertation (Wolf & Plemper, 2024), three strategies are proposed that utilize different 

configurations of chimeric N and/or P protein elements which could be used to generate a 

chimeric virus (Figure 2A-C). These strategies are designed to facilitate critical protein-protein 

interactions, between P-NTD:N, P-XD:L, P-XD:N-MoRE, and P-XD:N-MoRE:N-core. Each 

proposed chimeric construct will feature four shared genes, with open reading frames encoding 

the full-length Cedar M, F, G, and NiV L proteins. 
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Figure 2. Genome Organization of Proposed Recombinant Chimeric Virus Constructs. 
All constructs should commonly consist of NiV derived 3’ and 5’ UTRs, Cedar M, Cedar F, Cedar 
G, and NiV L and different arrangements of N and/or P protein elements. (A) Cedar N containing 
a NiV N MoRE and a P protein consisting of a CedV P-NTD + a NiV P OD-Linker-XD (OD-XD), (B) 
Tandem Ps composed of a CedV P-NTD + NiV OD-Linker + CedV P-XD [P1] and a CedV P-NTD + 
NiV OD-XD [P2], (C) NiV/CedV P-NTD + NiV OD-XD. 
 

4.2 Strategies for Development of a Replication-competent Virus Utilizing a Native NiV 

Polymerase, with Potential for Evaluation of Suitability for BSL3 Downgrading 

4.2.1 Generation of a Chimeric Virus - Approach One 

By substituting the box 2 (molecular recognition element, MoRE) at the C-terminus of 

Cedar N with Nipah N-MoRE, and replacing the oligomerization domain (OD), linker, and X-

domain (XD) of Cedar P with those from Nipah P (Figure 2A), these chimeric protein 

configurations are expected to support crucial interactions between the N, P, and L proteins. 

The CedV P-NTD combined with NiV OD-Linker-XD (OD-XD) should facilitate the formation of 

N0P complexes, keeping the N protein in a monomeric, soluble state until it is needed for 

genome encapsidation (Bourhis et al., 2022; Chen et al., 2007; Curran et al., 1995; Guryanov et 
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al., 2015; Mavrakis et al., 2006; Yabukarski et al., 2014). Since some residues within the OD, 

linker, and XD of P are known to interact with L (Du Pont et al., 2019), the OD-XD from NiV P 

should provide all necessary interactions for effective P-L protein interactions and polymerase 

activity (Abdella et al., 2020; Cong et al., 2023; Du Pont et al., 2019; Hu et al., 2024; Wolf & 

Plemper, 2024; Xie et al., 2024). Moreover, incorporating the NiV MoRE into the CedV N-tail 

should enable productive interactions with the NiV P-XD (Bourhis et al., 2022; Communie et al., 

2013; Guseva et al., 2019; Johansson et al., 2003; Kingston et al., 2008; Kingston et al., 2004; 

Longhi et al., 2003). However, a potential limitation is that the NiV XD bound to CedV N-MoRE 

might not interact properly with CedV N-core, potentially affecting the release process 

(Sourimant et al., 2020; Wolf & Plemper, 2024). Despite this, because the interaction between 

P-XD:N-MoRE and N-core does not fully inhibit polymerase activity in mini-genome assays (Wolf 

& Plemper, 2024), a chimeric virus lacking this interaction might still be viable and could 

potentially optimize its interface through a viral evolution approach (Sourimant et al., 2020). 

4.2.2 Generation of a Chimeric Virus - Approach Two 

Two P constructs are proposed where the CedV P OD-Linker (P1) and CedV P OD-XD (P2) 

are exchanged with their NiV counterparts (Figure 2B). In these chimeric P constructs, the CedV 

P-NTD will enable efficient formation of N0P complexes. The CedV P1, containing an XD of CedV 

origin, should interact effectively with CedV N-MoRE. Importantly, CedV P-XD:N-MoRE could 

interact naturally with the CedV N-core, facilitating the release of N-MoRE (Sourimant et al., 

2020; Wolf & Plemper, 2024). Meanwhile, the NiV P OD-XD in P2 will mediate interactions with 

NiV L. To minimize potential undesired interactions between CedV P-XD and NiV L, or NiV P-XD 

and CedV N, it is advisable to include mutations in CedV P-XD that reduce L binding, analogous 
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to NiV P-S660R, and in NiV P-XD that impair N-MoRE binding, such as A688R (Wolf & Plemper, 

2024). The tandem P constructs (P1 and P2) can leverage the intrinsic paramyxovirus 

transcription gradient (Du Pont et al., 2019; Iverson & Rose, 1981) to generate a dominant 

tetramer population. This would ensure that more Ps within a tetramer interact with CedV N-

MoRE rather than NiV L (Du Pont et al., 2019; Wolf & Plemper, 2024).  

4.2.3 Generation of a Chimeric Virus - Approach Three 

It is proposed to construct a single chimeric P protein that includes a full-length N-

terminal domain (NTD) partially derived from NiV and a NiV OD-XD that can interact with NiV N 

exchanged for CedV N (Figure 2C). This approach uses only the N-terminal NiV P-NTD residues 

necessary for N0P complex formation, while substituting the immune-suppressive NiV P-NTD 

residues with those from CedV P-NTD. This configuration should support interactions between 

NiV P-XD and both NiV N-MoRE and NiV N-core, as well as between NiV P-XD and NiV L. To 

potentially enhance the packaging of progeny virions, the NiV N box 3 should be replaced with 

CedV N box 3, which may facilitate interactions between NiV N and CedV M (Iwasaki et al., 

2009; Ray et al., 2016; Thakkar et al., 2018). 
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