
FOCUS | Review ARticle

Department of Epidemiology, The University of North Carolina at Chapel Hill, Chapel Hill, NC, USA. ✉e-mail: rbaric@email.unc.edu

In December 2019, a novel virus was identified in a cluster of 
human cases in Wuhan, China. The virus, identified as severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2; a coro-

navirus related to the virus that caused the 2003 SARS epidemic), 
quickly spread throughout China and then globally1. COVID-19, 
the disease caused by SARS-CoV-2, has raged across the world, 
causing more than 100 million reported cases and greater than 2 
million deaths. As of early 2021, the COVID-19 pandemic is still 
ongoing, causing enormous economic losses, closing of uncount-
able numbers of businesses and loss of employment for millions. 
As with the deadly 1918 influenza outbreak almost exactly 100 
years prior, the world was unprepared for SARS-CoV-2—despite 
the 2003 SARS-CoV pandemic, an ongoing Middle East respira-
tory syndrome coronavirus (MERS-CoV) outbreak since 2012 and 
warnings of high-risk coronavirus strains circulating in bats2. In the 
first months of the COVID-19 pandemic, initial responses included 
public health measures such as business closings, stay-at-home 
orders, mask wearing and social distancing, which were effective 
against earlier outbreaks. However, SARS-CoV-2 was capable of 
community and asymptomatic spread, circumventing classic con-
trol strategies in most nations globally. Revolutionary advances in 
fundamental virology, immunology, biochemistry and cell biology 
research led to novel vaccines and antiviral products in record time, 
yet distribution of these products to 7 billion individuals across the 
globe remains a daunting challenge. In parallel, the rapid spread of 
misinformation on social media continues to sow confusion and 
erode public confidence in medical interventions and heighten 
anxiety and confusion.

In the year since SARS-CoV-2 emerged, the scientific com-
munity has made incredible progress in developing therapeutic 
regimens. One of the most well-known SARS-CoV-2 antivirals is 
remdesivir, previously shown to be a potent inhibitor of a panel of 
contemporary epidemic and zoonotic coronaviruses both in vitro 
and in vivo3. It was quickly shown that remdesivir also possessed 
robust antiviral activity against SARS-CoV-2 (ref. 4), and successful 
clinical trials rapidly led to its approval for emergency use by the 

Food and Drug Administration (FDA) in May 2020 in the USA and 
elsewhere. In August, convalescent plasma from individuals who 
have recovered from COVID-19 was approved for use in the USA 
under emergency authorization. The European Medicines Agency 
endorsed use of the corticosteroid dexamethasone for late-stage 
COVID-19 disease in September5. Soon thereafter, in November, 
the FDA approved the arthritis drug baricitinib (in combination 
with remdesivir) for emergency use. Two novel monoclonal anti-
body therapeutics were approved for COVID-19 emergency use by 
the FDA in November of 2020: bamlanivimab6 and a combination 
of casirivimab and imdevimab7. Thus far, these therapeutics have 
been associated with reduced viral load in patients, reduced time to 
recovery and/or reduced progression to severe disease5–9. Although 
a great success, these novel therapeutics were not developed, tested 
and approved until nearly a full year after the outbreak emerged. 
More recently, the first broadly cross-neutralizing human mono-
clonal antibodies have been described that target many different 
sarbecoviruses10. Finally, in December 2020, the adenovirus-based 
AstraZeneca–Oxford vaccine and two mRNA-based vaccines 
(Pfizer–BioNTech and Moderna) were approved for COVID-19 
emergency use in England, the USA and elsewhere11–13. A wide 
portfolio of repurposed drugs, therapeutic antibodies and antiviral 
drugs are currently in clinical trials, providing novel opportunities 
for identifying SARS-CoV-2 and broadly active pan-coronavirus 
intervention strategies.

The SARS-CoV-2 pandemic has highlighted a critical need 
for investment in preparedness for global outbreaks by infectious 
agents of the future, including systemic investment in public health 
preparedness, diagnostics and intervention technologies. As high-
lighted by the cases of remdesivir3, molnupiravir (a nucleoside ana-
log developed for influenza and repurposed for SARS-CoV-2)4 and 
the human monoclonal antibody ADG2 (an antibody therapeutic 
active against multiple coronavirus family members)14, it is vital to 
develop and identify family-wide or group-specific therapeutics 
and vaccines that can treat highly heterogeneous unknown zoo-
notic viruses that may emerge in the future. By having broad-based 
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drugs on the shelf that can be tested immediately in clinical trials 
and rapidly distributed under emergency use authorization early in 
an expanding pandemic, we can delay spread, attenuate virus evolu-
tion and adaptation to the new human host, and narrow the window 
between emergence and response. This review will look back on 
twenty-first-century outbreaks with an emphasis on COVID-19 to 
discuss high-risk, zoonotic RNA virus pathogens with epidemic and 
pandemic potential. We will consider different classes of therapeu-
tics, discuss the possibility of repurposing existing therapeutics and 
suggest a structure to stimulate pre-emptive therapeutic develop-
ment required to change global preparedness patterns from a reac-
tive to proactive strategy.

Recent outbreaks and potential threats
In the last two decades of the twenty-first century, there have been 
more than ten major viral disease epidemics or pandemics in 
human populations, caused by coronavirus, alphavirus, myxovi-
rus, filovirus, norovirus and flavivirus family members (Fig. 1). In 
addition, small sporadic outbreaks have originated from henipavi-
ruses, bunyaviruses, arenaviruses and other zoonotic RNA viruses. 
In parallel, zoonotic viruses frequently spillover into economically 
important livestock and other animals, which can serve as reservoir 
hosts for spillover into humans, demonstrating the critical impor-
tance of a one-health strategy designed to unite human and veteri-
nary medicine and public health practices to control future threats. 
Unfortunately, it is difficult to predict future outbreaks beyond rec-
ognizing the existence of pre-epidemic forms that circulate in res-
ervoirs and appear to spillover sporadically into mammalian and 
human hosts2,15,16.

Coronaviruses. One of the first outbreaks of the twenty-first cen-
tury was the SARS outbreak, caused by SARS-CoV. SARS-CoV 
emerged in late 2002 and quickly spread around the world before 
containment by the summer of 2003. There were several thousand 

known cases during this time, with a fatality rate of roughly 10%17. 
In 2012, another novel zoonotic coronavirus, MERS-CoV, emerged 
to cause MERS. Sporadic outbreaks and cases of MERS have con-
tinued since 2012. Although the total number of MERS-CoV cases 
is lower, the mortality rate is substantially higher, approaching 
35%18. Finally, SARS-CoV-2 emerged in 2019, causing the current 
COVID-19 pandemic. All of these coronaviruses were traced back 
to bat origin, some using intermediate hosts such as camels and 
civet cats19. Moreover, there are a number of pre-epidemic group I 
and II coronaviruses circulating in bats that can replicate in primary 
human cells and are poised for emergence15,20.

Flaviviruses. Mosquito-borne flaviviruses, including dengue virus 
(DENV), Zika virus (ZIKV), West Nile virus and yellow fever virus 
(YFV), are novel or re-emerging pathogens defined as category A/B 
pathogens by the National Institutes of Health (NIH; https://www.
niaid.nih.gov/research/emerging-infectious-diseases-pathogens). 
DENV is endemic to areas of southeast Asia and the Americas, 
punctuated every few years by the appearance of novel strains that 
have caused major epidemics since the early 2000s21. The Dengvaxia 
vaccine is licensed in multiple countries for individuals who have 
previously had a DENV infection, although it is contraindicated 
in naive individuals22. In 2015, ZIKV arrived from Polynesia and 
emerged in Brazil, quickly sweeping throughout South and Central 
America and the Caribbean. Although mortality rates were low, 
devastating cases of microcephaly and other central nervous sys-
tem abnormalities were identified in newborn infants from moth-
ers infected early in pregnancy21. In 2016, YFV re-emerged in 
Angola, spreading to neighboring countries in Africa and then to 
China through travel, before being controlled by mass vaccination21. 
These flaviviruses are mosquito-borne, and the range of disease is 
expected to increase as a consequence of global warming, travel and 
spread of vectors across the globe23. Multiple tick-borne flaviviruses 
also exist, representing potential public health threats.
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Fig. 1 | Historic overview of the twenty-first-century viral outbreaks. a, Timeline of twenty-first-century viral outbreaks, from 2000 to the present day.  
Viral strains and the area of outbreak are indicated along with the timeline. b, Animals such as the ones shown are zoonotic reservoirs or vectors for a 
number of virus families with pandemic potential.
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Influenza viruses. Influenza viruses have caused several 
well-characterized outbreaks in the twentieth century, including the 
devastating 1918 H1N1 flu pandemic, with about 50 million deaths 
globally. Other epidemics were recorded in 1957 (H2N2 Asian 
flu) and 1968 (H3N2 Hong Kong flu)24, as well as sporadic human 
cases of highly pathogenic avian flu strains. In the twenty-first cen-
tury, the 2009 H1N1 swine flu pandemic strain emerged, causing 
about 250,000 deaths globally25. This strain, related to 1918 H1N1, 
originated in pigs and was a triple reassortment of avian, swine and 
human influenza strains26. The twenty-first century has seen contin-
ued sporadic outbreaks of avian H5N1, H7N9 and other influenza 
strains, which have very high mortality rates in human cases but 
fortunately have limited human-to-human transmissibility27. Major 
research campaigns are underway to develop universal vaccines and 
drugs for influenza viruses28.

Filoviruses. The filoviruses Ebola virus (EBOV) and Marburg virus 
(MARV) are defined as category A pathogens by the NIH (https://www.
niaid.nih.gov/research/emerging-infectious-diseases-pathogens) 
and the Centers for Disease Control and Prevention (CDC; https://
emergency.cdc.gov/agent/agentlist-category.asp). There were two 
major EBOV outbreaks in the last decade. The 2013–2016 epi-
demic was primarily in West African countries, infecting ~30,000 
individuals with a mortality rate of 40%29. There was a second large 
outbreak in the Democratic Republic of the Congo from 2018 to 
2020, with around 3,500 infections and a mortality rate of 65%30. 
A highly efficacious vaccine candidate was approved by the World 
Health Organization in 2019 and more than 200,000 people were 
vaccinated31, helping to control the outbreak, although vaccination 
efforts were hampered by armed conflict in the region. Bats are the 
primary reservoir for EBOV, and virus can transmit either directly 
to humans or through intermediate zoonotic hosts. Once in the 
human population, EBOV can spread through contact with blood 
and bodily fluids, or through sexual transmission25.

Alphaviruses. The alphavirus chikungunya virus (CHIKV) is natu-
rally found in Africa and Asia. In 2006, there was a large outbreak 
in India, with around 1 million suspected cases32. The virus then 
spread to the Americas, causing large epidemics between 2013 and 
2016 with several million cases. Like the flaviviruses discussed 
above, CHIKV is a mosquito-borne virus, and thus restricted in 
range, although this is predicted to change owing to vector spread 
and global climate change. Although rarely fatal, CHIKV can cause 
long-term debilitating chronic disease after primary infection33. 
Additionally, there is a pool of other alphavirus family members 
(Venezuelan equine encephalitis virus (VEEV), Eastern equine 
encephalitis virus, Mayaro virus and so on) that represent a real and 
growing threat to the health of communities and domesticated ani-
mals and are category B pathogens on NIH and CDC lists34,35.

Other viruses of concern. The order Bunyavirales contains 
multiple viruses that have caused outbreaks or have outbreak 
potential, including Rift Valley fever virus (RVFV), Lassa 
fever virus (LASV), Crimean–Congo hemorrhagic fever virus 
(CCHFV) and hantaviruses. These viruses are category A prior-
ity pathogens on the NIH (https://www.niaid.nih.gov/research/
emerging-infectious-diseases-pathogens) and CDC (https://emer-
gency.cdc.gov/agent/agentlist-category.asp) lists owing to their high 
mortality rates (10–40%) and possibility of transmission through 
insect and rodent vectors36–39. There have been multiple small out-
breaks of henipaviruses, including a 2018 Nipah virus (NiV) out-
break in India40, with high mortality rates (60–90%). Bats are the 
reservoir of henipaviruses, and intermediate hosts include pigs 
and horses40,41; an equine vaccine has been developed for Hendra 
virus (HeV) to help limit transmission to humans42. Norovirus is 
the leading cause of gastrointestinal infections, triggering multiple  

epidemics in the last two decades leading to severe disease in 
children, the elderly and immunocompromised individuals and 
a projected 70,000–200,000 deaths per year globally. Norovirus is 
extremely diverse, which may hamper development of vaccines and 
antivirals43,44. Other viruses considered high priority by the NIH 
include hepatitis A and rabies virus (https://www.niaid.nih.gov/
research/emerging-infectious-diseases-pathogens).

Development of critical tools and methods
The major roadblocks impeding the development of broadly 
active antiviral therapeutics include targeting therapies against an 
unknown pathogen, the lack of relevant models for in vitro and 
in vivo screening, unknown market potential, risk aversion associ-
ated with drug repurposing and prioritization of scarce resources 
for pandemic preparedness.

Viral isolates and molecular clones. RNA virus families are highly 
heterogeneous, but metagenomic and viral discovery efforts have 
identified full-length genome sequences representing many geneti-
cally diverse viral branches across the family tree45, providing 
opportunities to select disparate, genetically diverse strains for drug 
and vaccine testing. As pandemic strains of the future are unknown, 
drugs that robustly block diverse virus family members will 
increase confidence for activity against an unknown. Sometimes, 
with difficulty, a virus can be isolated from a clinical, animal or 
environmental sample in cell culture or animals46. More recently, 
synthetically derived molecular clones of the virus genome can be 
generated through reverse genetics using known viral sequences, 
providing pure stocks of viruses representing different phyloge-
netic branches47–49. Moreover, synthetic biology offers opportunities 
for the creation of reporter viruses, which are extremely helpful in 
the development of high-throughput workflows50,51. This approach 
allows systematic screening of diverse zoonotic strains designed 
to identify pre-epidemic strains that are capable of replicating in 
human primary cells. Although a variety of recombinant protein 
biochemical assays can be used for high-throughput drug screens, 
the development of remdesivir, molnupiravir and the human mono-
clonal antibody ADG2 (mentioned above) utilized a combination of 
contemporary human coronaviruses, emerging coronaviruses and 
pre-epidemic high- and low-risk zoonotic coronaviruses, derived by 
reverse genetics, chosen to enhance confidence that the therapeu-
tics will work against an unknown strain.

Cell culture models of viral infection. Along with a portfo-
lio of viruses, it is necessary to have robust model systems that 
reflect the relevant human tissues. Culturing viruses from sam-
ples can be a difficult task; use of innate immunodeficient cells 
or receptor-expressing cells (for viruses with known receptors) 
enhances the likelihood of successful culture49. High-throughput 
screening methods are necessary to reduce the time, manpower and 
expense of novel therapeutic development. As a result of availabil-
ity and expense, it is common to use transformed human cell lines 
that can be infected by the target virus for high-throughput screens. 
Although this approach has led to identification of successful drugs, 
these transformed cell lines often lack relevance, affecting drug bio-
availability, transport and metabolism. Portfolios of primary cell 
lines are also available, informing drug bioavailability in multiple 
susceptible cell types that may contribute to pathology and disease 
in humans49,52. Major advances in human organ-on-a-chip and stem 
cell research have also occurred over the past two decades, afford-
ing relevant primary human tissues from different organs that are 
infected by RNA viruses53–55. For greatest efficacy, initial screen-
ing should be carried out in primary cell lines; greater expense and 
effort will be offset by increased relevance and a greater likelihood 
that hits will be successful, especially for host-targeted therapeu-
tics. After primary hit identification, candidates should be tested in 
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organ-on-a-chip systems for further validation before evaluation in 
animal models of disease. Screening efforts will be greatly benefited 
by collaborations to pool expertise in virology, culture models and 
screening methods, and share the burden of large-scale drug testing.

Animal models of viral disease. Small-animal models are the 
next step for screening of drug efficacy. Differences in genetics and 
expression patterns in specific species can complicate data inter-
pretation, including the problem of comparative biology in outbred 
humans versus inbred models. However, small- and large-animal 
models remain important in therapeutic development to recapitu-
late an organismal response to infection. The most common ani-
mal model for research is the laboratory mouse, although ferrets, 
guinea pigs and hamsters are also commonly used for studying viral 
pathogenesis and transmission or to achieve the FDA two-animal 
requirement. It is critical that mouse models recapitulate high 
virus titers and many of the severe disease phenotypes that occur 
in humans. However, not all viruses of interest will naturally repli-
cate efficiently or even infect laboratory animals, and new models 
may be needed. For mice, one approach is to use genetically diverse 
inbred populations such as the Collaborative Cross that capture the 
genetic diversity of Mus musculus and may display severe disease 
that phenocopies human disease56. If the viral receptor is known, 
mouse models can be created that express the human receptor. This 
can be achieved in multiple ways, including through viral transduc-
tion57 or creation of stable receptor-expressing mice through genetic 
techniques including CRISPR–Cas9 (ref. 58). Knock-in models have 
the advantage of using mouse regulatory loci to ensure host gene 
expression patterns, while transgenic mice often express receptor in 
irrelevant tissues, hampering data interpretation.

An alternate approach is to select for more virulent viruses in 
the alternative host, rather than engineering susceptibility into the 
animal. Although some viruses replicate efficiently in mice, the ani-
mals may not display disease symptoms like those seen in human 
infections. Using experimental evolution, virus can be serially pas-
saged in mice or other laboratory animals to generate a more patho-
genic variant58. Although powerful, one possible drawback to this 

approach is that by introducing alterations into the virus, antigenic-
ity or viral response to therapeutics may be affected. Nevertheless, 
it is preferable to use models that recapitulate human disease phe-
notypes and tissue tropism to minimize complications in data inter-
pretation across species.

therapeutic types and mechanisms of action
Although each virus has distinct biology underlying its infection, 
they all share several fundamental steps that represent targets for 
therapeutic development (Fig. 2a). The first step in viral infection is 
viral entry. Proteins on the viral exterior (capsid or envelope) bind 
and interact with specific receptors or attachment factors, which 
can be proteins, glycans and/or lipids, such as the SARS-CoV-2 
host receptor ACE2 (ref. 59). These interactions drive viral uptake, 
often through endocytic pathways followed by trafficking through 
endosomes and lysosomes60, or through fusion at the plasma mem-
brane61. Viruses must exit vesicles for productive infection, through 
endosomal escape or viral fusion, followed by uncoating and release 
of the genome, which can be cytoplasmic or nuclear. The genome 
is transcribed into mRNA if necessary, translated (often into large 
complex polyproteins that are processed by viral or host proteases) 
and replicated. Many emerging RNA viruses encode their own 
polymerases62, but some viruses also utilize host polymerases63. 
Viruses universally utilize host translation machinery, although 
viral translation is regulated in a differential manner from the cell64. 
Once structural proteins and genomes are created, viral particles are 
assembled, followed by viral egress or cell lysis65, at which point the 
cycle begins anew. Each of these steps in the general viral life cycle 
can be targeted by therapeutics.

There are two fundamental types of antiviral therapeutics, 
direct-acting and host-factor, which differ by targeting viral or cellu-
lar factors (see Table 1 for an overview). Direct-acting antivirals target 
the virus itself—antibodies that bind and neutralize viral particles10, 
receptor decoys66,67, viral protease inhibitors68,69, nucleoside ana-
logs4, viral translation inhibitors70 and others. Host-factor antivirals 
target elements of the host cell required for efficient viral infection 
or pathogenesis—antibodies that bind the receptor71, endocytosis 
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inhibitors72,73, host protease inhibitors74, lipidomic reprogramming 
drugs75, kinase inhibitors (for example, baricitinib)9 and others. Both 
direct-acting and host-factor therapeutics can be broadly appli-
cable if the antiviral targets conserved genes/motifs within a virus 
family (such as the coronavirus RNA-dependent RNA polymerase 
or 3CL protease, which have greater than 60% and 40% sequence 
identify, respectively)76,77, or if diverse virus family members co-opt 
the same host pathways to promote virus replication and/or patho-
genesis (such as the furin protease)78. CRISPR screens are powerful 
tools to identify required host factors as putative targets79. However, 
host-factor therapeutics may have greater toxicity due to disruption 
of cellular pathways in both infected and healthy cells.

In addition to the viral life cycle, there is a defined disease pro-
gression within an organism as infection proceeds (Fig. 2b). The 
initial stages of disease encompass the viral phase, during which 
symptoms appear, with incubation times varying from about 1 to 

14 days80. As disease progresses, the viral phase is replaced by an 
inflammatory phase, in which the body’s antiviral inflammatory 
responses begin to control viral replication, often damaging the 
body in the process81. Antiviral therapeutic treatment windows are 
typically limited to the viral phase of infection, after which they are 
ineffective82. These limited treatment windows render testing cru-
cial in outbreak situations83. In the inflammatory phase, treatment 
options include anti-inflammatory and immunomodulatory drugs, 
such as corticosteroids, which dampen the host immune response 
in an attempt to control inflammatory damage84. The corticoste-
roid dexamethasone is currently in use for treatment of hospital-
ized patients with COVID-19 (ref. 5). Baricitinib, which has been 
approved as an emergency use COVID-19 treatment, is a kinase 
inhibitor in the JAK/STAT pathway, leading to lowered cytokine 
release85. An alternative approach is to treat earlier in disease with 
cytokines such as interferon-λ, which exert antiviral effects without 
causing tissue damage86.

RNa-based therapeutics
Types of RNA-based therapeutics. RNA-based therapeutics are a 
new class of therapeutics with considerable promise. In the last 20 
years, multiple RNA-based therapeutics have been approved by the 
FDA70,87–90; many more are currently in various stages of clinical tri-
als. These therapeutics hold great promise, as they are more modu-
lar and simpler to design than traditional drugs. RNA can act in 
multiple ways to exert a therapeutic effect (Fig. 3). Antisense oligo-
nucleotides (ASOs) act through base-pairing to bind an mRNA and 
modulate translation, splicing or the availability of RNA-binding 
proteins70,91. Alternatively, anti-microRNAs (anti-miRs) directly 
bind microRNAs (miRNAs), blocking their ability to function92. 
miRNAs or short interfering RNAs (siRNAs) can also be used as 
therapeutics, to drive translational repression or mRNA degrada-
tion93. Small activating RNAs (saRNAs) are related to miRNAs, but 
are nuclear and lead to transcriptional activation94. mRNAs can 
be used as a therapeutic to produce protein products, or as vac-
cines11,12,95. RNA aptamers can be selected to bind proteins or small 
molecules with high affinity, in a manner similar to traditional 
small-molecule drugs, but with activity on a larger range of sub-
strates96. Finally, CRISPR effectors and guide RNAs (gRNAs) can be 
used either to target cellular RNAs for destruction or to edit genes97. 
Overall, RNA-based products can be used for a variety of functions, 
including modulation of gene expression, splicing and translation.

Delivery of RNA-based therapeutics. A major challenge for 
RNA-based therapeutics is the delivery of drug to the tissue and cell 
type of interest. RNA has no inherent targeting abilities and must 
rely on localized delivery, a delivery vehicle or modifications, and 
much research has been carried out on this area in recent years. RNA 
can be directed by the attachment of a targeting moiety such as a 
sugar, peptide, antibody or RNA aptamer98,99. For example, an RNA 
aptamer developed to bind the envelope glycoprotein of the human 
immunodeficiency virus (HIV) can be used to target siRNAs to 
cells infected with HIV100. Alternatively, RNA can be packaged into 
lipid nanoparticles, which can then be administered systemically101. 
Formulations of lipid nanoparticles vary widely and are a subject of 
continuing research, including incorporation of targeting moieties 
and methods of releasing RNA at the target. Finally, ‘naked’ RNA 
can be administered locally to a region of interest to great effect102.

RNA therapeutics for viral outbreaks. RNA therapeutics hold 
great promise for preventing and treating viral infections. The use 
of base-pairing interactions makes RNA therapeutics simple to 
design, as long as the sequence of the target molecule is known. 
They can be designed to target conserved sequence or structural 
motifs, creating broadly applicable therapeutics103,104. They can 
also readily be adapted in response to drift in viral sequences, or 

Table 1 | common classes of antiviral drugs

antiviral drug type Description

Convalescent plasma Direct-acting Derived from recovered 
individuals with high-titer 
neutralizing antibodies

Fusion inhibitors Direct-acting Peptide mimics that block 
interactions required for 
fusion of some enveloped 
viruses

Monoclonal antibodies Direct-acting Purified antibodies; often 
isolated from patients; can 
be neutralizing or block 
receptor interactions

Nucleoside analogs Direct-acting Analogs are incorporated 
into DNA or rNA chains, 
terminating the chain or 
leading to mutations

Polymerase inhibitors Direct-acting Directly block viral 
polymerases to inhibit 
replication

receptor decoys Direct-acting Overexpression or delivery 
of free cellular proteins or 
attachment factors as a 
decoy to bind virus

Protease inhibitors Direct-acting 
and host-factor

Inhibit proteases necessary 
for infection; can be 
viral proteases or host 
proteases required for 
cleavage of viral peptides

Translation inhibitors Direct-acting 
and host-factor

Block translation of viral 
mrNAs

Endocytosis inhibitors Host-factor Target cellular endocytosis 
pathways used for viral 
entry

Interferons Host-factor Upregulate host immune 
responses; often used in 
combination with other 
drugs

Kinase inhibitors Host-factor Target host kinases 
and modulate cellular 
environment

Lipidomic drugs Host-factor Target lipid biosynthesis 
pathways required for some 
enveloped viruses
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to related viral strains, once an effective viral target is identified. 
RNA therapeutics can be either direct-acting or host-factor and can 
target any of the stages of the viral life cycle. An RNA could knock-
down an essential viral replication factor or a required host factor, 
thus disrupting viral infection105,106. Alternatively, RNA products 
could antagonize viral downregulation of host restriction factors107. 
Fomivirsen was the first approved antiviral ASO therapeutic, tar-
geting the immediate-early RNA of cytomegalovirus and blocking 
translation70. Multiple siRNA candidates targeting the surface anti-
gen of the hepatitis B virus (HBV) are undergoing clinical trials for 
chronic HBV infection, as well as an anti-miR against miR-122 as 
a therapeutic for hepatitis C virus (HCV) infection. Additionally, 
the COVID-19 pandemic has shown the great promise of mRNA 
therapeutics as vaccines11,12.

Pre-emptive therapeutic development
The COVID-19 pandemic has unequivocally demonstrated the 
need to anticipate and prepare, rather than merely react to novel 
emerging pathogens. Public health strategies can be implemented 
immediately, including disease surveillance and modeling to iden-
tify high-risk populations. This information can be used to direct 
therapeutic interventions to high-risk areas and populations. 
However, new therapeutics and vaccines cannot be created without 
a lag time (Fig. 4a). As an example, newly developed antibody thera-
peutics for COVID-19 were not approved for use until November 
2020; in contrast, remdesivir, a known broad-spectrum coronavi-
rus antiviral3, became the first approved antiviral therapy in May 
2020. This is proof of the need for proactive, rather than reactive, 
drug development to shorten the gap before treatments are avail-
able. Researchers should aim to have at least one drug targeting each 
virus family with phase 1 safety testing completed ready for rapid 
deployment. This is not an easy task, but it is nevertheless vital. The 
first step is to understand the viruses that pose the greatest risk of 
outbreak. We discussed some virus families of concern, but viral 
surveillance must be continuously carried out to identify circulating 
viral strains and understand changes in virus sequence and spread 
(see Box 1)108,109.

With this information, the research community can then begin 
developing portfolios of broad-based therapeutics. There are two 
broad paths for therapeutic development, focusing on either repur-
posed drugs or novel drugs (Fig. 4b). For repurposing drugs, current 
FDA-approved drugs are key candidates, as they will be the fastest 

to be approved for a new indication in an outbreak situation (see 
Table 2 for example FDA-approved drugs that have been repurposed 
for treating viral infections)110–113. Pharmaceutical companies often 
have multiple well-studied drugs in their pipelines with pre-existing 
safety and toxicity information that are also good candidates for 
testing (remdesivir was previously tested for treatment of EBOV114). 
Libraries of approved and in-pipeline drugs should be used for 
high-throughput screening against a variety of viruses of interest.

In contrast, novel drug development starts with the identifica-
tion of key targets based on research into required, conserved host/
viral factors. Examples include viral polymerases (widely targeted by 
nucleoside analogs), host signaling pathways (such as JAK/STAT) 
or lipid biosynthesis pathways75. Once a target has been identified, 
therapeutics of various types (small molecule, antibody, RNA and 
so on) can be developed. Monoclonal antibody products typically 
utilize patient-derived B cells to develop antibody libraries, followed 
by screening for highly neutralizing antibodies10. However, before a 
novel pathogen emerges, there may not be human patients to provide 
antibodies, leaving researchers to rely on animal models. Antibodies 
generated from immunized animals can be humanized115, but these 
antibodies can still elicit unwanted immunogenic responses116. 
Technology that replaces the entire mouse immunoglobulin locus 
with the human locus has shown great promise thus far, contributing 
to the approved casirivimab/imdevimab COVID-19 therapeutic117,118.

Given the heterogeneity of viral strains and the inability to 
perfectly predict the future, it is imperative to champion broadly 
active therapeutics by targeting conserved factors and pathways. 
Regardless of type, all therapeutic candidates should be evaluated 
on panels of diverse viral strains both past and present, as a marker 
of their potential efficacy against future viral strains. A highly effec-
tive but highly specific therapeutic may not be efficacious against 
the next emerging virus. With effort and representative strains 
across the phylogenetic tree, broad-based antivirals can be identi-
fied for future epidemics.

This undertaking will require considerable effort, in the form 
of dedicated financial support, to encourage pre-emptive research 
into viral outbreak preparedness. Academic researchers drive 
understanding of viral and host biology leading to target identifi-
cation and the beginnings of drug development. Partnerships with 
industry can help accelerate drug development by providing fund-
ing, development of drug libraries, quality control and manufac-
turing expertise. Governmental agencies lend support to academic 
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and industry endeavors through funding and regulatory guidance. 
We must recognize that even more virulent zoonotic viruses than 
SARS-CoV-2 likely exist in nature and may emerge and distribute 
quickly across the globe. Consonant with the loss of life and human 
suffering, massive economic losses dictate a critical need for sub-
stantial investments into future preparedness.

therapeutic regimen and delivery
Although pre-clinical research can and should be carried out in 
advance of an outbreak, therapeutic candidates must undergo 
clinical trials before approval. For novel pathogens, this may 
occur after an outbreak begins. The FDA has a framework for 
emergency use authorizations to allow unapproved products 
to be used in emergency situations (such as pandemics) more 
quickly, although evidence of safety and efficacy is still required 
(https://www.fda.gov/emergency-preparedness-and-response/
m c m - l e g a l - r e g u l a t o r y - a n d - p o l i c y - f r a m e w o r k /
emergency-use-authorization). The FDA also has criteria known 
as the Animal Rule for approval of drugs without human effi-
cacy trials. This rule applies to drugs where field studies are not 
feasible and human challenge is unethical, such as treatments 
for anthrax poisoning and plague (Yersinia pestis). In these cases, 

animal efficacy studies can be used instead, although safety must 
still be assessed in human clinical trials (https://www.fda.gov/
emergency-preparedness-and-response/mcm-regulatory-science/
animal-rule-summary). This rule could possibly be used to gain 
approval of drugs against novel viruses before emergence.

Well-designed, double-blinded clinical trials should be care-
fully structured to test for preventatives as well as post-infection 
treatments; poorly designed trials will only lead to greater public 
confusion119. As discussed above, there will likely be limits to effec-
tive treatment windows in humans, and some therapeutics may be 
effective only as preventatives or in early stages of infection80–82. 
Pre-clinical studies in laboratory animals cannot fully inform times-
cales in humans, although primate studies are critical for evaluation 
of treatment windows. Final determination of effective treatment 
windows must come from clinical trials, which can be complicated 
by the need to estimate time of infection for patients based on time 
of diagnosis, contact tracing and severity of symptoms.

During an outbreak, decisions must be made to evaluate single 
or combination therapeutics. Trials can be designed to evaluate 
multiple therapeutics, or both single and combination therapeu-
tics in the same trial, but this requires larger numbers of patients 
to preserve statistical power9,114,120. Analysis of combination thera-
peutics is more complicated, as conclusions cannot be drawn about 
individual therapeutics. However, in an outbreak situation, it can 
be beneficial to test combination treatments to reduce the time and 
effort needed, maximize the chance of efficacy and help combat the 
rise of viral resistance.

Early-stage clinical trials typically evaluate multiple doses before 
choosing a target dose for phase 3 trials, where optimal dosing is 
a balance of efficacy and toxicity. In an outbreak, manufacturing 
capability becomes an additional factor to consider. For a newly 
developed therapeutic to have an effect during an outbreak, it must 
be manufactured and distributed to patients, a non-trivial task. 
Therefore, when choosing dosing, additional consideration must be 
given to manufacturing capabilities and the number of doses that 
can be produced at different dose levels, as it may dramatically affect 
the number of patients that can be treated.

Although any effective drug is welcome in an outbreak, orally 
available drugs (or other self-administered drugs) are arguably ideal, 
as they provide the greatest ease of dosing, and the highest chance 
of patient compliance with treatment regimens, an important factor 
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Box 1 | Viral surveillance

Surveillance is used to monitor circulation of viral strains. This 
includes monitoring human populations as well as animal res-
ervoirs both wild and domesticated. Key zoonotic reservoirs 
requiring surveillance include bats, mosquitoes, birds and do-
mestic livestock. To prepare for a potential outbreak, research-
ers must know which strains of viruses are circulating. For some 
viruses, endemic strains are replaced by emerging strains every 
few years, prompting outbreaks. It is important to carry out viral 
surveillance globally, aiming for a large breadth of information. 
Surveillance is typically carried out by collecting samples and 
performing serology assays, PCR or sequencing; of these, se-
quencing generates the most information for researchers about 
novel strains and variants.
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in controlling an outbreak. Additionally, self-administered drugs 
greatly reduce the load on healthcare workers created by the need 
for more difficult dosing methods, especially important in health-
care systems already overburdened owing to an outbreak, as seen 
with the mass COVID-19 vaccination efforts currently underway.

conclusion: systematic efforts for drug development
History has demonstrated our capacity to integrate efforts across 
disciplines to develop drugs and vaccines. Similar efforts are 
required to protect global health from future pandemics. Pandemic 
preparedness for future twenty-first-century threats will be depen-
dent on integrated research teams spanning academic, federal, 
industrial and philanthropic groups to identify gaps and research 
opportunities, coordinate interactions between teams of scientists, 
review progress and integrate outcomes with commercial interests. 
One possible model for this type of system is the antibacterial con-
sortium CARB-X (https://carb-x.org/), although other models exist 
(https://www.readdi.org/). Expediting rapid pandemic responses 
will require pre-existing interactions with regulatory agencies to 
facilitate rapid therapeutic development. Commercial partners pro-
vide critical expertise in manufacturing, quality control, product 
testing and safety, essential to overall efforts. We recognize intel-
lectual property as a potential impediment to product development, 
but this may be overcome with a flexible management scheme 
allowing multiple pathways to proprietary rights while retaining 
access for at-risk populations globally. Considering the catastrophic 
human and economic suffering caused by the COVID-19 pandemic, 
an organized global effort for pandemic preparedness represents a 
logical goal bridging interests across nations. The costs are minimal 
compared to the economic and human costs of being unprepared, 
especially considering that viruses capable of causing considerably 
higher mortality rates exist in nature. The world already saw modest 
outbreaks in 2003 and 2012 with the highly virulent SARS-CoV and 
MERS-CoV strains, and the existence of highly pathogenic influ-
enza viruses, bunyaviruses and henipaviruses is well known. Sadly, 
human memory is short, so the need to act quickly is clear. We must 
mobilize systematic efforts to increase global preparedness against 
future pandemic threats, of which broadly acting antiviral therapeu-
tics represent a critical piece. Our children’s welfare depends on us 
acting now.
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