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The NIH Virtual SARS-CoV-2 Antiviral Summit, held on 6 November 2020, was organized to provide an overview on the status 
and challenges in developing antiviral therapeutics for coronavirus disease 2019 (COVID-19), including combinations of antivirals. 
Scientific experts from the public and private sectors convened virtually during a live videocast to discuss severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) targets for drug discovery as well as the preclinical tools needed to develop and evaluate 
effective small-molecule antivirals. The goals of the Summit were to review the current state of the science, identify unmet research 
needs, share insights and lessons learned from treating other infectious diseases, identify opportunities for public-private partner-
ships, and assist the research community in designing and developing antiviral therapeutics. This report includes an overview of 
therapeutic approaches, individual panel summaries, and a summary of the discussions and perspectives on the challenges ahead 
for antiviral development.
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INTRODUCTION TO THE NIH VIRTUAL SARS-COV-2 
ANTIVIRAL SUMMIT

The NIH Virtual SARS-CoV-2 Antiviral Summit was held on 6 
November 2020. The Virtual Summit was organized to provide 
an overview on the status and challenges in developing anti-
viral therapeutics for coronavirus disease 2019 (COVID-19), 
including combinations of antivirals, and it was streamed live to 
allow broad public access while maintaining social distancing. 
Scientific experts from the public and private sectors convened 
to discuss severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) targets for drug discovery, and the preclinical 

tools needed to develop and evaluate effective small-molecule 
antivirals. The goals of the Summit were to review the current 
state of the science, identify unmet research needs, share in-
sights and lessons learned from treating other infectious dis-
eases, identify opportunities for public-private partnerships, 
and assist the research community in designing and developing 
antiviral therapeutics.

The Summit was jointly organized by National Institute of 
Allergy and Infectious Diseases (NIAID), National Center for 
Advancing Translational Sciences (NCATS), and the National 
Institutes of Health (NIH) Office of the Director, and hosted 
by Dr Francis Collins (NIH), Dr Anthony Fauci (NIAID), and 
Dr Christopher Austin (NCATS). The meeting moderators and 
panelists were from academia, industry (pharma/biotech), NIH 
Institutes and Centers, and Federal agencies working in the 
COVID-19 therapeutics space.

The Summit itself comprised introductory remarks, an over-
view of SARS-CoV-2 replication and therapeutic targets, and 5 
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scientific panels that followed. In each panel, the session mod-
erator provided an overview of the topic (slides are included 
in the Supplementary Material) and facilitated discussion with 
panelists. An update on vaccines and neutralizing antibodies 
was provided, and a final summary session was held to identify 
key points from the Summit. The meeting agenda is shown (Box 
1), and the principal session topics were:

• Viral replication machinery
• Proteases (viral and host)
• Emerging targets, emerging modalities
• Preclinical tools
• Lessons from other viruses and preparation for the future.

This report summarizes the proceedings of the meeting, in-
cluding an overview of therapeutic approaches, individual panel 
summaries, and a summary of the discussions and perspectives 
on the challenges ahead for antiviral development. Each section 
below captures discussion points in the corresponding session 
of the agenda listed in Box 1.

OVERVIEW OF THE VIRUS AND THERAPEUTICS 
APPROACHES

Coronaviruses are enveloped positive-sense single-stranded 
RNA viruses enclosed by capsid comprised of multiple proteins, 
most notably the spike proteins that are responsible for the virus’s 
crown-like appearance. Cellular entry of coronaviruses, such 
as SARS-CoV-2, occurs primarily via the spike (S) proteins of 
SARS-CoV-2 binding to the host ACE2 (angiotensin-converting 
enzyme 2) receptor [1]. Two-thirds of the SARS-CoV-2 genome 
is dedicated to the synthesis of 2 replicase polyproteins called 
polyprotein 1a and polyprotein 1ab. Within the polyprotein are 
2 proteases, the papain-like protease (PLpro) and 3CLpro (also 
known as nsp5 or Mpro, short for main protease). In general, 
any inactivation of these proteases leads to a loss of RNA syn-
thesis, and it is well established that viral RNA replication and 
viral protease functions are vulnerable to intervention [2, 3]. 
A  multiprotein complex formed by coronaviruses termed the 
replication transcription complex (RTC) is responsible for RNA 
replication and proofreading. Nonstructural proteins nsp7 
through nsp16 form the core of the RTC and represent a prime 
target for antiviral drug development, as the function of the core 
replicase is highly conserved. A detailed outline of the viral rep-
lication process and druggable targets is displayed in Figure 1.

Importantly in the context of antiviral drugs, when the 
SARS-CoV-2 epidemic (now a pandemic) emerged, there were 
no approved treatments or vaccines for treating any coronavirus 
infection. The endemic common cold betacoronaviruses OC43-
CoV and HKU1-CoV generally cause mild symptoms and have 
not stimulated significant therapeutic or vaccine development 
investigation, and while NL63 is an alphacoronavirus, it also 

uses the ACE2 receptor to mediate infection. The SARS (se-
vere acute respiratory syndrome caused by SARS-CoV) pan-
demic was resolved using public health measures, but MERS 
(Middle East respiratory syndrome, caused by MERS-CoV) is 
still causing sporadic human infections and remains a global 
threat. The translational science response to the SARS-CoV-2 
pandemic has benefited from the intensive research efforts that 
took place to understand the SARS and MERS CoVs [4, 5].

From a therapeutic perspective, there are multiple windows 
of opportunity for preventing and managing COVID-19, which 
include the prophylactic preinfection stage, early postinfection 
pre- or asymptomatic stage, and the symptomatic stages during 
which antiviral efficacy wanes and treatment strategy shifts 
towards immunomodulatory and anticoagulant therapies. 
However, the window for antiviral intervention remains to be 
defined fully, especially in later disease stages, because of the 
lack of availability of a sufficiently potent antiviral agent or com-
bination. As antiviral drugs are developed, some principles for 
SARS-CoV-2 antiviral development to be considered include:

• Antivirals should be potent against SARS-CoV-2 (and prefer-
ably broadly active against coronaviruses).

• Bioavailability of antivirals to sites of infection should be
tested for multiple routes of administration: intravenous, in-
tramuscular, subcutaneous, oral, inhalational, intranasal, etc.

• Antivirals should have limited toxicity, especially for outpa-
tient use, preferably have a high barrier to resistance emer-
gence, and improved potency to enlarge the therapeutic
window.

• Combinations of antivirals should be a priority to maximize
potency and prevent resistance emergence. Combinations of
antivirals and immunomodulatory therapies will be needed
for treatment in later stages of illness.

• Vulnerable populations should be considered when de-
signing new therapeutics as well as designing clinical trials.

Antiviral drug development for SARS-CoV-2 should take place 
with the recognition that unlike SARS and MERS (that spo-
radically reemerges), the pandemic may continue for a long 
time, and the virus itself will likely become endemic. There is 
also the high likelihood for another novel coronavirus(-es) to 
emerge from animal reservoirs or by recombination, and the 
emergence of variants. Given these realities, irrespective of 
vaccine effectiveness, there will be a need for antivirals. Teams 
working together across industry, academia, and government 
can drive fundamental discovery and create the “playbook” 
for responding to the next zoonotic coronavirus. In the con-
text of future pandemics, antivirals with activity against other 
betacoronaviruses would be positioned to enable rapid preclin-
ical testing and clinical trials if and when a new zoonotic coro-
navirus appears (and for sporadic MERS outbreaks) [6].

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab305#supplementary-data


NIH SARS-CoV-2 Therapeutics Summit • jid 2021:224 (Suppl 1) • S3

Box 1. NIH SARS-CoV-2 Antiviral Therapeutics Summit Agenda 6 November 2020 Virtual Meeting

Purpose 
This summit will provide an overview of the current state of direct anticoronaviral targets and therapeutics, available tools, 
and challenges.

introductory comments
Dr Francis Collins, Director, National Institutes of Health (NIH)
Dr Anthony Fauci, Director, National Institute of Allergy and Infectious Diseases (NIAID)
Dr Christopher Austin, Director, National Center for Advancing Translational Sciences

Overview of the virus and therapeutics approaches
Dr Mark Denison, Vanderbilt University

Viral Replication Machinery
Moderator: Dr Tomas Cihlar, Gilead Sciences
Dr Elizabeth Campbell, Rockefeller University
Dr Matthias Götte, University of Alberta
Dr George Painter, Emory University
Dr Michael Sofia, Arbutus Biopharma, Inc
Dr Sandra Weller, University of Connecticut

Highlight on status of vaccines and neutralizing antibodies to prevent and treat SARS- CoV-2 infection
Dr Kizzmekia Corbett, Vaccine Research Center, NIAID

Proteases (viral and host)
Moderator: Dr Annaliesa Anderson, Pfizer
LTC Charlotte Lanteri, Walter Reed Army Institute of Research
Dr Andrew Mesecar, Purdue University
Dr Jennifer O. Nwankwo, 1910 Genetics
Dr Celia Schiffer, University of Massachusetts Medical School

Emerging targets, emerging modalities
Moderator: Dr Kara Carter, Evotec
Dr David Baker, University of Washington
Dr Lillian Chiang, Evrys Bio
Dr Matthew Disney, Scripps Research
Dr Kumar Saikatendu, Takeda Pharmaceuticals
Dr Marla Weetall, PTC Therapeutics, Inc

Preclinical Tools
Moderator: Dr Pei-Yong Shi, University of Texas Medical Branch
Dr Sara Cherry, University of Pennsylvania
Dr Emmie de Wit, NIAID/Rocky Mountain Laboratories
Dr Jules O’Rear, US Food and Drug Administration
Dr Timothy Sheahan, University of North Carolina
Dr Hugh Smyth, University of Texas at Austin

Lessons from Other Viruses and Preparation for the Future
Moderator: Dr Daria Hazuda, Merck
Dr Jay Bradner, Novartis
Dr Courtney Fletcher, University of Nebraska Medical Center
Dr Frederick Hayden, University of Virginia
Dr Hilary Marston, NIAID

Summary of discussions and perspectives on the challenges ahead
Dr Richard Whitley, University of Alabama at Birmingham
Dr George Painter, Emory University

Closing statement
Dr Francis Collins, Director, NIH
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VIRAL REPLICATION MACHINERY

Since the emergence of SARS-CoV-2 at the end of 2019, 
considerable progress over a very short period of time has 
been made in the development of antivirals for the treat-
ment of COVID-19, in part because of studies for inhibitors 
of SARS-CoV and MERS-CoV. The identified agents in-
clude small-molecule antivirals and biologics targeting both 
viral and host functions critical for SARS-CoV-2 infection 
and replication. Multiple potent neutralizing antibodies 
targeting independent epitopes on viral spike protein along-
side a battery of direct-acting small-molecule antivirals in-
terfering with various steps of viral replication have been 
quickly identified and brought to clinical testing. Across 
these efforts, viral RNA synthesis stands out as one of the 
most critical functions for selective targeting by antiviral 
therapies [7].

SARS-CoV-2 and other coronaviruses contain an approxi-
mately 30-kb positive-sense nonsegmented single-strand RNA 
genome. Their RNA synthesis is a complex process consisting of 
2 independent parts:

 1. Viral genomic RNA replication through synthesis of a full-
length negative (−) strand copy of the viral RNA genome that 

serves as a template for subsequent amplification of the ge-
nomic positive strand (+) RNA.

 2. RNA transcription progressing via synthesis of subgenomic
(sg) (−)RNA intermediates that are subsequently tran-
scribed into mRNA. Some of the (−)sgRNA species are
made through discontinuous processes that include template
switching. Once synthesized, the viral mRNAs are 5′-capped
and 3′-polyadenylated to enable efficient translation of viral
proteins.

All steps of the coronavirus RNA synthesis are carried out 
by the viral RTC encoded by approximately one-third of the 
viral genome [8, 9]. The RTC is an assembly of at least 9 viral 
nonstructural proteins (nsp) known as nsp7 through nsp16, 
as well as some less characterized host factors. Core catalytic 
function of the RNA synthesis is performed by RNA-dependent 
RNA polymerase (RdRp; nsp12) and 2 of its cofactors (nsp7 and 
8). Coronaviruses also encode for RNA proofreading 3′-5′ ex-
onuclease function, carried out by nsp14, that increases the fi-
delity of replication and maintains genetic stability of the large 
coronavirus genome. The 5′-capping of RNA is performed by 2 
methyltransferases (nps14 and nsp16). Table 1 summarizes the 
viral RTC proteins and their functions.

SARS-CoV-2 capsid

1. Viral Entry

TMPRSS2Neuropilin-1
ACE2 ReceptorFurin

RNA

Viral RNA

Polypeptide chains

Viral protease

Replication-Transcription
Complex

Golgi
apparatus Endoplasmic

reticulum

Spike protein

2. Uncoating/virion
RNA translation

3. Viral protease cleavage

4. Translation and RNA Replication

5. Packaging and
Lysosomal
Tra�cking

6. Virion Release

Figure 1. Scheme showing the SARS-CoV-2 viral replication cycle and “druggable” events. The SARS-CoV-2 virion is composed of a capsid protein coat, with an internal 
core of the viral genetic material (RNA). 1. Viral entry. The SARS-CoV-2 virion in the extracellular space presents Spike (S) protein on the capsid surface. The S protein con-
tains a number of host protease cleavage sites, as well as the receptor binding domain (RBD). Engagement of spike protein at the extracellular surface involves engagement 
of multiple host cell proteins including (but may not be limited to) cleavage of S by the protease furin (gene FURIN), binding of the S RBD to ACE2 (ACE2), engagement of a 
liberated S terminal peptide to neuropilin-1 (Nrp-1, NRP1), and cleavage of S by the serine protease TMPRSS2 (TMPRSS2). 2. Following endocytosis, the virion is uncoated, 
and the large positive-sense viral RNA translated into polypeptide chains. 3. Two viral proteases cleave the viral polypeptide chains to produce up to 29 mature protein prod-
ucts. These proteases are the main protease (Mpro) and the papain-like protease (PLpro). 4. Viral RNA replication follows, with the formation of a replication-transcription 
complex, incorporating the RNA-dependent RNA polymerase (RdRp). 5. The arising viral RNA (genetic material) is then packaged into capsid formed by viral protein including 
envelope (E), membrane (M), nucleocapsid (N) and aforementioned spike. Mature packaged virion is then trafficked via lysosomes, and 6. Virion is released via exocytosis. 
Schematic prepared by Kyle R. Brimacombe, NCATS. Abbreviations: ACE2, angiotensin-converting enzyme 2; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Viral nucleic acid synthesis has been successfully targeted by 
a wide range of small-molecule direct-acting antivirals, many 
of which have been developed into commercial drug prod-
ucts and are widely used in clinical practice [10]. Examples 
include inhibitors of human immunodeficiency virus (HIV) 
reverse transcriptase (a DNA polymerase), hepatitis C virus 
(HCV RNA polymerase), and hepatitis B virus (HBV) and 
herpesvirus DNA polymerases. While some of these enzymes 
can be targeted effectively by non-nucleoside allosteric in-
hibitors (eg, non-nucleoside reverse transcriptase inhibitors 
for HIV), nucleoside and nucleotide analogs mimicking the 
natural nucleic acid building blocks remain the most abun-
dant class of viral replication inhibitors and became the back-
bone of a number of combination curative therapies [11]. It 
should be noted that these examples are all treating chronic 
infections, whereas SARS-CoV-2 replication peaks prior to or 
early in disease symptoms, resulting in an extremely limited 
treatment window.

Antiviral inhibitors of coronaviruses, including SARS-
CoV-2, have been identified among nucleoside and nucleotide 
analogs with known antiviral activity against other RNA vir-
uses, several of which quickly progressed into clinical testing 
for the treatment of COVID-19 (Figure 2). Table 2 lists a sum-
mary of profiles of these agents. Each candidate is a prodrug 
that requires intracellular activation to a triphosphate form that 
is incorporated into viral RNA, resulting in effects including de-
layed RNA termination, RNA mutagenesis, and/or second RNA 
strand synthesis stalling.

Remdesivir is a phosphoramidate prodrug that liberates an 
adenosine nucleotide analog within cells (the core nucleoside 
being GS-441524) [12]. Remdesivir was developed by Gilead 
Sciences with support from several US Government organiza-
tions. Remdesivir was shown to be active against Ebola virus, 
and its safety profile was demonstrated in Ebola clinical trials. In 
several randomized clinical trials, remdesivir has demonstrated 
efficacy in hospitalized COVID-19 patients by reducing disease 
progression and accelerating time to recovery [13]. In October 

2020, remdesivir was approved by Food and Drug Administration 
(FDA) as the first treatment for COVID-19 [13, 14].

Molnupiravir (EIDD-2801) is an orally bioavailable prodrug 
of N6-hydroxycytidine. It was developed at Emory (University) 
Institute for Drug Discovery (EIDD) as part of a program 
against Venezuelan equine encephalitis virus, and preclinical 
models have shown antiviral activity against both influenza and 
respiratory syncytial viruses. A phase 1 trial was planned against 
influenza in 2019 [15]. As SARS-CoV-2 emerged, molnupiravir 
showed potent anti–SARS-CoV-2 activity both in vitro and in 
animal models [16]. It is currently in phase 2–3 testing both in 
outpatient settings and in hospitalized COVID-19 patients.

Favipiravir, a guanine base analog, is a drug product ap-
proved in Japan (2014) for the treatment of influenza infections 
due to novel strains not responsive to other available agents 
[17]. Phase 3 trials in uncomplicated influenza demonstrated 
antiviral but variable clinical efficacy, and favipiravir is more ac-
tive in vitro for influenza viruses than SARS-CoV-2 [18]. It is 
also under regulatory review for the treatment of COVID-19 in 
Japan and has recently been approved for the same indication 
in Russia. It is active against SARS-CoV-2 in the hamster model 
and is being tested in several advanced clinical studies around 
the world [19]. While it can be administered orally, it is sub-
stantially less potent than molnupiravir and remdesivir in vitro, 
which is reflected in a much higher dose required for favipiravir.

AT-527 is a prodrug of a guanosine nucleotide analog, de-
veloped by Atea Pharmaceuticals [20]. AT-527 was developed 
against the HCV RdRp, and safety was demonstrated in an HCV 
phase 1–2 clinical trials in healthy and HCV-infected subjects. 
AT-527 was recently found to be active in vitro against SARS-
CoV-2, and is currently being tested in phase 2 in patients hos-
pitalized with moderate COVID-19 disease [21].

Galidesivir is an adenine nucleoside analog developed by 
BioCryst for HCV, but it has activity against other RNA vir-
uses and has been in development for treating filoviruses (eg, 
Ebola, Marburg) [22]. It has shown relatively weak activity in 
vitro against SARS- and MERS-CoVs and is slated for testing in 
a small proof-of-concept phase 2 study in Brazil. It is the least 
characterized molecule among the SARS-CoV-2 nucleoside 
inhibitors.

It is worth noting that all the drug candidates described 
above existed before the COVID-19 pandemic, and novel 
chemical matter developed specifically for the SARS-CoV-2 
replication machinery has not yet been disclosed. While diverse 
in structures as well as formulations administered (Figure 1 and 
Table 2), all SARS-CoV-2 replication inhibitors require intra-
cellular activation to their nucleoside triphosphate (NTP) me-
tabolites, which then act as competitive alternative substrates 
of viral RdRp and are incorporated into viral RNA. The met-
abolic pathways leading to the respective NTP metabolites are 
cell-type dependent and differ for each molecule, as do their 
molecular mechanisms of viral RNA synthesis inhibition. Once 

Table 1. Virally Encoded Components of Coronavirus RTC

Coronavirus Protein Function in RTC

nsp7 RdRp cofactor

nsp8 RdRp cofactor

nsp9 RNA binding protein

nsp10 Cofactor of nsp14 and nsp16

nsp12 RNA-dependent RNA polymerase, capping

nsp13 Zn-binding RNA helicase/RNA 5′-phosphatase

nsp14 3′-5′ exonuclease; N7-methyltransferase

nsp15 Uridylate-specific endoribonuclease

nsp16 2′-O-methyltransferase

Abbreviations: nsp, nonstructural protein; RdRp, RNA-dependent RNA polymerase; RTC, 
replication transcription complex.
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incorporated into viral RNA, the metabolites of remdesivir and 
galidesivir cause delayed RNA chain termination [23, 24]. In 
the case of remdesivir template-dependent inhibition has also 
been shown, while those of molnupiravir and favipiravir act 
as specific viral RNA mutagens due to their capability of pro-
miscuous base pairing [25]. The most substantive, yet minor, 
concern was the suggestion that the mechanism of action of 
favipiravir is lethal mutagenesis. Evidence is accumulating that 
an alternative mechanism unrelated to mutagenesis may be op-
erative with pyrazine carboxamides [26]. The mechanism of 
action for AT-527 is less well characterized, and structural as 
well as biochemical data suggest that it might not interact very 
effectively with SARS-CoV-2 RdRp.

Challenges and Opportunities

Nucleoside and nucleotide analogs represent the most exten-
sively explored class of antivirals with well understood advan-
tages and limitations that both are related primarily to their 
function as mimetics of natural nucleotides. Because the active 
sites of viral RNA polymerases to which the active NTP metab-
olites bind are often highly conserved within as well as across 
multiple viral families, many nucleosides exhibit antiviral ac-
tivity against other RNA viruses. Remdesivir, favipiravir, and 
molnupiravir are good examples of broad-spectrum antivirals 
with activity against RNA viruses that may be leveraged as a 
part of future pandemic preparedness not only for the treat-
ment of COVID-19, but likely also for other existing and newly 
emerging coronaviruses, and in the case of favipiravir and 
molnupiravir for novel influenza viruses.

The similarity of antiviral nucleoside analogs with natural sub-
strates can also represent a significant liability, mainly because 

of their potential for off-target effects such as impairment of 
mitochondrial functions through the inhibition of (host) mi-
tochondrial RNA polymerase. Some nucleoside analogs might 
require prodrug strategies using established principles of me-
dicinal chemistry to optimize oral delivery (bioavailability). In 
the case of SARS-CoV-2, the primary target tissue is the lung, 
and effective distribution into target cells irrespective of admin-
istration route is required.

Besides the inhibition of nsp12 (RdRp) by nucleoside 
analogs, the highly dynamic and multifunctional coronavirus 
RTC offers variety of other opportunities to interfere with viral 
RNA synthesis, including the other critical catalytic enzymatic 
functions present in RTC such as the nsp13 helicase, nsp14 and 
nsp16 methyltransferases, or nsp14 exonuclease. In addition, 
the concerted function of this multiprotein complex relies on 
a multitude of specific protein-protein interactions, many of 
which have been mapped across the spectrum of coronaviruses 
including SARS-CoV-2. These efforts can be greatly facilitated 
by structural information generated by X-ray crystallography 
and cryoelectron microscopy studies conducted with many of 
the RTC proteins and their complexes, including the nsp15 en-
donuclease, nsp14/10 and nsp16/10 methyltransferases, and 
particularly the multiprotein RdRp complex of nsp12/nsp7/
nsp8 together with a dimer of nsp13 helicase. This wealth of 
structural information can facilitate the identification of crit-
ical interfaces and conserved pockets that might be amenable to 
targeting with small-molecule inhibitors.

These alternative RTC targets offer the opportunity for non-
nucleoside drug-like molecules, with the potential for can-
didates with desirable pharmacokinetic properties, like oral 
bioavailability, low protein binding, and adequate delivery to 
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the respiratory tract. Unfortunately, the current state of the field 
underscores a complete absence of any validated small-molecule 
inhibitors targeting some of these critical replicative functions, 
which in turn hinders advancement towards optimization of 
any new class of RTC inhibitors and their rapid progression into 
clinical testing. Therefore, the drug discovery process will rely 
on de novo high-throughput screening approaches of suitable 
small-molecule libraries. To that end, a number of recombinant 
RTC proteins have been cloned, expressed, and functionally 
characterized. Several options for functional biochemical assays 
exist depending on the desired format and preferred mode of 
read-out, particularly for the catalytic complex of nsp12/nsp7/
nsp8 RdRp. Similarly, functional assays have been established 
for coronavirus exonuclease as well as methyltransferases.

To effectively target some of the critical protein-protein inter-
faces, the field can employ a wide array of screening techniques 
for small-molecule ligand binding, some of which are quite 
suitable for large compound libraries. Options include high-
throughput affinity selection mass spectrometry, DNA-encoded 
libraries, or surface plasmon resonance assays. Alternatively, 
computational docking algorithms for putative binding sites 
can be employed for screening of vast virtual small-molecule 
libraries. The major advantage of these approaches is speed and 
the number of potential candidate molecules identified, but 
these techniques need to be always coupled with relevant func-
tional testing assays to triage the hits and validate their func-
tional relevance. Newly developed cell-based replicon assays for 
SARS-CoV-2 should be valuable to characterize activity of can-
didate compounds and certify cell-based activity and activation 
of candidate prodrugs [27, 28].

Work remains to identify optimal target combinations with 
RdRp/RTC inhibitors, both small-molecule antivirals and other 
modalities/approaches, and the patient populations most likely 
to benefit depending on individual drug product profiles, to 
maximize clinical effectiveness in the treatment and/or preven-
tion of COVID-19.

PROTEASES (VIRAL AND HOST)

The SARS-CoV-2 Replication Cycle Requires Host and Viral Proteases

SARS-CoV-2 uses both host and viral proteases in its repli-
cation cycle (Figure 1). The generalizability of host proteases 
makes them a good target for many distinct coronaviruses that 
tend to use similar host factors. The spike proteins of SARS-
CoV and SARS-CoV-2 have commonalities, such as sequence 
similarities and multibasic proteolytic cleavage sites at both the 
S1 and S2 residue site as well as the S2 prime residue sites where 
host proteases (such as furin and TMPRSS2) cleave to facilitate 
viral entry. The risk of side effects is higher when targeting host 
functions and, contrary to dogma, viruses can develop resist-
ance to drugs targeting host functions [29–31].

Host proteases TMPRSS2 and furin have a role in cleaving 
spike protein between S1 and S2 to reveal the fusion peptide Ta
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and helical repeat domains that are necessary for viral entry 
[32, 33]. Currently, 2 compounds (camostat and nafamostat) 
are being investigated that potentially inhibit the host prote-
ases and could be used as COVID-19 treatments. Both are re-
purposed drugs that are approved in Japan for the treatment 
of several conditions, including pancreatitis [34]. Because these 
compounds have existing human safety data, late-stage clinical 
studies for COVID-19 treatment are underway.

Viral Protease Inhibitors Have Been Used to Treat HIV and HCV Successfully

The first viral protease inhibitors were identified in the search 
for HIV therapies [35]. The HIV protease inhibitors are some 
of the first examples of structure-based design, a move away 
from the traditional high-throughput screening approaches 
that had been previously deployed for drug discovery efforts. 
A  similar approach was also used for HCV and was so suc-
cessful it was able to provide a cure for what was previously a 
chronic disease.

Structural design was first applied to coronaviruses in 2003 
during the SARS epidemic caused by SARS-CoV, with the 
discovery of the first protease inhibitors specifically designed 
for coronaviruses [36]. Both the public health measures that 
led to control of SARS-CoV and the resulting lack of patients 
for clinical studies meant that these investigational drugs 
were not evaluated in clinical trials. It is not yet known if the 
previously identified SARS-CoV protease inhibitors will be 
efficacious at treating SARS-CoV-2 infections, although there 
are encouraging preclinical in vivo data on these compounds 
against SARS-CoV-2 and other coronaviruses with similar 
proteases.

Two SARS-CoV-2 Cysteine Proteases Can Be Targeted for Potential COVID-

19 Treatment

There are 2 SARS-CoV-2–encoded cysteine proteases that are 
potential antiviral targets: a papain-like protease and a 3C-like 
protease. These proteases are responsible for cleaving the poly-
peptide that is translated after the viral RNA enters the host cell. 
The single polypeptide makes up the machinery that the virus 
needs for replication. If it is not cleaved into the 16 individual 
nonstructural proteins, the virus cannot replicate. The papain-
like protease is a multifunctional enzyme that is also associated 
with pore formation and immune modulation [37]. The 3C-like 
protease, which is also known as the main protease, functions as 
a dimer and has a single role, which is to cleave the polypeptide 
at 11 sites [38].

HCV and HIV Drugs Have Limited Utility for COVID-19 Treatment; Current 

Potential Antiviral Inhibitor Candidates

Early in the pandemic, steps were taken to investigate whether 
existing HIV and HCV protease inhibitors could be redeployed 
to treat COVID-19 patients [39]. There are considerable 

differences in the structure of the different proteases, so this 
approach led to little success, although some inhibition was 
observed. Clinical studies were in progress with the HIV drug 
ritonavir-boosted lopinavir, but an early controlled trial in 
COVID-19 patients in China failed to find evidence of antiviral 
effects or clinical benefits, and subsequent large trials have con-
firmed the lack of therapeutic efficacy in hospitalized COVID-
19 patients [40, 41]. Lopinavir and isotretinoin are examples 
of drugs repurposed for potential antiviral therapy, although 
mechanism of the drug’s action is unclear. Another protease 
inhibitor, PF-07304814 (termed PF-814), was specifically de-
signed to inhibit coronavirus proteases, and phase 1 studies are 
currently ongoing. This compound is administered to hospital-
ized patients via intravenous infusion. Several protease inhibi-
tors are also under investigation that can be provided as oral 
therapies to nonhospitalized populations [42].

Example of 3CL Protease Inhibitor Development: Pivoting to a Prodrug 

Candidate PF-007304814 to Enable Clinical Dosing of Therapeutic 

Concentrations of Active Drug Candidate PF-0835231

In January 2020, Pfizer restarted its coronavirus protease in-
hibitor development program that had been conducted in re-
sponse to the SARS epidemic more than 15 years earlier [36]. 
After comparing sequences of the 2 coronaviruses, a high de-
gree of amino acid sequence identity was observed between the 
3CL proteases, and active site modelling studies indicated that 
Pfizer’s lead compound PF-0835231 (termed PF-231) could 
potentially be developed and then, if approved, be deployed 
against SARS-CoV-2.

The following months saw the usual long development pro-
gram dramatically compressed. This was done in part with the 
help of prominent coronavirus experts in the field who accu-
mulated evidence that the candidate drug was highly potent 
and specific for the inhibition of coronavirus 3CL proteases, 
including that from SARS-CoV-2. When it was recognized 
that the lead compound’s potential pharmacokinetic expo-
sure was suboptimal, a phosphate prodrug candidate termed 
PF-07304814 (or PF-814 for short) was prepared [43]. This 
prodrug candidate had increased exposures to allow for effec-
tive intravenous dosing in clinical studies, the first of which 
was initiated in September 2020 (Clinical Trials Registration 
NCT04535167).

PF-0835231 SARS-CoV-2 Protease Inhibitor Has Additive Activity With 

Remdesivir In Vitro Due to Differentiated Mechanism of Action and Has 

the Potential to be Broadly Cross-Reactive Across Coronaviruses

Remdesivir and PF-231 have distinct antiviral mechanisms of 
action, presenting an opportunity for combination therapy. 
PF-231 demonstrated potent single-agent EC90 value in a 
SARS-CoV-2 in vitro antiviral assay with minimal cytotox-
icity, indicating potential clinical efficacy for viral protease 
inhibitors [44]. Combining PF-231 with remdesivir increased 
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the observed in vitro potency. These in vitro data suggest that 
a combination may be an effective approach to treat the virus 
with reduced amounts of each compound.

Collectively, these in vitro data suggest PF-814 (the prodrug of 
PF-231) has the potential to be effective as a single or a combination 
agent against SARS-CoV-2. In addition, it appears the compound 
has the potential to be active against other coronaviruses and could 
potentially be deployed in the event of future coronaviruses that 
might emerge as a result of additional species crossover events. 
Two clinical studies are ongoing: one is a phase 1 single ascending 
dose study in healthy volunteers (Clinical Trials Registration 
NCT04627532), and the second is a phase 1b study in patients with 
COVID-19 (Clinical Trials Registration NCT04535167). A pivotal 
phase 2/3 study is planned to start in 2021.

PLpro Has Other Functions in Addition to Protease Activity That PLpro 

Inhibitors May Also Prevent

Coronavirus PLpro inhibitor development is not as advanced as 
the 3CLpro inhibitors. Inhibitors targeted to this protease may pro-
vide a unique opportunity to not only inhibit viral replication via 
inhibition of cleaving the nsp3, but also inhibit nsp3 from antag-
onizing the nuclear factor-κB (NF-κB) and interferon regulatory 
factor 3 (IRF3) host innate pathways via deubiquitination and 
de-ISGylation, as well as removing interferon-stimulated gene 15 
(ISG15) from proteins in the Jak/Stat pathway. The dysregulation of 
these pathways may contribute to excessive cytokine release from 
infected cells. In addition, nsp3 has recently been shown to be part 
of a molecular pore in double-membrane vesicles (DMVs). The 
DMVs form after viral infection as a result of nsp3, nsp4, and nsp6 
embedding in the rough endoplasmic reticulum and reshaping it.

Challenges and Opportunities

The challenges and opportunities for the discovery and de-
velopment of SARS-CoV-2 protease inhibitor treatments have 
focused on how advanced screening methodologies are being 
used to accelerate screening and the importance of structural 
analysis to identify potential resistance challenges and facil-
itate compound discovery. Current research into protease in-
hibitors has been enhanced by consortia and collaborations. 
For example, work conducted by the Center for Structural 
Genomics of Infectious Diseases uses artificial intelligence ap-
proaches to rapidly accelerate drug screening processes and re-
duce the number of compounds for more involved validation 
assessments.

With each new mechanistic insight come new targets, in-
cluding host factors. These targets provide an opportunity for 
rational drug design accelerated by artificial intelligence (AI) 
that can be deployed at all stages of the early drug discovery 
process, from novel hit discovery to identification and optimi-
zation. For example, 1910 Genetics, a biotechnology company 
that integrates AI, computation, and biologic automation in 
early stage drug discovery, deployed its SUEDE platform, which 

screened a 1-billion virtual chemical library in a matter of hours 
and identified promising virtual candidates against TMPRSS2. 
Within 2 weeks, these small molecules were in 1910 Genetics’ 
facilities. They were tested in a short period of time, discovering 
potent analogs (50% effective concentration [EC50] = 7 nM) to 
block the entry of the pseudotyped SARS-CoV-2 spike protein 
into Vero6E cells that were engineered to overexpress TMPRSS2. 
In parallel, 1910 Genetics deployed its BAGEL platform, which 
generated de novo small-molecule candidates that were manu-
factured within weeks and tested in 1910 Genetics’ in-house fa-
cilities. One of these de novo molecules also proved to be potent 
(EC50 = 117 nM) in blocking the entry of pseudotyped SARS-
CoV-2 spike protein into Vero6E-TMPRSS2 cells.

With the arrival of the COVID-19 pandemic, scientists at 
the Walter Reed Army Institute of Research (WRAIR) initiated 
a discovery program. This involved a significant pivot for the 
WRAIR Experimental Therapeutics Branch, the Department of 
Defense’s (DoD’s) sole drug development group, into a new ther-
apeutic area of developing antivirals. The WRAIR Experimental 
Therapeutics team leveraged their inherent drug discovery and 
development capabilities and expertise for developing malaria 
and antibacterial drugs to address COVID-19.

WRAIR partnered with US Army Medical Research Institute 
of Infectious Diseases (USAMRIID) scientists who established 
a high-throughput in vitro SARS-CoV-2 Vero cell-based test 
system at their biosafety level-3 (BSL-3) laboratories. As part of 
this DoD COVID-19 Small Molecule Therapeutics effort, collab-
orators at the Southwest Research Institute in San Antonio, TX, 
in conjunction with the DoD’s High Performance Computing 
Modernization Center, applied a proprietary AI/machine 
learning algorithm to screen >41 million compounds against 2 
SARS-CoV-2 targets: the main protease and spike protein re-
ceptor domain. The virtual screens were based on published 
crystal and cryoelectron structures, as well as X-ray structures 
of the virus produced by the WRAIR Emerging Infectious 
Diseases Branch. The DoD group screened a library of >41 mil-
lion compound structures in a matter of weeks. Compound 
structures came from a diversity of sources; some of them 
were existing drugs that may be repurposed for SARS-CoV-2  
and other coronaviruses. Others were novel chemical matter 
from a large repository of compounds that had already been 
analyzed for drug-like properties. In contrast to traditional in 
silico screening, this method introduces the ligand to the target 
with no preconceived notions of binding pose. Their ultimate 
goal is to develop a pan-coronavirus drug; as such, virtual 
screen hits were also screened against an analogous target (the 
receptor binding domain) from SARS-CoV and MERS to se-
lect compounds with the greatest overlap in predicted binding. 
From this large-scale initial screen, they rapidly down-selected 
approximately 800 compounds within a few weeks, dramatically 
shortening the traditional years-long discovery phase. To date, 
testing of in silico hits resulted in a 9% hit rate in USAMRIID’s 
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SARS-CoV-2 antiviral Vero cell screen. This outcome is orders 
of magnitude better than more traditional high-throughput 
methods. The combination of AI and then high-throughput 
screening using an in vitro assay has been key for accelerating 
the discovery of potential new coronavirus treatments. The 
molecules are currently being studied from a medicinal chem-
istry perspective, including determination of their metabolic 
properties, safety evaluation, and pharmacokinetics in mouse 
models in preparation for murine SARS-CoV-2 efficacy testing.

PLpro Development Progress
Dr Mesecar of Purdue University described working on PLpro 
and Mpro after the SARS-CoV-1 pandemic in 2003–2004 with 
a collaborative team [45–48]. At that time, the papain-like pro-
tease was an overlooked protease with no established structure. 
Cleavage of ubiquitin off host cell proteins was also identified as 
another potential role for the PLpro. Dr Mesecar and his group 
confirmed that PLpro was capable of utilizing ubiquitin sub-
strates. He evaluated ISG15 and determined it is also capable of 
hydrolyzing 7-amino-4-methylcoumarin of ISG15, causing its 
removal from ubiquitin in host cells. Understanding the com-
plete role of PLpro antagonism in an aspect of the host innate 
immune response will be important to the successful use of in-
hibitors of this protease.

Dr Mesecar and colleagues elucidated the structure of PLpro 
and found that it was indeed a ubiquitin-specific protease. 
They then conducted a high-throughput screen of 50 000 com-
pounds, identifying 2 potential compound templates for anti-
viral drug development. These noncovalent inhibitors had the 
ability to target only a certain subclass of coronaviral papain-
like proteases selectively, making it possible to target papain-
like proteases selectively. To date, these compounds have shown 
activity in a non–SARS-CoV-2 coronavirus animal model.

Design of Protease Inhibitors to Preemptively Avoid Drug Resistance
Viral proteases are key drug targets and have been one of the 
most successful structure-based drug designs. However, drug 
resistance can come from mutations in the active site or remote 
changes that alter the flexibility of the protease [49–51]. The ne-
cessity of the protease to cut a series of cleavage sites is a key evo-
lutionary constraint. Dr Celia Schiffer’s laboratory at University 
of Massachusetts Medical School, for example, has focused on 
this evolutionary constraint of substrate recognition and proc-
essing and how to combine that evolutionary constraint to pre-
emptively avoid drug resistance. Inhibitors that fit within the 
substrate envelope are less likely to produce resistant strains be-
cause the mutation impacting these inhibitors will simultane-
ously impact the recognition and processing of the majority of 
the substrates. Dr Schiffer’s team has previously demonstrated 
this approach with HIV and HCV proteases [52–54]. Similar 
to other viruses, SARS-CoV-2 has already evolved during the 
current pandemic. As the SARS-CoV-2 viral proteases both 

recognize multiple substrates, the substrate envelope approach 
is being pursued as a way to preemptively avoid resistance. 
Combining protein crystallography, medicinal chemistry, and 
computational methods to SARS-CoV-2 3CLpro and PLpro with 
a collaborative team at University of Massachusetts Medical 
School, the aim is not only to have inhibitors that retain effec-
tiveness during the current pandemic but are potent against any 
future coronavirus outbreaks.

EMERGING TARGETS, EMERGING MODALITIES

As discussed above, small-molecule inhibitors of essential viral 
enzymes, such as polymerases and proteases, are well-validated 
approaches for antivirals. However, as with all complex viral 
diseases, multiple therapeutics to address different aspects 
of the SARS-CoV-2 viral replication cycle and in different 
COVID-19 patient populations are needed to more effectively 
treat patients.

Several new modalities have arisen for therapeutics in 
general over the last several years, including RNAi, CRISPR/
Cas9 and other targeted nucleases, bifunctional molecules, 
and others. Dr Matt Disney of Scripps Research Institute de-
scribed how sections of RNA virus genomes in general, and 
SARS-CoV-2 in particular, form constrained secondary struc-
tures that are specifically targetable by small molecules. Such 
regions of the SARS-CoV-2 genome include the 5′ untrans-
lated region and the frame shift motif. Small-molecule screens 
have been conducted and identified binders to these elements 
[55]. These binders have been used as the basis of a chimeric 
compound that can target a host ribonuclease to the viral ge-
nome and ultimately lead to its degradation. Such a mech-
anism has demonstrated potent antiviral activity. In addition, 
Dr David Baker of the University of Washington described his 
work generating miniproteins that specifically bind to the re-
ceptor binding domain of the viral spike protein with potent 
nanomolar antiviral activity [56]. These compact, thermostable 
proteins were computationally designed and are able to be pro-
duced in large quantities that could lead to minimal cost of 
goods. When fused to an antibody Fc domain, the lead SARS-
CoV-2 antiviral miniprotein reduces viral burden, diminishes 
immune cell infiltration and inflammation, and completely pre-
vents lung disease and pathology in mice. A single nasal dose 
also reduced infection in the lung even when given as many as 
5 days before or 2 days after virus inoculation. Importantly, the 
protein was demonstrated to protect animals against a historical 
strain (WA1/2020), an emerging B.1.1.7 variant, and a variant 
encoding key E484K and N501Y spike protein mutations [57]. 
These data support development of such antiviral miniproteins 
for prevention or treatment of COVID-19.

Both of these newer modalities have potential advantages. 
First, drug discovery can begin as soon as a new genome 
is sequenced (a parallel with vaccine development). For 
miniproteins, computational methods lead to the synthesis 
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of small numbers of molecules for testing. For RNA binders, 
analysis and comparison to sequences of related viruses can 
accurately predict genome sequences/structures to start 
screening for small-molecule binders. The miniproteins, as 
mentioned above, can be developed with different formula-
tions for different routes of administration and have good 
potential for low cost. Additionally, at least in the case of the 
miniprotein generated against SARS-CoV-2 spike, the mole-
cule is thermostable and can be stored at room temperature. 
The RNA-targeting small molecules may have a lower inci-
dence of mutation given there are only 3 options of nucleo-
tides to be incorporated into the RNA for such mutations, 
and to maintain functional structure of the RNA, even sub-
stitution by those 3 options may not be tolerated by the virus. 
Both of these modalities, however, lead to molecules that will 
likely have activity limited to viruses with close sequence ho-
mology in the viral target.

Complementing the advances in new modalities is the iden-
tification of novel targets for antivirals beyond the traditional 
viral enzymes such as polymerases and proteases. Both systems 
biology studies [24, 58] and compound repurposing screens [45, 
59–63] have identified a number of potential host cell targets to 
be explored for validation and ultimately drug discovery and 
development. One example is dihydroorotate dehydrogenase 
(DHODH), an essential host enzyme in de novo pyrimidine bi-
osynthesis. Studies to identify pathways and/or targets can vary 
in their methodology, including use of different cell types and 
tagging or knock-out of proteins, which can lead to conflicting 
results. The public visibility and combination of large data sets 
may allow identification of potential targets. These targets be-
come actionable as they are verified with the use of probe mol-
ecules to test the therapeutic hypothesis, and demonstration of 
activity in multiple orthogonal assay systems.

Drug discovery focused on host cell targets is anticipated to 
present multiple opportunities that will require validation. As 
opposed to direct-acting antivirals with a more defined devel-
opmental path, drugging host proteins or processes may present 
less potential for resistance emergence and should be effective 
irrespective of the viral load. Additionally, such molecules 
tend to be more refractory to drug block release, meaning that 
after removal of the drug, the changes that the drug induced in 
the host cell are maintained by extending the antiviral effect. 
Particularly compelling cellular targets are those engaged in 
stress-activated signal transduction and the dysregulated me-
tabolism induced upon viral infection [64, 65]. For example, 
Evrys Bio, LLC is developing inhibitors of host SIRT2, which 
have demonstrated potent and durable antiviral activity across a 
number of viruses [66, 67]. Cellular receptors for viral entry are 
also a viable target, exemplified by CCR5 inhibitors approved 
for treatment of HIV infection, and studies are ongoing to de-
velop (protein-based) ACE2 decoys that limit SARS-CoV-2 cel-
lular entry [68, 69].

As host genes are explored as targets for SARS-CoV-2 drug 
discovery, rigorous validation requires focus on the biology of 
the target. Additionally, as new modalities are explored, an em-
phasis on physical properties, pharmacokinetics, formulation, 
and other key pillars of drug development are needed. These 
new targets and modalities do not replace small-molecule drug 
discovery against traditional, validated targets like polymerases 
and proteases. Rather, they are expected to complement those 
efforts and increase the diversity of agents that can be used to 
treat COVID-19 patients. In some cases, these approaches may 
provide more rapid discovery and development of drugs in a 
pandemic setting. The breadth of activity and potency, even in 
the face of high viral load, of drugs targeting cellular proteins 
can complement more traditional antivirals. These new tar-
gets and modalities should certainly be explored as part of the 
COVID-19 response.

In some cases, these approaches may provide more rapid 
discovery and development of drugs in a pandemic setting. 
Additionally, the breadth of activity and potency, even in the 
face of high viral load, of drugs targeting cellular proteins can 
complement more traditional antivirals. These new modalities 
and targets should certainly be explored as part of the COVID-
19 response.

PRECLINICAL TOOLS

Biologically and clinically relevant models are required for 
the evaluation of antiviral drug candidates to obtain the most 
meaningful and informative preclinical data. Both in vitro 
(cell-based) and in vivo (animal) models of SARS-CoV-2 in-
fection have been developed to evaluate antiviral activity and 
therapeutic activity of candidate drugs. Various in vitro systems 
have been used to identify potential COVID-19 therapeutics 
in the screening of drug libraries comprised of approved drugs 
with the hope of repurposing them to treat COVID-19 and 
by screening of compound libraries to identify new antiviral 
compounds to then be optimized into a more drug-like form 
through medicinal chemistry. Animal models of SARS-CoV-2 
infection that recapitulate viral tropism and COVID-19 disease 
pathology are required to ensure that preclinical candidates are 
active at the target site (eg, lung) and to assess antiviral com-
binations. As SARS-CoV-2 is a respiratory virus, formulation 
of oral or possibly inhaled delivery of therapeutics will be 
most impactful as dosing would not require assistance from a 
medical professional. Preclinical animal models are essential 
to determine if therapeutic candidates have antiviral activity, 
optimal pharmacokinetic profiles, and mitigate SARS-CoV-2 
pathogenesis.

In Vitro Models

For cell-based antiviral testing, both wild-type virus and those 
engineered to express reporter genes like luciferase or fluores-
cent proteins have been used to screen compounds for antiviral 
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activity [70, 71]. A  single-round infectious SARS-CoV-2 that 
recapitulates authentic virus infection and replication without 
virulence has recently been developed to facilitate antiviral 
screening at BSL-2 [72]. Antiviral activity and potency have 
been determined by multiple techniques, including through the 
measurement of reporter gene products, direct measure of in-
fectious virus by classical virologic techniques, measurement of 
viral cytopathic effect in cell monolayers, and immunostaining-
based measurement of viral proteins via high-content imaging, 
which can also monitor cytotoxicity [59]. To most efficiently 
triage compounds, early removal of toxic compounds is pref-
erable. Compared with wild-type virus, reporter virus assays 
typically have a higher dynamic range and potentially higher 
throughput capacity. High-throughput assay formats also en-
able the screening and assessment of antiviral combinations in 
cell culture, which require a large number of experimental con-
ditions to be evaluated [73].

The target cell type employed is critical to accurately predict 
antiviral activity of candidates in humans. A number of seem-
ingly simple considerations, including the species of origin of 
a given cell line (eg, human versus other animal-derived cell 
lines), and the tissue of origin (eg, respiratory epithelial versus 
kidney or colon) significantly impact the relevance of antiviral 
candidate potency. For example, remdesivir EC50 values differed 
by 1000-fold when remdesivir was tested in Vero cells (African 
green monkey kidney epithelial cell line, weak activity) com-
pared with primary human airway culture (potent activity) 
[74]. This is likely due to differences in cellular enzymes that 
transport and/or metabolize the prodrug into its pharmacolog-
ically active triphosphate form. Conversely, chloroquine and its 
derivatives showed anti–SARS-CoV-2 activity in Vero cells but 
not on primary human airway cultures or animals [75], and sub-
sequent clinical trials have confirmed that hydroxychloroquine 
is ineffective for prophylaxis or treatment of SARS-CoV-2 in-
fections in humans [40, 41, 76]. These results underline the im-
portance of selecting the right cell types for antiviral testing, 
and primary or multicellular airway models should be used to 
confirm antiviral activity.

Reverse Genetic and Other Target Identification Systems

Reverse genetic systems have been developed for SARS-CoV-2, 
leading to the generation of both fluorescent and luminescent 
reporter viruses that can increase the throughput of screening 
assays with authentic virus particles at BSL-3 [77, 78]. In ad-
dition, reverse genetics enables the phenotypic confirmation 
of drug resistance mutations derived through passage in cell 
culture or those that naturally arise in humans and drug target 
deconvolution in mechanism-of-action studies with newly dis-
covered drug candidates. Alternatively, functional genomics 
screening approaches such as CRISPRi can enable the identi-
fication of human (host) genes that play a cooperative role in 
mediation of the viral replication cycle and may be druggable.

In Vivo Models

Several animal models have been developed for SARS-CoV-2, 
including mouse, hamster, ferret, and nonhuman primates. 
A  detailed list of SARS-CoV-2 animal models is maintained 
by the NIH ACTIV Preclincal Working Group at the NCATS 
OpenData Portal [79, 80]. For both small animal and non-
human primate models, information on background, primary 
references, and viral model end points are provided. The anti-
viral activity (EC50 value) of candidate agents should be evalu-
ated against the challenge virus to ensure that the susceptibility 
is representative of circulating strains.

The establishment of any animal model relies on that species 
being susceptible to infection by SARS-CoV-2 [81], and a sec-
ondary consideration is the species being amenable to mainte-
nance in a vivarium setting. Although mice are typically used 
widely to study viral pathogenesis and antiviral efficacy due 
to their size, ease of use, available genetic models, and exper-
imental tools, due to differences in the murine ortholog of the 
human receptor, ACE2, the original strains of SARS-CoV-2 
spike cannot bind mouse ACE2 and cannot infect standard 
laboratory mice. This has changed with the emergence of the 
N501Y variant strain (such as B1.351 that first emerged in 
South Africa) that can infect mice [82, 83]. To circumvent this 
issue, several approaches have been taken to enable SARS-
CoV-2 infection in mice. First, transgenic mice have been made 
that express human ACE2 [70]. Second, viral vectors have been 
used to deliver and overexpress human ACE2 in the mouse lung 
[84]. Lastly, SARS-CoV-2 has been genetically adapted to utilize 
mouse ACE2 for entry resulting in a virus with high titer rep-
lication in the lungs of standard laboratory mice (ie, BALB/c), 
loss of pulmonary function, severe end-stage lung disease like 
acute respiratory distress syndrome, and death [85]. In general, 
any of these mouse models can be useful for antiviral testing. 
In addition, because the mouse-adapted infection model recap-
itulates multiple aspects of the human disease, this model may 
be more useful to study viral pathogenesis and where possible 
genetically dissect host immune responses driving disease.

Hamster models have been developed to study viral repli-
cation, pathogenesis, and transmission [86, 87]. Unlike mice, 
wild-type SARS-CoV-2 robustly infects the hamster respira-
tory tract, causing weight loss and lung pathology. The ham-
ster model also recapitulates age-dependent disease severity. 
The kinetics of viral replication in young hamsters is faster than 
that in aged hamsters, whereas the immune response in aged 
animals lasts longer, leading to somewhat more severe disease. 
Moreover, hamsters can transmit the virus allowing for the 
study of SARS-CoV-2 transmission. Ferret models have also 
been established to study viral transmission. Compared with 
other animal models, the viral replication level and disease se-
verity are milder in ferrets [88].

Several nonhuman primate models of SARS-CoV-2 have been 
reported, including rhesus macaque, cynomolgus macaque, and 
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African green monkey [89–91]. In the rhesus macaque model, 
the infected animals develop mild to moderate clinical signs 
of disease, develop pulmonary infiltrates on radiographs, and 
virus shedding in nose and throat swabs is similar to that ob-
served in COVID-19 patients. Although no nonhuman primate 
models have been established that recapitulate severe COVID-
19, these models have been used successfully to show the ac-
tivity of several direct-acting antivirals and antibody treatments 
[92–94].

In summary, antiviral models have been developed to sup-
port in vitro and in vivo drug discovery. However, limitations 
remain, in large part due to the biosafety considerations, to en-
able more efficient therapeutic development.

Challenges and Opportunities
Data Reproducibility and Assay Comparisons
One challenge to SARS-CoV-2 drug discovery and develop-
ment is that different research teams have reported different 
activity, or lack of activity, for the same compound. One side 
effect of so many research groups converging on SARS-CoV-2 
research has been the use of differing models and assays (de-
scribed above). The adoption of common reference assays, in-
cluding controls and criteria, would set standards for the field. 
This would include recommendations on appropriate cell lines 
and reagents and making sure these are readily available to 
qualified investigators. For example, HIV repositories exist for 
small molecules, viruses, and cell lines promoting standardiza-
tion, which has been beneficial to drug development (although 
this was implemented over a longer timeline; see for a general 
example the Biodefense and Emerging Infections Research 
Resources Repository, BEI Resources). Importantly, the reliance 
on a single assay model for demonstrating activity is not ade-
quate and orthogonal assays are essential. In addition, testing 
against standardized positive and negative controls in assays is 
also important.

Combination Antiviral Therapy
Combination antiviral therapy is expected to be critical to effec-
tively treat infections and minimize the development of resistant 
strains. Screening approaches can be used to identify synergism 
of antiviral candidates, and functional/genetic approaches can 
be used to predict drugged target combinations that should be 
effective. Moreover, any new therapeutic, especially other RdRp 
inhibitors, must be tested for antagonism against approved ther-
apies, such as remdesivir, to ensure that unwanted impedance 
of antiviral activity does not occur in combination. Also, initial 
clinical studies of potential drug-drug interactions with respect 
to human pharmacokinetics and tolerability are necessary.

In Vivo Models
Before the SARS-CoV and MERS-CoV outbreaks, very few 
models of coronavirus pathogenesis existed, but researchers 

responding to the SARS-CoV-2 pandemic rapidly took advan-
tage of previous models (eg, human ACE2 transgenic mice). 
However, the number of researchers able to engage in research 
with an authentic emerging coronavirus is restricted by the 
need to perform this work in a BSL-3 laboratory, of which there 
is a limited number in the United States. Another major gap 
is that it remains difficult to study long-term effects of either 
treatment or disease in animal models. From an antiviral can-
didate perspective, direct-acting compounds against viral pro-
teins can be applied to many animal models, but host-target 
antiviral candidates (for example, host proteases described 
earlier) rely on an understanding of the species homolog of 
the human gene. Current animal models are not adequate for 
studying extrapulmonary manifestations of disease. Studying 
comorbidities is challenging in animal models, which is a major 
weakness given the pathology of COVID-19 in humans, and 
the anticipation that newly developed antivirals will be effec-
tive in reducing mortality in patients with such complicating 
comorbidities [95].

To date, the FDA has not been requiring animal model data 
for some clinical trials using agents with known activity during 
viral infections and well-defined safety based on prior in-human 
use. However, antiviral activity information remains essential in 
instances when other data, on topics such as the mechanism of 
action or toxicity, are lacking. Mechanism of action and resist-
ance data is of vital importance. In this context, the designation 
of a standard accepted in vivo model with gold standard posi-
tive and negative controls for assessing and comparing antiviral 
activity of a new therapeutic has not been designated.

LESSONS FROM OTHER VIRUSES AND 
PREPARATION FOR THE FUTURE

There is a history of antiviral drug discovery and development 
dating back to the 1960s. While these earliest efforts were largely 
empiric, the tremendous effort against HIV in the 1980s and 
1990s was pivotal in the shifting emphasis to more target-based 
drug discovery and some of the earliest successes in structure-
based and rational drug design. The success of antiretroviral 
therapy for HIV illustrated the critical importance of combina-
tion therapy and adherence in treating chronic infections and 
highlighted the value of fixed-dose combinations, convenience, 
and tolerability. These fundamental lessons were subsequently 
relearnt in the discovery and development of direct-acting an-
tiviral drugs for HCV.

HCV drug discovery also emphasized a target-based ap-
proach for the development of protease and polymerase inhibi-
tors but, in the end, empiricism was also critical to this amazing 
success story. The HCV NS5a inhibitors, which became piv-
otal to most successful combination therapies, were discovered 
from agnostic cell-based screens that were only made possible 
by the development of replicon assays. The development of rep-
licons for multiple diverse HCV genotypes was fundamental to 
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achieving the breadth of activity needed to address both spec-
trum and resistance, also illustrating the critical value of having 
the right in vitro models to drive the drug discovery process.

Throughout the 1980s, 1990s, and 2000s, advances were also 
made in therapeutics for HBV, influenza virus, and various her-
pesviruses. Today, there are more than 90 approved antiviral 
agents to treat a variety of both acute and chronic viral infec-
tions. While there are successful antiviral drugs across multiple 
distinct target classes, the largest number and broadest class of 
approved antiviral drugs are those which target viral polymer-
ases. Polymerase inhibitors have been approved to treat infec-
tions across both RNA and DNA viruses as well as retroviruses 
and comprise a myriad of mechanisms, including substrate 
mimetics such as nucleoside and pyrophosphate analogs but 
also non-nucleoside or allosteric inhibitors. It is worth noting, 
even nucleosides can exhibit distinct mechanisms of action, 
including chain termination, inhibition of translocation, and 
error catastrophe with unique implications for pharmacology 
and resistance.

In general, enzyme targets dominate the list of approved anti-
viral agents, but after polymerase, other enzyme targets are gen-
erally unique to different virus families, making it challenging 
to find drugs that work broadly. The challenge of finding ap-
proaches that are effective across a virus or virus family is par-
ticularly true for viral entry targets, which can often vary even 
for a specific virus in cases where multiple receptors or modes 
of entry are observed. The best clinical illustration of this chal-
lenge is the development of CCR5 inhibitors for HIV, where 
having a diagnostic to differentiate CCR5 versus CXCR4 tro-
pism was critical and became an impediment for the use of such 
agents in the real world. CCR5 inhibitors are also one of the few 
examples of a successful antiviral development against a host 
target, another challenge for antiviral development generally.

Despite a tremendous track record of success, there are les-
sons from notable disappointments in antiviral drug develop-
ment. There is always the potential for failure due to toxicity or 
pharmacokinetics that plague drug development more gener-
ally but, in the case of antivirals, poor efficacy can be attributed 
to an inherent viral diversity or acquired resistance in some 
instances. One such example is the first-generation HCV pro-
tease inhibitors that were obsolete by the time they launched, 
being replaced by agents with improved resistance profiles and 
spectrum. While in many cases lessons from the initial clinical 
disappointments resulted in improved agents, an earlier under-
standing of genetic diversity and resistance could have avoided 
many of these early mistakes. Therefore, understanding the im-
pact of genetic diversity and resistance is important even at the 
earliest stages of target and lead selection.

While it is certainly preferable to develop agents that have a 
high barrier to the development of resistance, as seen in HIV and 
HCV, even agents with a low barrier to resistance development 
can work when combined if there is adequate pharmacologic 

coverage. The use of combinations appears to be more impor-
tant in treating chronic infections, where there is ongoing rep-
lication and a larger more diverse population, as compared to 
prevention where dual and even monotherapy is highly effec-
tive. However, it is also relevant in acute respiratory infections 
like influenza in which resistant variants sometimes emerge 
during treatment and spread to close contacts. However, even 
in chronic infection, monotherapy can sometimes work, as is 
the case in HBV, likely as a consequence of both the biology of 
the virus and the specific agents.

It is important to note that resistance and antiviral efficacy are 
inextricably linked to pharmacokinetics. To decrease the proba-
bility of resistance development, desirable agent characteristics 
include high oral bioavailability, high plasma and organ/tissue/
site-of-action distribution, long elimination half-life, low intra- 
and interpatient variability, low probability of drug-drug inter-
actions, and convenient dosing regimens that promote high 
adherence and are forgivable of missed doses. To maximize the 
potential for broad impact and global use, oral agents with low 
cost of goods that are easy to formulate and also suitable for 
pediatric formulations are critical. For chronic therapy and pre-
vention, drugs that are amenable to long-acting formulations 
are highly desirable. In addition, understanding where the agent 
needs to be delivered to treat or prevent infection is key. In res-
piratory virus infections, intranasal administration is not suffi-
cient to treat or prevent lower respiratory tract disease but may 
be useful for prophylaxis.

For both acute and chronic infections, timing of initiation of 
therapy is essential. As has been shown in HIV, early treatment 
and prophylaxis led to profound patient, public health, and ec-
onomic benefit. The same has been shown in multiple studies 
of influenza therapeutics, where the greatest impact of antiviral 
therapy is observed in the setting of institution of treatment 
early after disease onset or postexposure prophylaxis. How soon 
postexposure prophylaxis needs to be administered may vary 
between different viral infections and antiviral mode of action, 
but in all preclinical models and clinical studies of respiratory 
viral infections, sooner is better. In a pandemic setting, this is 
especially critical. For influenza, insufficient and delayed use 
of neuraminidase inhibitor treatment resulted in these drugs 
having a diminished impact on patient mortality during the 
2009 pandemic, despite their known effectiveness. The excep-
tions included countries like Japan that had high levels of anti-
viral coverage, including children and pregnant women.

A number of potential SARS-CoV-2 inhibitors are being 
considered for topical administration (eg, intranasal, inhaled) 
to the respiratory tract. One issue for topically delivered res-
piratory virus antivirals is whether intranasal administration 
is sufficient, which in turn depends on the principal site(s) of 
initial acquisition. Intranasal interferons (IFNs) protect against 
rhinovirus and likely common respiratory coronavirus illness. 
However, neither intranasal IFN nor intranasal zanamivir 
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prevent natural influenza illness. In contrast, inhaled zanamivir 
is highly effective for prevention of influenza illness (75%–80% 
in household contacts). It remains to be determined whether 
antivirals administered intranasally (ie, protecting only the 
nose) might prevent some SARS-CoV-2 infections. Inhaled in-
vestigational agents like IFN-beta, which has shown some ef-
ficacy in hospitalized COVID-19 patients, and when available 
inhaled remdesivir, may prove effective in prevention and early 
treatment.

It is well established that antiviral drugs are highly effective 
in both treating and preventing infections, if they have the right 
pharmacologic properties, can be easily accessed, and admin-
istered to at-risk populations. Having the appropriate in vitro 
tools and in vivo models to develop antivirals are key. Investing 
in the basic biology to develop these tools, assays, and models, 
understanding the implications of resistance, and overcoming 
the barriers that impede rapid access to the use of such drugs 
once developed are critical for limiting future pandemics and 
outbreaks. It requires a collaborative effort that crosses public, 
private, and governmental boundaries.

Preclinical Pharmacokinetics and Formulation

As with any preclinical drug development program, it is es-
sential to understand the physicochemical properties of the 
drug compound and the resulting pharmacokinetic profile to 
improve chances of success in demonstrating in vivo efficacy. 
Remdesivir (for example) is given intravenously due to the poor 
oral bioavailability. Moreover, remdesivir required solubility 
enhancement using cyclodextrins due to its limited solubility 
[96]. Preclinical formulation development should take into ac-
count drug solubility, stability, and absorption. In the case of 
poorly absorbed drugs, alternative routes of administration 
may also be considered. Notably, intranasal and pulmonary ad-
ministration appears a promising strategy for SARS-CoV-2 an-
tiviral delivery [97].

SUMMARY OF DISCUSSIONS AND PERSPECTIVES 
ON THE CHALLENGES AHEAD

Overview of the Virus and Therapeutic Approaches

An overarching goal for the coronavirus antiviral program is 
the discovery of novel compounds that inhibit different steps in 
the virus replication cycle, and that target diverse coronaviruses 
both in vitro and in animal models. The ability to administer 
drug by multiple routes (intravenous, intramuscular, subcuta-
neous, oral, inhalation, and nasal) is highly desirable. A toxicity 
profile that supports prophylactic (chronic dosing) as well as 
therapeutic intervention (5 to 10-day dose window) is key. As 
the current pandemic emerged, the problems associated with 
clinical development in the absence of a clear understanding of 
the virologic and immunologic course of disease became ap-
parent. Important considerations moving forward include de-
termining viral burden, especially in the lower respiratory tract 

and extrapulmonary sites, establishing the effective therapeutic 
window, and identifying potent combination therapies designed 
to improve efficacy and prevent resistance. Even with the avail-
ability of effective vaccines, antiviral drugs will be required to 
protect highly vulnerable populations with diminished immune 
function or who cannot take vaccines due to allergic reactions.

Targeting Viral Replication Machinery of SARS-CoV-2

Therapeutics against SARS-CoV-2 consist of many sub-
types: antibodies, early inhibitors of attachment, spike protein 
cleavage, fusion inhibitors, RNA polymerase inhibitors, pro-
tease inhibitors, and virus release inhibitors, among others. 
These can be either host or viral targeted therapeutics. One of 
the most successful methods to mitigate SARS-CoV-2 replica-
tion is by direct-acting antivirals; currently, those that target the 
replication machinery are of high interest. To date, progress has 
been made in the development of nucleoside analogs, as these 
are the only class of small-molecule antivirals that have been 
approved clinically for COVID-19 (eg, remdesivir) [13]. There 
are advantages and disadvantages of developing nucleoside 
analogs. Those nucleoside analogs in which the sugar is ribose, 
called “ribonucleosides,” have had the advantage in that they 
had been jump started from other viral indications. Advantages 
include: (1) they mimic natural substances, (2) in vitro work has 
suggested a high threshold of viral resistance, (3) the develop-
ment pathway is well understood, and (4) tests are in place to 
detect off-target toxicities. The fact that ribonucleosides tend to 
be active against other unrelated RNA viruses makes this family 
of therapeutics desirable for interrogation (both for now and off 
the shelf for future pandemics) [98–100].

It has proven difficult to establish structure-activity relation-
ships for nucleoside/nucleotide analogs; consequently, nucleo-
side discovery generally is a trial-and-error process. The current 
approach is to simply introduce modification on the base or 
ribosugar, and then test each derivative for activity. In addition, 
nucleosides require multistep metabolic activation for conversion 
to the 5′-triphosphate derivative to be inhibitory. This effort can 
be a challenge as metabolic activation varies between different 
cell types, which makes selection of assay types and cell types a 
challenge for downstream evaluation. Furthermore, the delivery 
of nucleosides to the target tissue of interest can be a challenge. 
However, there is a wealth of historical data that informs the se-
lection of those nucleosides, which provide a starting place for 
synthetic efforts. Nevertheless, the chemistry can be challenging 
to work through the many variations of modifications that are 
possible on base versus ribosugar. Nucleosides, because they 
mimic natural factors, also can act through different mechan-
isms, targeting aspects of the replication machinery of either host 
or virus (selectivity). While tools have improved the design of an-
tiviral nucleosides, these compounds must be tested in whole-cell 
screens and must be evaluated for the potential off-target effects 
(mitochondrial or host cell compartment interactions). Lastly, 
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the design of alternative delivery options, for example, oral de-
livery, can be challenging. Tactics to make all the information 
surrounding the work in nucleoside therapeutics more widely 
known across disciplines, including the assays to determine anti-
viral effect, must be made more generally available.

Proteases (Viral and Hosts)

An obvious target is viral and host proteases, as these proteins 
are important for viral entry and processing. Of benefit is that 
libraries of HIV and HCV protease inhibitors provide a logical 
starting point for synthesis. Repurposing protease inhibitors 
provides an invaluable and rich resource, especially for com-
bination therapies. Proteases have been demonstrated to be 
broadly druggable, and new preclinical candidates will emerge. 
Currently, success has been extremely limited in contrast to that 
achieved with HIV and HCV infections.

Emerging Targets and Emerging Modalities

Knowledge of the replication cycle of SARS-CoV-2 indicates 
that there are numerous other targets of the viral or host ge-
nome or proteome that are largely unexplored and could be 
suitable for drug discovery. The fact that these targets are un-
explored makes this route of therapeutic discovery and devel-
opment more contingent on unknown factors. These unknown 
risks and benefits must be recognized, but it should not be a 
factor that impedes progress.

Additionally, many new modalities have arisen to target both 
conventional and novel viral and host targets. These new modal-
ities offer advantages for speed of discovery and development, 
potency, selectivity, and cost of goods. Continued exploration 
of these emerging targets and modalities should be pursued in 
parallel with traditional direct-acting antivirals.

Preclinical Tools

When choosing the preclinical tools to test compounds in 
vitro and in vivo, the choice of cell type is crucial for cell as-
says. Orthogonal assays as well as AI are necessary tools to 
complement discovery efforts [101]. In vivo models can help 
determine if a drug is capable of engaging a target tissue. In 
particular, animal models provide a critical tool for the assess-
ment of drug distribution, including to the relevant site(s) of 
viral replication. Furthermore, the half-life, oral bioavailability, 
metabolism, distribution, microsomal stability, etc. can all be 
evaluated in animal systems [102]. However, animal models 
may fail to determine if metabolic differences can drastically 
alter the way a drug is metabolized. Furthermore, it should be 
emphasized that a drop in viral burden is not a validated end 
point for efficacy. Each animal model has its own set of pecu-
liarities and other models could be considered. Especially for 
SARS-CoV-2 (and other respiratory viruses), the air-liquid in-
terface human airway cell model may provide insight into tissue 
site needs [103]. Ultimately, many therapeutic candidates suc-
ceed in preclinical development and fail in human clinical trials, 

and building a translational science pathway for antiviral pre-
clinical development has significant unmet needs.

Clinical Trials and Lessons From Other Viruses and Preparation for 

the Future

When considering lessons from previous antiviral drug devel-
opment, clinical trial design and execution should be carefully 
reviewed. Decrease in viral burden is not a traditionally valid-
ated end point, with the exception of HIV, HCV, and cytomega-
lovirus after hematopoietic stem cell transplantation. However, 
for SARS-CoV-2 antiviral candidates, the lack of antiviral effi-
cacy in early clinical studies of prevention or treatment of mild 
illnesses should raise concerns about advancing such candi-
dates further. For agents demonstrating antiviral activity, what 
should antiviral clinical trial end points be? For SARS-CoV-2, 
possibilities may be dependent on the indication (eg, preexpo-
sure or postexposure prophylaxis, treatment) and target popu-
lation (eg, early treatment in outpatients to ameliorate illness, 
prevent disease progression, and/or reduce transmission; treat-
ment in seriously or critically ill hospitalized patients), but these 
are by no means comprehensive or definitive. The logistical 
issues are many, such as defining diverse patient populations 
or, often forgotten, the staffing and supply needs to accommo-
date the appropriate trial. Standardization of platforms for each 
stage of development, including the clinical trials, would be a 
helpful step for all. This has been achieved in the pandemic re-
sponse in part through creation of large pragmatic, adaptive 
trials in hospitalized COVID-19 patients like RECOVERY in 
the United Kingdom, WHO’s Solidarity Trial, and ACTT and 
ACTIV in the United States. These platforms have provided key 
outcomes data on therapeutics that helped (ie, dexamethasone, 
baricitinib), those that did not (hydroxychloroquine, lopinavir-
ritonavir, azithromycin), and those with inconsistent results (eg, 
remdesivir). Availability of databases and algorithms for AI to 
provide computational oversite for in vitro and in vivo models 
and clinical trial design as well as openly sharing negative data 
among all research groups is useful to avoid rabbit holes that are 
a waste of time and money. Standardized end points would also 
enable “basket antiviral trials” that test multiple antivirals (or 
combinations) with a single placebo arm.

Ultimately, for the development of any drug, the most im-
portant factor is to guarantee that the lead is safe for human 
administration [104]. As emphasized, the early stages of the 
drug discovery and development process should include con-
siderations regarding what the final product insert will recom-
mend as the indication. Considerations would include: will a 
compound be used for prophylaxis (which requires a higher 
safety threshold), and what formulation options are required 
according to the route of delivery? Drug delivery to the site of 
viral replication/disease must be included in the development 
pathway and crucial treatment paradigm. Establishing these 
goals at the outset ensures the appropriate design, particularly 
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outpatient or inpatient, with or without multiorgan involve-
ment. In the medicinal chemistry field these are referred to as 
“target product profiles.” The breadth of knowledge critical for 
drug discovery and development is vast. A translational science 
approach with a combination of skill sets from virologic and 
immunologic backgrounds as well as chemistry, toxicology, and 
other fields are important factors of success.

Forming Partnerships

Forming product development partnerships (PDPs) around 
direct-acting antivirals is a powerful means of rapidly 
discovering and developing antiviral therapeutics. PDPs are 
synergistic initiatives between academic innovators at the cut-
ting edge of their discipline and biotechnology/pharma-based 
drug developers, who can rapidly move clinical development 
candidates forward through preclinical and into clinical de-
velopment [105]. Formation of these partnerships is absolutely 
necessary to maximize the possibility of success in a time and 
cost-efficient manner. Working with regulators during a pan-
demic is essential. Defining the resources that are needed and 
are already available is key. Both NCATS and NIAID have pre-
clinical development resources that are readily accessible.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.

Notes

Disclaimer. The views expressed by J. O. R. are his and do not 
necessarily represent the position of, nor imply endorsement 
from, the US Food and Drug Administration.

Financial support. This report summarizes the proceedings 
of the NIH Virtual SARS-CoV-2 Antiviral Summit that was held 
on 6 November 2020 (online only). The Summit was supported 
by the National Institute of Allergy and Infectious Diseases, 
National Center for Advancing Translational Sciences, and 
Office of the Director, National Institutes of Health, Bethesda, 
MD, United States.

Supplement sponsorship. This supplement is sponsored by 
the National Institutes of Health.

Potential conflicts of interest. All authors: No reported con-
flicts of interest. All authors have submitted the ICMJE Form 
for Disclosure of Potential Conflicts of Interest. Conflicts that 
the editors consider relevant to the content of the manuscript 
have been disclosed.

References

1. Hu  B, Guo  H, Zhou  P, Shi  Z-L. Characteristics of SARS-
CoV-2 and COVID-19. Nat Rev Microbiol 2021; 19:141–54. 

2. Clercq  ED. Molecular targets for antiviral agents. J
Pharmacol Exp Ther 2001; 297:1–10.

3. Shyr ZA, Gorshkov K, Chen CZ, Zheng W. Drug discovery
strategies for SARS-CoV-2. J Pharmacol Exp Ther 2020;
375:127–38.

4. Arabi YM, Balkhy HH, Hayden FG, et al. Middle East respi-
ratory syndrome. N Engl J Med 2017; 376: 584–94.

5. Peiris  JSM, Yuen KY, Osterhaus ADME, Stöhr K. The se-
vere acute respiratory syndrome. N Engl J Med 2003; 349:
2431–41.

6. Pardi  N, Weissman  D. Development of vaccines and
antivirals for combating viral pandemics. Nat Biomed Eng
2020; 4:1128–33.

7. V’kovski  P, Kratzel  A, Steiner  S, Stalder  H, Thiel  V.
Coronavirus biology and replication: implications for
SARS-CoV-2. Nat Rev Microbiol 2021; 19:155–70.

8. Yan L, Zhang Y, Ge J, et al. Architecture of a SARS-CoV-2
mini replication and transcription complex. Nat Commun
2020; 11:5874.

9. Robson F, Khan KS, Le TK, et al. Coronavirus RNA proof-
reading: molecular basis and therapeutic targeting. Mol
Cell 2020; 79:710–27.

10. De Clercq E, Li G. Approved antiviral drugs over the past
50 years. Clin Microbiol Rev 2016; 29:695–747.

11. de Béthune M.-P. Non-nucleoside reverse transcriptase
inhibitors (NNRTIs), their discovery, development,
and use in the treatment of HIV-1 infection: a review
of the last 20  years (1989–2009). Antiviral Res 2010;
85:75–90.

12. Eastman RT, Roth JS, Brimacombe KR, et al. Remdesivir: a
review of its discovery and development leading to emer-
gency use authorization for treatment of COVID-19. ACS
Cent Sci 2020; 6:672.

13. Beigel  JH, Tomashek KM, Dodd LE, et al. Remdesivir for
the treatment of Covid-19—Final report. N Engl J Med
2020; 383:1813–26.

14. Commissioner of the Food and Drug Administration. FDA
approves first treatment for COVID-19. https://www.fda.
gov/news-events/press-announcements/fda-approves-first-
treatment-covid-19. Accessed 21 December 2020.

15. Painter WP, Holman W, Bush JA, et al. Human safety, tol-
erability, and pharmacokinetics of molnupiravir, a novel
broad-spectrum oral antiviral agent with activity against
SARS-CoV-2. Antimicrob Agents Chemother 2021;
65:e02428-20.

16. Sheahan TP, Sims AC, Zhou S, et al. An orally bioavailable
broad-spectrum antiviral inhibits SARS-CoV-2 in human
airway epithelial cell cultures and multiple coronaviruses in
mice. Sci Transl Med 2020; 12:eabb5883.

17. Furuta  Y, Komeno  T, Nakamura  T. Favipiravir (T-705), a
broad spectrum inhibitor of viral RNA polymerase. Proc
Jpn Acad Ser B Phys Biol Sci 2017; 93:449–63.

https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-covid-19
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-covid-19
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-covid-19


S18  • jid 2021:224 (Suppl 1) • Hall et al

18. Driouich  JS, Cochin  M, Lingas  G, et  al. Favipiravir anti-
viral efficacy against SARS-CoV-2 in a hamster model. Nat
Commun 2021; 12:1735.

19. Kaptein  SJF, Jacobs  S, Langendries  L, et  al. Favipiravir at
high doses has potent antiviral activity in SARS-CoV-2–in-
fected hamsters, whereas hydroxychloroquine lacks activity. 
Proc Natl Acad Sci 2020; 117:26955–65.

20. Berliba E, Bogus M, Vanhoutte F, et al. Safety, pharmacoki-
netics, and antiviral activity of AT-527, a novel purine nu-
cleotide prodrug, in hepatitis C virus-infected subjects with 
or without cirrhosis. Antimicrob Agents Chemother 2019;
63:e01201-19.

21. Good SS, Westover J, Jung KH, et al. AT-527, a double pro-
drug of a guanosine nucleotide analog, is a potent inhibitor
of SARS-CoV-2 in vitro and a promising oral antiviral for
treatment of COVID-19. Antimicrob Agents Chemother
2021; 65:e02479-20.

22. Taylor R, Kotian P, Warren T, et al. BCX4430–a broad-spec-
trum antiviral adenosine nucleoside analog under develop-
ment for the treatment of Ebola virus disease. J Infect Public 
Health 2016; 9:220–6.

23. Warren TK, Wells  J, Panchal RG, et al. Protection against
filovirus diseases by a novel broad-spectrum nucleoside an-
alogue BCX4430. Nature 2014; 508:402–5.

24. Gordon DE, Jang GM, Bouhaddou M, et al. A SARS-CoV-2 
protein interaction map reveals targets for drug repur-
posing. Nature 2020; 583:459–68.

25. Tchesnokov  EP, Gordon  CJ, Woolner  E, et  al. Template-
dependent inhibition of coronavirus RNA-dependent RNA
polymerase by remdesivir reveals a second mechanism of
action. J Biol Chem 2020; 295:16156–65.

26. Dulin D, Arnold JJ, van Laar T, et al. Signatures of nucleo-
tide analog incorporation by an RNA-dependent RNA poly-
merase revealed using high-throughput magnetic tweezers.
Cell Rep 2017; 21:1063–76.

27. He  X, Quan  S, Xu  M, et  al. Generation of SARS-
CoV-2 reporter replicon for high-throughput antiviral
screening and testing. Proc Natl Acad Sci U S A 2021;
118:e2025866118.

28. Kotaki  T, Xie  X, Shi  PY, Kameoka  M. A PCR amplicon-
based SARS-CoV-2 replicon for antiviral evaluation. Sci
Rep 2021; 11:2229.

29. Gerold  G, Pietschmann  T. Hepatitis C virus NS5B poly-
merase primes innate immune signaling. Hepatology 2013;
57:1275–7.

30. Ji  X, Li  Z. Medicinal chemistry strategies toward host
targeting antiviral agents. Med Res Rev 2020; 40:1519–57.

31. Lin  K, Gallay  P. Curing a viral infection by targeting the
host: the example of cyclophilin inhibitors. Antiviral Res
2013; 99:68–77.

32. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-
CoV-2 cell entry depends on ACE2 and TMPRSS2 and is

blocked by a clinically proven protease inhibitor. Cell 2020; 
181:271–80.e8.

33. Johnson  BA, Xie  X, Kalveram  B, et  al. Furin cleavage
site is key to SARS-CoV-2 pathogenesis. bioRxiv,
doi:10.1101/2020.08.26.268854, 26 August 2020, preprint:
not peer reviewed.

34. Shrimp JH, Kales SC, Sanderson PE, Simeonov A, Shen M,
Hall MD. An enzymatic TMPRSS2 assay for assessment of
clinical candidates and discovery of inhibitors as potential
treatment of COVID-19. ACS Pharmacol Transl Sci 2020;
3:997–1007.

35. Agbowuro  AA, Huston  WM, Gamble  AB, Tyndall  JDA.
Proteases and protease inhibitors in infectious diseases.
Med Res Rev 2018; 38:1295–331.

36. Hoffman  RL, Kania  RS, Brothers  MA, et  al. Discovery of
ketone-based covalent inhibitors of coronavirus 3CL prote-
ases for the potential therapeutic treatment of COVID-19. J
Med Chem 2020; 63:12725–47.

37. Shin D, Mukherjee R, Grewe D, et al. Papain-like protease
regulates SARS-CoV-2 viral spread and innate immunity.
Nature 2020; 587:657–62.

38. Zhang  L, Lin  D, Sun  X, et  al. Crystal structure of SARS-
CoV-2 main protease provides a basis for design of im-
proved α-ketoamide inhibitors. Science 2020; 368:409–12.

39. Baker JD, Uhrich RL, Kraemer GC, Love JE, Kraemer BC.
A drug repurposing screen identifies hepatitis C antivirals
as inhibitors of the SARS-CoV2 main protease. PLoS One
2021; 16:e0245962.

40. Horby  PW, Mafham  M, Bell  JL, et  al. Lopinavir-ritonavir
in patients admitted to hospital with COVID-19
(RECOVERY): a randomised, controlled, open-label, plat-
form trial. Lancet 2020; 396:1345–52.

41. WHO Solidarity Trial Consortium. Repurposed antiviral
drugs for Covid-19—interim WHO solidarity trial results.
N Engl J Med 2021; 384:497–511.

42. Vandyck  K, Abdelnabi  R, Gupta  K, et  al. ALG-097111, a
potent and selective SARS-CoV-2 3-chymotrypsin-like cys-
teine protease inhibitor exhibits in vivo efficacy in a Syrian
Hamster model. Biochem Biophys Res Commun 2021;
555:134–39.

43. Boras B, Jones RM, Anson BJ, et al. Discovery of a novel inhib-
itor of coronavirus 3CL protease for the potential treatment
of COVID-19. bioRxiv, doi:10.1101/2020.09.12.293498, 12
February 2021, preprint: not peer reviewed.

44. de  Vries  M, Mohamed  AS, Prescott  RA, et  al. A compar-
ative analysis of SARS-CoV-2 antivirals characterizes
3CLpro inhibitor PF-00835231 as a potential new treat-
ment for COVID-19 [published online ahead of print 23
February 2021]. J Virol doi:10.1128/JVI.01819-20.

45. Riva L, Yuan S, Yin X, et al. Discovery of SARS-CoV-2 an-
tiviral drugs through large-scale compound repurposing.
Nature 2020; 586:113–9.

https://doi.org/10.1101/2020.08.26.268854
https://doi.org/10.1101/2020.09.12.293498
https://doi.org/10.1128/JVI.01819-20


NIH SARS-CoV-2 Therapeutics Summit • jid 2021:224 (Suppl 1) • S19

46. Ghosh  AK, Brindisi  M, Shahabi  D, Chapman  ME,
Mesecar AD. Drug development and medicinal chemistry
efforts toward SARS-coronavirus and Covid-19 thera-
peutics. ChemMedChem 2020; 15:907–32.

47. Clasman  JR, Báez-Santos YM, Mettelman RC, O’Brien A,
Baker SC, Mesecar AD. X-ray structure and enzymatic ac-
tivity profile of a core papain-like protease of MERS coro-
navirus with utility for structure-based drug design. Sci Rep 
2017; 7:40292.

48. Daczkowski CM, Dzimianski JV, Clasman JR, Goodwin O,
Mesecar AD, Pegan SD. Structural insights into the inter-
action of coronavirus papain-like proteases and interferon-
stimulated gene product 15 from different species. J Mol
Biol 2017; 429:1661–83.

49. Henes  M, Lockbaum  GJ, Kosovrasti  K, et  al. Picomolar
to micromolar: elucidating the role of distal mutations in
HIV-1 protease in conferring drug resistance. ACS Chem
Biol 2019; 14:2441–52.

50. Leidner F, Kurt Yilmaz N, Schiffer CA. Deciphering com-
plex mechanisms of resistance and loss of potency through
coupled molecular dynamics and machine learning. J Chem 
Theory Comput 2021; 17:2054–64.

51. Spielvogel E, Lee S-K, Zhou S, et al. Selection of HIV-1 for
resistance to fourth generation protease inhibitors reveals
two independent pathways to high-level resistance. bioRxiv, 
doi:10.1101/837120, 9 November 2019, preprint: not peer
reviewed.

52. Kurt  Yilmaz  N, Swanstrom  R, Schiffer  CA. Improving
viral protease inhibitors to counter drug resistance. Trends
Microbiol 2016; 24:547–57.

53. Matthew AN, Zephyr J, Nageswara Rao D, et al. Avoiding
drug resistance by substrate envelope-guided design: to-
ward potent and robust HCV NS3/4A protease inhibitors.
mBio 2020; 11:e00172-20.

54. Matthew AN, Leidner F, Lockbaum GJ, et al. Drug design
strategies to avoid resistance in direct-acting antivirals and
beyond. Chem Rev 2021; 121:3238–70.

55. Haniff HS, Tong Y, Liu X, et al. Targeting the SARS-CoV-2
RNA genome with small molecule binders and ribonu-
clease targeting chimera (RIBOTAC) degraders. ACS Cent
Sci 2020; 6:1713–21.

56. Cao L, Goreshnik  I, Coventry B, et al. De novo design of
picomolar SARS-CoV-2 miniprotein inhibitors. Science
2020; 370:426–31.

57. Case  JB, Chen  RE, Cao  L, et  al. Ultrapotent miniproteins
targeting the receptor-binding domain protect against
SARS-CoV-2 infection and disease in mice. bioRxiv,
doi:10.1101/2021.03.01.433110, 1 March 2021, preprint:
not peer reviewed.

58. Bojkova  D, Klann  K, Koch  B, et  al. Proteomics of SARS-
CoV-2-infected host cells reveals therapy targets. Nature
2020; 583:469–72.

59. Dittmar M, Lee JS, Whig K, et al. Drug repurposing screens 
reveal cell-type-specific entry pathways and FDA-approved
drugs active against SARS-Cov-2. Cell Rep 2021; 35:108959.

60. Ellinger  B, Bojkova  D, Zaliani  A, et  al. A SARS-CoV-2
cytopathicity dataset generated by high-content screening
of a large drug repurposing collection. Sci Data 2021; 8:70.

61. Jeon  S, Ko  M, Lee  J, et  al. Identification of antiviral
drug candidates against SARS-CoV-2 from FDA-
approved drugs. Antimicrob Agents Chemother 2020;
64:e00819-20.

62. Ko M, Jeon S, Ryu W, Kim S. Comparative analysis of anti-
viral efficacy of FDA‐approved drugs against SARS‐CoV‐2
in human lung cells. J Med Virol 2021; 93:1403–8.

63. Touret F, Gilles M, Barral K, et  al. In vitro screening of a
FDA approved chemical library reveals potential inhibitors
of SARS-CoV-2 replication. Sci Rep 2020; 10:13093.

64. Schor  S, Einav  S. Repurposing of kinase inhibitors as
broad-spectrum antiviral drugs. DNA Cell Biol 2018;
37:63–9.

65. Goodwin  CM, Xu  S, Munger  J. Stealing the keys to the
kitchen: viral manipulation of the host cell metabolic net-
work. Trends Microbiol 2015; 23:789–98.

66. Koyuncu E, Budayeva HG, Miteva YV, et al. Sirtuins are ev-
olutionarily conserved viral restriction factors. mBio 2014;
5:e02249-14.

67. Acosta E, Bowlin T, Brooks J, et al. Advances in the devel-
opment of therapeutics for cytomegalovirus infections. J
Infect Dis 2020; 221:S32–44.

68. Chan KK, Dorosky D, Sharma P, et al. Engineering human
ACE2 to optimize binding to the spike protein of SARS co-
ronavirus 2. Science 2020; 369:1261–5.

69. Chan KK, Tan TJC, Narayanan KK, Procko E. An en-
gineered decoy receptor for SARS-CoV-2 broadly
binds protein s sequence variants. Sci Adv 2021;
7:eabf1738.

70. Xie X, Muruato AE, Zhang X, et al. A nanoluciferase SARS-
CoV-2 for rapid neutralization testing and screening of
anti-infective drugs for COVID-19. Nat Commun 2020;
11:5214.

71. Muruato  AE, Fontes-Garfias  CR, Ren  P, et  al. A high-
throughput neutralizing antibody assay for COVID-19
diagnosis and vaccine evaluation. Nat Commun 2020;
11:4059.

72. Zhang  X, Liu  Y, Liu  J, et  al. A trans-complementation
system for SARS-CoV-2 recapitulates authentic viral repli-
cation without virulence. Cell 2021; 184:2229–38.e13.

https://doi.org/10.1101/837120
https://doi.org/10.1101/2021.03.01.433110


S20  • jid 2021:224 (Suppl 1) • Hall et al

73. Bobrowski  T, Chen  L, Eastman  RT, et  al. Synergistic and
antagonistic drug combinations against SARS-CoV-2. Mol
Ther 2021; 29:873–85.

74. Pruijssers AJ, George AS, Schäfer A, et al. Remdesivir in-
hibits SARS-CoV-2 in human lung cells and chimeric
SARS-CoV expressing the SARS-CoV-2 RNA polymerase
in mice. Cell Rep 2020; 32:107940.

75. Funnell  SGP, Dowling  WE, Muñoz-Fontela  C, et  al.
Emerging preclinical evidence does not support broad
use of hydroxychloroquine in COVID-19 patients. Nat
Commun 2020; 11:4253.

76. RECOVERY Collaborative Group. Effect of
hydroxychloroquine in hospitalized patients with Covid-
19. N Engl J Med 2020; 383:2030–40.

77. Xie  X, Muruato  A, Lokugamage  KG, et  al. An infectious
cDNA clone of SARS-CoV-2. Cell Host Microbe 2020;
27:841–8.e3.

78. Hou YJ, Okuda K, Edwards CE, et al. SARS-CoV-2 reverse
genetics reveals a variable infection gradient in the respira-
tory tract. Cell 2020; 182:429–46.e14.

79. Hewitt  JA, Lutz  C, Florence  WC, et  al. ACTIVating re-
sources for the COVID-19 pandemic: in  vivo models
for vaccines and therapeutics. Cell Host Microbe 2020;
28:646–59.

80. National Center for Advancing Translational Science.
Animal models. https://opendata.ncats.nih.gov/covid19/
animal. Accessed 21 December 2020.

81. Shi J, Wen Z, Zhong G, et al. Susceptibility of ferrets, cats,
dogs, and other domesticated animals to SARS-coronavirus 
2. Science 2020; 368:1016–20.

82. Gu H, Chen Q, Yang G, et al. Adaptation of SARS-CoV-2
in BALB/c mice for testing vaccine efficacy. Science 2020;
369:1603–7.

83. Rathnasinghe R, Jangra S, Cupic A, et al. The N501Y mu-
tation in SARS-CoV-2 spike leads to morbidity in obese
and aged mice and is neutralized by convalescent and
post-vaccination human sera. medRxiv, doi:10.1101/20
21.01.19.21249592, 20 January 2021, preprint: not peer
reviewed.

84. Hassan AO, Case JB, Winkler ES, et al. A SARS-CoV-2 in-
fection model in mice demonstrates protection by neutral-
izing antibodies. Cell 2020; 182:744–53.e4.

85. Dinnon KH 3rd, Leist SR, Schäfer A, et al. A mouse-adapted 
model of SARS-CoV-2 to test COVID-19 countermeasures. 
Nature 2020; 586:560–6.

86. Chan JF-W, Zhang AJ, Yuan S, et al. Simulation of the clin-
ical and pathological manifestations of coronavirus disease
2019 (COVID-19) in a golden Syrian hamster model: impli-
cations for disease pathogenesis and transmissibility. Clin
Infect Dis 2020; 71:2428–46.

87. Osterrieder  N, Bertzbach  LD, Dietert  K, et  al. Age-
dependent progression of SARS-CoV-2 infection in
Syrian hamsters. Viruses 2020; 12:779.

88. Kim YI, Kim SG, Kim SM, et al. Infection and rapid trans-
mission of SARS-CoV-2 in ferrets. Cell Host Microbe
2020; 27:704–9.e2.

89. Munster  VJ, Feldmann  F, Williamson  BN, et  al.
Respiratory disease in rhesus macaques inoculated with
SARS-CoV-2. Nature 2020; 585:268–72.

90. Rockx B, Kuiken T, Herfst S, et al. Comparative patho-
genesis of COVID-19, MERS, and SARS in a nonhuman
primate model. Science 2020; 368:1012–5.

91. Hartman  AL, Nambulli  S, McMillen  CM, et  al. SARS-
CoV-2 infection of African green monkeys results in mild 
respiratory disease discernible by PET/CT imaging and
shedding of infectious virus from both respiratory and
gastrointestinal tracts. PLoS Pathog 2020; 16:e1008903.

92. Williamson  BN, Feldmann  F, Schwarz  B, et  al. Clinical
benefit of remdesivir in rhesus macaques infected with
SARS-CoV-2. Nature 2020; 585:273–76.

93. Wang S, Peng Y, Wang R, et al. Characterization of neu-
tralizing antibody with prophylactic and therapeutic
efficacy against SARS-CoV-2 in rhesus monkeys. Nat
Commun 2020; 11:5752.

94. Baum A, Ajithdoss D, Copin R, et al. REGN-COV2 anti-
bodies prevent and treat SARS-CoV-2 infection in rhesus 
macaques and hamsters. Science 2020; 370:1110–5.

95. Channappanavar R, Perlman S. Age-related susceptibility
to coronavirus infections: role of impaired and dysregulated 
host immunity. J Clin Invest 2020; 130:6204–13.

96. Lamb  YN. Remdesivir: first approval. Drugs 2020;
80:1355–63.

97. Chen M, Shen W, Rowan NR, et al. Elevated ACE-2 ex-
pression in the olfactory neuroepithelium: implications
for anosmia and upper respiratory SARS-CoV-2 entry
and replication. Eur Respir J 2020; 56:2001948.

98. Seley-Radtke  KL, Yates  MK. The evolution of nucleo-
side analogue antivirals: a review for chemists and non-
chemists. Part 1: early structural modifications to the
nucleoside scaffold. Antiviral Res 2018; 154:66–86.

99. Yates  MK, Seley-Radtke  KL. The evolution of antiviral
nucleoside analogues: A  review for chemists and non-
chemists. Part II: complex modifications to the nucleo-
side scaffold. Antiviral Res 2019; 162:5–21.

100. Jordheim  LP, Durantel  D, Zoulim  F, Dumontet  C.
Advances in the development of nucleoside and nucle-
otide analogues for cancer and viral diseases. Nat Rev
Drug Discov 2013; 12:447–64.

101. Villas-Boas GR, Rescia VC, Paes MM, et al. The new co-
ronavirus (SARS-CoV-2): a comprehensive review on

https://opendata.ncats.nih.gov/covid19/animal
https://opendata.ncats.nih.gov/covid19/animal
https://doi.org/10.1101/2021.01.19.21249592
https://doi.org/10.1101/2021.01.19.21249592


NIH SARS-CoV-2 Therapeutics Summit • jid 2021:224 (Suppl 1) • S21

immunity and the application of bioinformatics and mo-
lecular modeling to the discovery of potential anti-SARS-
CoV-2 agents. Molecules 2020; 25:4086.

102. Zhang D, Luo G, Ding X, Lu C. Preclinical experimental
models of drug metabolism and disposition in drug
discovery and development. Acta Pharm Sin B 2012;
2:549–61.

103. Boda  B, Benaoudia  S, Huang  S, et  al. Antiviral drug
screening by assessing epithelial functions and innate im-
mune responses in human 3D airway epithelium model.
Antiviral Res 2018; 156:72–9.

104. Center for Drug Evaluation and Research. Antiviral
product development--conducting and submit-
ting virology studies to the agency. https://www.fda.
gov/regulatory-information/search-fda-guidance-
documents/antiviral-product-development-conducting-
and-submitting-virology-studies-agency. Accessed 21
December 2020.

105. Everts M, Cihlar T, Bostwick JR, Whitley RJ. Accelerating 
drug development: antiviral therapies for emerging vir-
uses as a model. Annu Rev Pharmacol Toxicol 2017;
57:155–69.

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/antiviral-product-development-conducting-and-submitting-virology-studies-agency
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/antiviral-product-development-conducting-and-submitting-virology-studies-agency
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/antiviral-product-development-conducting-and-submitting-virology-studies-agency
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/antiviral-product-development-conducting-and-submitting-virology-studies-agency

