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The coronavirus disease 2019 (COVID-19) pandemic has had
a catastrophic impact on human health and the world
economy. The response of the scientific community was
unparalleled, and a combined global effort has resulted in the
creation of vaccines in a shorter time frame than previously
unimaginable. Reflecting this concerted effort, the structural
analysis of the etiological agent, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has progressed with
an unprecedented pace. Since the onset of the pandemic,
over 1000 high-resolution structures of a broad range of
SARS-CoV-2 proteins have been solved and made
publicly available. These structures have aided in the
identification of numerous potential druggable targets and
have contributed to the design of different vaccine
candidates. This opinion article will discuss the impact of
high-resolution structures in understanding SARS-CoV-2
biology and explore their role in the development of vaccines
and antivirals.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has
resulted in a global crisis with devastating effects on public
health and the global economy. The scientific community
has invested tremendous efforts into characterizing and
understanding severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), the etiological agent of COVID-19.
An unprecedented volume of data has been produced,
providing the scientific world with a plethora of information
on SARS-CoV-2 biology. Shortly after publishing the
SARS-CoV-2 genome sequence (Figure 1a) the first high

resolution structures emerged, allowing for the rapid iden-
tification of potential targets for therapeutic intervention.
These structures contributed to a molecular understanding
of the mechanisms of fundamental processes of the SARS-
CoV-2 life cycle, such as virion attachment, entry, tran-
scription/genome replication, assembly and egress, and
provide a foundation for the targeted development of
effective strategies to combat viral infection.

SARS-CoV-2 is a positive strand RNA virus in the
betacoronavirus subfamily, which also includes the orig-
inal SARS-CoV and middle east respiratory syndrome
coronavirus (MERS-CoV). The SARS-CoV-2 genome
comprises approximately 30 kb of RNA that encodes
for 29 viral proteins (Figure 1b). Using a combination of
X-ray crystallography, cryo-electron microscopy (cryo-
EM), and nuclear magnetic resonance (NMR), over
1000 structures of 18 different SARS-CoV-2 proteins
have been deposited in the protein data bank in the
timeframe of February 2020 to March 2021 (Figure 1c).
Numerous druggable targets for inhibition of SARS-
CoV-2 have been proposed based on these structures.
This opinion article will focus on those most promising
for pharmacological intervention: the main viral prote-
ase (Nsp5/Mpro/3-CLpro), the SARS-CoV-2 RNA-
dependent RNA polymerase (Nspl12/RdRP), and the
viral spike (S) protein.

The SARS-CoV-2 main protease (nsp5/Mpro/
3CLpro)

Viral proteases have been successfully targeted to treat
other viral infections, such as those caused by human
immunodeficiency virus (HIV) and hepatitis C virus
(HCV). The SARS-CoV-2 main protease (Mpro) is an
essential cysteine protease that is required for cleaving
the viral precursor polyproteins, including all of the
precursors of the SARS-CoV-2 replication/transcription
complex (RTC) (Figures 1b and 2 a-b) [1]. Mpro is
highly conserved between SARS-CoV-2 and other beta-
coronaviruses such as SARS-CoV (96% sequence simi-
larity) [2]. Compared to host serine proteases, however,
it differs in substrate selectivity, preferring a glutamine
residue in P1 position [1], which makes it a highly
attractive target for therapeutic intervention. The con-
servation between the Mpros of SARS-CoV-2 and other
betacoronaviruses has propelled efforts to develop
broad-spectrum coronavirus protease inhibitors, since
many of the previously identified SARS-CoV/MERS-
CoV Mpro inhibitors were also active against SARS-
CoV-2.
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(a) Timeline of structure determination between January 2020 and March 2021. (b) SARS-CoV-2 genome organization. The nonstructural proteins
are translated as two polyproteins that are processed by the two viral proteases, nsp3 (PLpro; cleavage site denoted by red star) and nsp5 (Mpro/
3CLpro; cleavage site denoted by black arrowheads), resulting in 16 distinct proteins. The remainder of the genome encodes for viral structural
(spike, envelope, matrix, and nucleocapsid) and accessory proteins encoded for by overlapping open reading frames. Nsp2-nsp16 assist in
assembling or supporting the viral replication/transcription complex (RTC). (c) High resolution structures available for SARS-CoV-2 proteins. PDB

IDs are shown in italic.
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Mpro structure. (a) 2D-schematic of SARS-CoV-2 Mpro. (b) Structure of the unbound form of SARS-CoV-2 Mpro (PDB ID: 7bb2). The domains |, Il
and Il are colored tan, orange and pink, respectively. The catalytic histidine and cysteine residues are labeled and colored red. (c) Structure of the
Mpro substrate binding site. The substrate binding pockets are shown for unbound Mpro (left; PDB ID: 7bb2), Mpro bound to compound 11a
(center; PDB ID: 6lze) and Mpro bound to PF-00835231 (right; PDB ID: 6xhm).

Structure-based design of inhibitors against
SARS-CoV-2 Mpro

There are currently over 250 high-resolution structures
deposited for SARS-CoV-2 Mpro, including co-crystal
structures with different protease inhibitors and fragment
compounds [3°°,4-6,7°,8-12]. These crystal structures have
revealed that the substrate binding pocket is well defined,
independent of whether a substrate was bound or absent
(Figure 2c¢) [4-6,7°,8-12], supporting feasibility of a struc-
ture-guided inhibitor design approach. Investigations into

Mpro blockers greatly benefited from the previously devel-
oped inhibitors of SARS-CoV Mpro that showed cross-
inhibitory activity against SARS-CoV-2. Of these com-
pounds, compound 11a and PF-07304814 are two of the
most advanced Mpro inhibitors [7°,13°]. Both were origi-
nally developed using structure-guided approaches
[7°,13°], and both are peptidomimetics. Co-crystal struc-
tures of each inhibitor bound to SARS-CoV-2 Mpro have
been solved (Figure 2¢) [7°,13°]. Compound 11a was origi-
nally designed based on the substrate-binding pocket of
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SARS-CoV Mpro. A recent report showed compound 11ato
be active in cell culture against SARS-CoV-2, revealing
encouraging pharmacokinetics properties in three animal
models (mice, SD rats, and beagle dogs) when administered
intravenously [13°]. However, some acute toxicity was
observed in SD rats at high doses, and antiviral efficacy
has not been confirmed in any SARS-CoV-2 animal model
[13°]. Whereas these initial results are overall promising,
compound 11a has yet to proceed to clinical trials. PF-
00835231 was also developed using structure-based
approaches to target SARS-CoV Mpro, and is capable of
inhibiting SARS-CoV-2 in cell culture [7°,14°]. Although
likewise untested in animal models, initial pharmacokinet-
ics results for PF-07304814, a phosphate prodrug of
PF-00835231, were favorable and the compound is cur-
rently in a phase Ib clinical trial in hospitalized COVID-19
patients (NCT04535167). Although no SARS-CoV-2 Mpro
inhibitor has succeeded in the clinic yet, data gleaned from
current and previous SARS-CoV and MERS-CoV studies
have provided a valuable template for how to successfully
engage the Mpro active site using peptidomimetics
[4-6,7°,8-12,13°,14°].

Challenges of advancing structure-based Mpro
inhibitors towards clinical use

Besides the common challenges of traditional drug devel-
opment (e.g. PK-ADME, efficacy, stability, formulation,
route of administration), structure-based approaches face
the added demand of time required to solve high-resolu-
tion structures. Extensive efforts must first be made to
determine protein structures that lay the groundwork for
structure-based design [3°°]. A recent paper utilizing
crystallographic fragment screening of SARS-CoV-2
Mpro underscores the time needed just to establish a
foundation for fragment-based drug design [3°°].
Although the authors generated a tremendous amount
of structural data, the number of SARS-CoV-2 infections
increased from ~40 0000 (Feb 9, 2020) to ~1 million
global cases (April 1, 2020) in the amount of time required
to release the first high-resolution structures. In addition,
no fragment based Mpro inhibitor has since been devel-
oped, while the number of global cases has soared past
100 million. In short, the speed with which native struc-
tures of SARS-CoV-2 Mpro were solved is truly impres-
sive and unprecedented in the history of infectious dis-
eases, but despite these groundbreaking achievements no
new inhibitor classes were identified in structure-guided
drug development efforts that could contribute to halting
the current COVID-19 pandemic.

Nsp12 - the SARS-CoV-2 RNA-dependent
RNA polymerase

Viral RNA polymerases have been therapeutically targeted
for the treatment of numerous viral infections, including
those caused by HCV, HIV, and influenza virus [15-17]. In
betacoronaviruses, viral RNA synthesis is coordinated by a
multi-subunit replication/transcription complex (RTC)

composed of a number of viral nonstructural proteins. Mul-
tiple high-resolution structures of SARS-CoV-2 RTC com-
plexes have provided insight into the overall architecture of
the RTC (Figure 3a) [18-22,23°%,24,25°%,26,27°,28°,29°,30~
32,33°,34°]. The enzymatic functions of the complex are
carried out by nspl2 (the viral RdRP), nsp13 (an RNA
helicase/triphosphatase), nspl4 (a 3’ to 5 exonuclease),
nspl5 (an endoribonuclease), and nspl6 (an RNA cap
methyltransferase) — [18-22,23°°,24,25°,26,27°,28°,29°,30~
32,33°,34°]. Nsp12 constitutes the core of the RTC and
represents one of the most promising druggable targets
(Figure 3b-c) [30]. Underscoring this notion, remdesivir,
the only direct-acting small molecule antiviral that has
received FDA emergency approval against SARS-CoV-2
to date, targets the viral RARP and is currently the standard
of care (SOC) for treating severe COVID-19 [35]. Structures
of the SARS-CoV-2 nsp12 complexes have been released,
including apo and bound forms (Figure 3a,c)
[22,24,25°,27°,28°,29°,30-32,33°,34°]. These data have pro-
vided great detailed insight into the mechanisms of RNA
synthesis and potential means of inhibiting RARP activity,
buthave yet failed to aid the structure-based identification of
SARS-CoV-2 polymerase inhibitors. However, they have
greatly advanced the molecular understanding of previously
discovered RARP inhibitors, in particular nucleoside/nucle-

otide analogs (NAs).

Structural understanding of pharmacological Nsp12
inhibition

Currently, the only promising antiviral therapeutics and drug
candidates that target the SARS-CoV-2 RdRP are NAs,
such as remdesivir, favipiravir, and molnupiravir (Clinical
trials: NCT04336904, NCT04464408, NCT04529499,
NCT04474457, NCT04434248, NCT04575584,
NCT04575597,NCT04405739,NCT04405570). In the past
year, several SARS-CoV-2 RdRP structures in complex with
different NAs have been determined, including those of
nsp12 in complex with an RNA primer-template incorporat-
ing remdesivir [25°27°,28°29°] or favipiravir [33°34°].
These structures have revealed how favipiravir and remde-
sivir engage the RARP and incorporate into the newly
synthesized RNA. Although there is no precedent yet for
any NA being developed using structure-guided approaches
against any virus, these high-resolution structures may pro-
vide interesting starting points for future structure-guided
development campaigns.

Challenges of developing NAs as RdRP inhibitors
against SARS-CoV-2

T'o date, no allosteric SARS-CoV-2 RARP inhibitors have
been developed and advanced to clinical testing. For NA
inhibitors, the SARS-CoV-2 exonuclease (nsp14) poses a
potential problem, due to proofreading and excision of
NAs such as ribavirin and 5-flurouracil, from the viral
RNA [36-40]. The ability of remdesivir to overcome
SARS-CoV-2 exonuclease activity is likely due to its
delayed chain termination mechanism of action, which

Current Opinion in Virology 2021, 49:127-138
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SARS-CoV-2 nsp12 RdRP. (a) Architecture of the nsp7-nsp8-nsp12-nsp13 RTC complex (PDB ID: 6xez). This complex includes nsp12 (green),
nsp7 (orange), double stranded RNA (cartoon ribbon), two copies of nsp8 (pink and tan) and two copies of nsp13 (blue). (b) 2D-schematic of the
SARS-CoV-2 nsp12 domain organization. (c) Structure of SARS-CoV-2 nsp12 bound to and RNA-primer template (PDB ID: 7I1f). Nsp12 can be
broken down into two catalytic domains, a N-terminal Nidovirus-unique RdRP-associated nucleotidyltransferase (NiRAN; tan) domain and C-
terminal RARP domain connected by a central interface domain (purple). The RdRP domain forms a typical right-handed fold with fingers (green;
residues 366-581 and 621-679), palm (teal; residues 582-620 and 680-815), and thumb (pink; residues 816-910) subdomains. Zinc and
magnesium ions are shown as blue and green spheres, respectively.
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blocks polymerase translocation three nucleotides after
incorporation [27°%,28°41]. Since several nucleotides
would need to be removed to excise the incorporated
form of remdesivir (GS-441524), the drug may partially
avoid removal by the SARS-CoV-2 exonuclease. In sup-
port of this hypothesis, it has been observed that the rate
of incorporation of GS-441524 is greater than the rate of
excision by the exonuclease [42]. Identification of nucle-
oside analogs that can avoid detection by the SARS-CoV-
2 exonuclease might boost the success of NA therapies.
Favipiravir [43,44] and molnupiravir [45] both utilize an
alternate mechanism, induction of viral error catastrophe,
to inhibit viral replication, albeit favipiravir is reportedly
thought to act as a chain terminator also in some cases
[46]. These two NAs are thought to avoid excision by the
SARS-CoV-2 exonuclease, since both are rapidly incor-
porated into newly synthesized viral RNA and have been
shown to induce lethal mutagenesis [43-45,47-51]. Inter-
estingly, sequencing of SARS-CoV-2 infected hamsters
treated with favipiravir did reveal mutations in the SARS-
CoV-2 exonuclease, which could represent the develop-
ment of resistant virus populations [52].

Two high-resolution cryo-EM structures of the SARS-
CoV-2 RdRP in complex with favipiravir were recently
solved [33°,34°]. In these structures, favipiravir forms non-
canonical base-pair interactions, providing an explanation
for how it can be incorporated as either adenosine or
guanosine. Of note, favipiravir was bound in a non-pro-
ductive binding mode, which could account for the low
potency observed 7z vitro (ECsy = 118-207 pM) and i#
vivo (1000 mg/kg b.i.d. in Syrian hamsters) [33°,34°,43,53].
Results from clinical studies are ambiguous but tend to
suggest that treatment with favipiravir may offer some
benefit against COVID-19 [54-59]. However, study
design and validity of the results of at least one of these
trials are a subject of debate [60,61]. Molnupiravir has
demonstrated oral efficacy against SARS-CoV-2 in multi-
ple animal models [62-65], was found to be safe for
human use in phase I clinical trial [66], and is currently
in advanced phase II/III clinical trials. Unlike favipiravir,
however, there are currently no high-resolution structures
of the SARS-CoV-2 RARP complexed with molnupiravir.

"To date, there are also no high-resolution structures for the
SARS-CoV-2 exonuclease alone or in complex with other
components of the RT'C. Therefore, a key piece of informa-
tion is missing for the structure-guided development of NA
therapies against SARS-CoV-2. Until it is understood how
the SARS-CoV-2 exonuclease recognizes incorporated NAs
innewlysynthesized RNA, itwill be difficult to use structure-
guided approaches to proactively design next generation
analogs that are resistant to detection and excision.

The SARS-CoV-2 spike protein
The SARS-CoV-2 spike (S) protein is a homo-trimeric
envelope glycoprotein that is responsible for receptor

binding and fusion of the viral envelope with host mem-
branes [67]. The S protein is a type I fusion protein and exists
in a metastable prefusion state, which can refold into an
energetically far lower stable postfusion conformation [67]. A
hallmark of type I fusion proteins is synthesis as an inactive
precursor protein that must be proteolytically matured into
two major subunits. In the case of SARS-CoV-2 maturation
occurs predominantly by furin or host TMPRSS2 cleavage
into S1/S2 and S2’, respectively (Figure 4a), to gain mem-
brane fusion activity [67]. Of the proteolysis products, S1 is
entirely extracellular and mediates receptor binding,
whereas transmembrane S2 induces membrane merger
[67]. The predominant cognate receptor of SARS-CoV-2
is human angiotensin-converting enzyme 2 (hACE2), which
is recognized by the S protein receptor-binding domain
(RBD) located in S1 [68,69,70°°,71]. Viral attachment leads
to endocytotic uptake of the virion and ultimately activation
of the fusogenic S2 subunit, which undergoes deep-seated
structural changes that result in shedding of the S1 subunit
and insertion of the fusion peptide into the host cell mem-
brane, followed by S protein refolding into a hairpin-like
structure and opening of a fusion pore [72-74].

SARS-CoV-2 S is the primary target of protective
humoral immunity

The ability of the host to generate a robust antibody
response against the SARS-CoV-2 S protein, in particular
against S1, is critical for virus neutralization and effective
immunoprotection [67,71,75-84]. Therapeutic antibodies
targeting the SARS-CoV-2 S protein have been granted
emergency use authorization by the FDA for the treatment
of COVID-19 patients (Table 1). Structural studies map-
ping SARS-CoV-2 neutralizing epitopes identified two
major sites for neutralizing antibodies (nAbs) derived from
convalescent patient sera; the S1 N-terminal region
[79,85,86] and the RBD [67,70°°,80,81,87] (Figure 4a-b).
Of particular importance are antibodies targeting the RBD,
based on their potential for broad-spectrum activity against
other betacoronaviruses, including MERS-CoV and SARS-
CoV [67,87-92]. A detailed structural understanding of the
conserved epitopes or binding motifs recognized by these
broad-spectrum antibodies could potentially be utilized to
ultimately design a universal vaccine capable of providing
protection against multiple coronaviruses.

Importance of SARS-CoV-2 S in vaccine design

Efforts to stabilize the pre-fusion state are critical for
effective vaccine design, since important neutralizing
motifs are present in the S1 subunit. Historically, stabili-
zation of type-1 fusion proteins has been implemented for
numerous viral species using a wide array of techniques,
such as modifying cleavage sites, introducing disulfide
bonds, and stabilizing flexible regions important for the
conformational change between the pre-fusion and post-
fusion states [93-100,101°102,103]. Structure-guided
strategies have been applied to some of the current
SARS-CoV-2 vaccines to stabilize S in a pre-fusion state

Current Opinion in Virology 2021, 49:127-138
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Figure 4
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Spike structures. (a) 2D-schematic of the SARS-CoV-2 spike protein. The S1 subunit contains two domains; a receptor binding domain (RBD;
319-541) and a N-terminal domain (1-300). The S1/S2 and S2’ cleavage sites and the fusion peptide (dark blue) are highlighted in the S2 subunit.
(b) 3D-structure of the SARS-CoV-2 S protein (PDB ID: 6vsb). The locations of the NTD (pink) and RBD (magenta) domains in the S1 subunit (red)
are shown. The location of the S-2P proline substitutions is colored black and labeled. The S2 subunit is colored blue.

and enhance the vaccine induced antibody response
against the RBD and neutralizing epitopes in Sl
[104°,105]. Previous structure-based studies on the fusion
proteins of HIV-1 and respiratory syncytial virus identi-
fied that proline substitutions in specific regions of the S2
subunit can hinder the conformational change to a post-
fusion state [93-95].

Structural studies analyzing homologous regions of the S
proteins of MERS-CoV and SARS-CoV identified two pro-
line substitutions in S2 (S-2P; residues 986 and 987 in SARS-

Table 1

Monoclonal antibodies granted emergency use authorization
(EUA) for the treatment of COVID-19

Name Target EUA
date
Bamlanivimab + Etesevimab SARS-CoV-2 Feb-21
spike
REGEN-COV (Casirivimab + SARS-CoV-2 Nov-20
Imdevimab) spike

CoV-2 S) that likewise stabilize the S protein in a pre-fusion
state [104°] (Figure 4b). These mutations trap the S protein
in an antigenically favorable pre-fusion state that induces an
improved neutralizing antibody response compared to stan-
dard soluble S protein delivered, for instance, as a subunit
vaccine. Both currently approved mRNA vaccines (the
Moderna/NIAID and BioNTech/Pfizer vaccines) as well
as the approved adenovirus-vectored Ad26.COV2.S (Jans-
sen Pharmaceutical; FDA emergency use authorization on
Feb. 27, 2021) utilize the S-2P strategy to stabilize the pre-
fusion state of the SARS-CoV-2 S protein, resulting in
neutralizing antibody titers that are equal to or greater than
those of convalescent patients [106-109].

By comparison, the Oxford/AstraZeneca vaccine (ChA-
dOx1) uses a wild-type S protein without any stabilizing
modifications. Of note, South Africa recently halted use of
the Oxford/AstraZeneca vaccine due to less efficient pro-
tection against recently emerged mutant viral variants
(https://www.nytimes.com/live/2021/02/07/world/

covid-19-coronavirus). Currently, it is unclear whether a
causal link exists between S protein design in the
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AstraZeneca vaccine and this lower level of protection.
However, antibodies isolated from recipients of the mRNA
vaccinees were only slightly less efficient in protecting
against the E484K SARS-CoV-2 variant currently circulat-
ing in South Africa [110-112,113%114,115,116°].

Since the initial design of SARS-CoV-2 vaccine candi-
dates utilizing S-2P, several studies have identified and
structurally characterized additional substitutions in S
that led to higher levels of expression and greater ther-
mostability compared to S-2P [117-120]. However, these
new substitutions have not advanced to any candidates in
clinical trials.

Limitations associated with SARS-CoV-2 structural data
towards vaccine design

While previous structural studies on SARS-CoV and
MERS-CoV have contributed greatly to the development
of successful SARS-CoV-2 vaccines, structural data on
SARS-CoV-2 S itself have provided limited novel informa-
tion to enable vaccine design. However, high-resolution
data has advanced the molecular understanding of the
mechanisms of receptor binding, antibody mediated neu-
tralization, and viral escape from neutralizing antibodies by
recently identified SARS-CoV-2 variants. The previously
identified S-2P modifications in SARS-CoV and MERS-
CoV S structures have created a critical knowledge base for
the rapid design of anti-SARS-CoV-2 vaccine candidates
that were advanced in record time to clinical use.

Conclusions

High-resolution structural data have had an immense
impact on our understanding of SARS-CoV-2 biology
and can, with sufficient time, help advance antiviral
and vaccine development [7°,13°,14°,104°]. It is important
not to forget, however, that there is no direct short-cut
path from structural knowledge to the rapid creation of a
novel antiviral drug or vaccine. For example, structure-
guided design originally targeting SARS-CoV and
MERS-CoV has assisted in the development of SARS-
CoV-2 Mpro inhibitors and conformationally stabilized
SARS-pCoV-2 S vaccine candidates. Similarly, the high
resolution cryo-EM structures of nspl12 complexed with
different NA inhibitors have illuminated the mechanism
of action of different NAs, but originally other viral
indications were targeted and development of these drugs
dates back far before the COVID-19 pandemic
[45,121,122]. An overarching challenge facing de novo
structure-guided design of vaccines or drugs in the face
of a mounting pandemic is the amount of time required to
obtain high resolution structural data and translate this
information to tangible clinical candidates. A major lesson
learned from the COVID-19 pandemic is that a rapid first-
line response is critical to limit virus spread. With current
technology, this challenge can only be met when it is
possible to build on a rich trough of pre-existing data
generated for related viral pathogens. Even so, structure-

guided drug design is unlikely to deliver a clinical candi-
date with the turn-around time required to impact the
spread of a pandemic. Accordingly, no structure-guided
antiviral specifically targeting SARS-CoV-2 has advanced
to clinical use. However, available structural data have
greatly shortened the timeline to vaccine development
and approval, providing a tangible example of how pro-
actively establishing a solid scientific foundation can
prepare against an unexpected pandemic threat.

Conflict of interest statement
Nothing declared.

Acknowledgements

This was supported, in part, by Public Health Service grants AI141222 (to
RKP) and AI071002 (to RKP) from the NIH/NIAID. The funders had no
role in the study design, data collection and interpretation, or the decision to
submit the work for publication.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Rut W, Groborz K, Zhang L, Sun X, Zmudzinski M, Pawlik B,
Wang X, Jochmans D, Neyts J, Mlynarski W et al.: SARS-CoV-2 M
(pro) inhibitors and activity-based probes for patient-sample
imaging. Nat Chem Biol 2021, 17:222-228.

2.  AryaR, KumariS, Pandey B, Mistry H, Bihani SC, Das A, Prashar V,
Gupta GD, Panicker L, Kumar M: Structural insights into SARS-
CoV-2 proteins. J Mol Biol 2021, 433:166725.

3. Douangamath A, Fearon D, Gehrtz P, Krojer T, Lukacik P,

ee Owen CD, Resnick E, Strain-Damerell C, Aimon A, Abranyi-
Balogh P et al.: Crystallographic and electrophilic fragment
screening of the SARS-CoV-2 main protease. Nat Commun
2020, 11:5047

Impressive study that solved over 70 cocrystal structures of SARS-CoV-2

Mpro bound to different compounds from a fragment library. Generated

an extensive groundwork for future fragment-based drug design against

SARS-CoV-2 Mpro.

4. Zhang L, Lin D, Sun X, Curth U, Drosten C, Sauerhering L,
Becker S, Rox K, Hilgenfeld R: Crystal structure of SARS-CoV-2
main protease provides a basis for design of improved alpha-
ketoamide inhibitors. Science 2020, 368:409-412.

5. Zhang L, Lin D, Kusov Y, Nian Y, Ma Q, Wang J, von Brunn A,
Leyssen P, Lanko K, Neyts J et al.: Alpha-ketoamides as broad-
spectrum inhibitors of coronavirus and enterovirus
replication: structure-based design, synthesis, and activity
assessment. J Med Chem 2020, 63:4562-4578.

6. MaC, Sacco MD, Hurst B, Townsend JA, Hu Y, Szeto T, Zhang X,
Tarbet B, Marty MT, Chen Y et al.: Boceprevir, GC-376, and
calpain inhibitors Il, Xll inhibit SARS-CoV-2 viral replication by
targeting the viral main protease. Cell Res 2020, 30:678-692.

7. Hoffman RL, Kania RS, Brothers MA, Davies JF, Ferre RA,

) Gajiwala KS, He M, Hogan RJ, Kozminski K, LiLY et al.: Discovery
of ketone-based covalent inhibitors of coronavirus 3CL
proteases for the potential therapeutic treatment of COVID-
19. J Med Chem 2020, 63:12725-12747

Development of PF-00835321, a potent inhibitor of the SARS-CoV-2 main

protease. The authors employed structure-based design to develop the

PF-07304814 class of ketone-based Mpro inhibitors.

8. Sacco MD, Ma C, Lagarias P, Gao A, Townsend JA, Meng X,
Dube P, Zhang X, Hu Y, Kitamura N et al.: Structure and inhibition
of the SARS-CoV-2 main protease reveal strategy for
developing dual inhibitors against M(pro) and cathepsin L. Sci
Adv 2020, 6.

Current Opinion in Virology 2021, 49:127-138

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0010
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0010
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0010
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0040
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0040
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0040
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0040
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0040

Impact of structural data on stemming the COVID-19 pandemic Cox and Plemper 135

9. JinZ DuX, XuY,DengY, LiuM, Zhao Y, Zhang B, Li X, Zhang L,
Peng C et al.: Structure of M(pro) from SARS-CoV-2 and
discovery of its inhibitors. Nature 2020, 582:289-293.

10. Vuong W, Khan MB, Fischer C, Arutyunova E, Lamer T, Shields J,
Saffran HA, McKay RT, van Belkum MJ, Joyce MA et al.: Feline
coronavirus drug inhibits the main protease of SARS-CoV-2
and blocks virus replication. Nat Commun 2020, 11:4282.

11. Wang YC, Yang WH, Yang CS, Hou MH, Tsai CL, Chou YZ,
Hung MC, Chen Y: Structural basis of SARS-CoV-2 main
protease inhibition by a broad-spectrum anti-coronaviral
drug. Am J Cancer Res 2020, 10:2535-2545.

12. JinZ,ZhaoY, SunY, Zhang B, Wang H, Wu Y, Zhu Y, Zhu C, Hu T,
Du X et al.: Structural basis for the inhibition of SARS-CoV-2
main protease by antineoplastic drug carmofur. Nat Struct Mol
Biol 2020, 27:529-532.

13. DaiW, Zhang B, Jiang XM, Su H, Li J, Zhao Y, Xie X, Jin Z, Peng J,

e LiuFetal.: Structure-based design of antiviral drug candidates
targeting the SARS-CoV-2 main protease. Science 2020,
368:1331-1335

Initial development of compound 11a, a potent inhibitor of the SARS-

CoV-2 main protease. Designed based on the structure of the SARS-CoV

Mpro substrate binding pocket.

14. Boras B, Jones RM, Anson BJ, Arenson D, Aschenbrenner L,

. Bakowski MA, Beutler N, Binder J, Chen E, Eng H et al.: Discovery
of a novel inhibitor of coronavirus 3CL protease as a clinical
candidate for the potential treatment of COVID-19. bioRxiv
2020

The authors performed extensive pharmacokinetic profiling of PF-

00835231, the phosphate prodrug of PF-00835231./n vitro antiviral

activity against SARS-CoV-2 was assessed as well as potential syner-

gistic effects of PF-00835231 in combination with remdesivir.

15. Sofia MJ, Bao D, Chang W, Du J, Nagarathnam D, Rachakonda S,
Reddy PG, Ross BS, Wang P, Zhang HR et al.: Discovery of a
beta-p-2’-deoxy-2’-alpha-fluoro-2’-beta-C-methyluridine
nucleotide prodrug (PSI-7977) for the treatment of hepatitis C
virus. J Med Chem 2010, 53:7202-7218.

16. Noshi T, Kitano M, Taniguchi K, Yamamoto A, Omoto S, Baba K,
Hashimoto T, Ishida K, Kushima Y, Hattori K et al.: In vitro
characterization of baloxavir acid, a first-in-class cap-
dependent endonuclease inhibitor of the influenza virus
polymerase PA subunit. Antiviral Res 2018, 160:109-117.

17. Holec AD, Mandal S, Prathipati PK, Destache CJ: Nucleotide
reverse transcriptase inhibitors: a thorough review, present
status and future perspective as HIV therapeutics. Curr HIV Res
2017, 15:411-421.

18. Konkolova E, Klima M, Nencka R, Boura E: Structural analysis of
the putative SARS-CoV-2 primase complex. J Struct Biol 2020,
211:107548.

19. Littler DR, Gully BS, Colson RN, Rossjohn J: Crystal structure of
the SARS-CoV-2 non-structural protein 9, Nsp9. iScience 2020,
23:101258.

20. Rogstam A, Nyblom M, Christensen S, Sele C, Talibov VO,
Lindvall T, Rasmussen AA, Andre |, Fisher Z, Knecht W et al.:
Crystal structure of non-structural protein 10 from severe
acute respiratory syndrome coronavirus-2. Int J Mol Sci 2020,
21.

21. Rosas-Lemus M, Minasov G, Shuvalova L, Inniss NL, Kiryukhina O,
Brunzelle J, Satchell KJF: High-resolution structures of the
SARS-CoV-2 2’-0O-methyltransferase reveal strategies for
structure-based inhibitor design. Sci Signal 2020, 13.

22. Peng Q, Peng R, Yuan B, Zhao J, Wang M, Wang X, Wang Q,
Sun Y, Fan Z, Qi J et al.: Structural and biochemical
characterization of the nsp12-nsp7-nsp8 core polymerase
complex from SARS-CoV-2. Cell Rep 2020, 31:107774.

23. Chen J, Malone B, Llewellyn E, Grasso M, Shelton PMM,

ee Olinares PDB, Maruthi K, Eng ET, Vatandaslar H, Chait BT et al.:
Structural basis for helicase-polymerase coupling in the
SARS-CoV-2 replication-transcription complex. Cell 2020,
182:1560-1573 1513

The authors determined the high-resolution structure of a large RTC

complex composed of nsp7, two copies of nsp8, nsp12, an RNA-primer

template and two copies of nsp13, the viral helicase. This RTC structure is
the largest SARS-CoV-2 RTC complex published to date.

24. Yan L, Zhang Y, Ge J, Zheng L, Gao Y, Wang T, Jia Z, Wang H,
Huang Y, Li M et al.: Architecture of a SARS-CoV-2 mini
replication and transcription complex. Nat Commun 2020,
11:5874.

25. Yin W, Mao C, Luan X, Shen DD, Shen Q, Su H, Wang X, Zhou F,

e Zhao W, Gao M et al.: Structural basis for inhibition of the RNA-
dependent RNA polymerase from SARS-CoV-2 by remdesivir.
Science 2020, 368:1499-1504

The authors determined the 2.5 A resolution cryoEM structure of the

SARS-CoV-2 RdRP incorporating a single remdesivir molecule. Provided

structural information on how the SARS-CoV-2 incorporates remdesivir

into newly synthesized RNA. One of four cryoEM structures of SARS-

CoV-2 bound to an RNA-primer template incorporating remdesivir. Pub-

lished in the same month as the SARS SARS-CoV-2 nsp12-remdesivir

structural study by Wang et al.

26. Kim'Y, Jedrzejczak R, Maltseva NI, Wilamowski M, Endres M,
Godzik A, Michalska K, Joachimiak A: Crystal structure of Nsp15
endoribonuclease NendoU from SARS-CoV-2. Protein Sci
2020, 29:1596-1605.

27. Bravo JPK, Dangerfield TL, Taylor DW, Johnson KA: Remdesivir

e is adelayed translocation inhibitor of SARS CoV-2 replication.
Mol Cell 2021, 81:1548-1552

The authors resolved the 3.9 A resolution cryoEM structure of the stalled

SARS-CoV-2 RdRP incorporating four remdesivir molecules. The authors

provided structural evidence for remdesivir’s ability to block RNA trans-

location, which results in delayed chain termination.

28. Kokic G, Hillen HS, Tegunov D, Dienemann C, Seitz F,

. Schmitzova J, Farnung L, Siewert A, Hobartner C, Cramer P:
Mechanism of SARS-CoV-2 polymerase stalling by remdesivir.
Nat Commun 2021, 12:279

The authors used a combination of structural and biochemical

approaches to determine that remdesivir inhibits RNA translocation.

Multiple high resolution cryoEM structures of the SARS-CoV-2 RdRP

incorporating remdesivir molecules were determined.

29. Wang Q, Wu J, Wang H, Gao Y, LiuQ, Mu A, JiW, Yan L, Zhu Y,
e  Zhu C et al.: Structural basis for RNA replication by the SARS-
CoV-2 polymerase. Cell 2020, 182:417-428 e413

The authors determined the ~3 A cryoEM structure of the SARS-CoV-2
RdRP incorporating a single remdesivir molecule. Provided structural
information on how the SARS-CoV-2 incorporates remdesivir into newly
synthesized RNA. Published in the same month as the SARS-CoV-2
nsp12-remdesivir structural study by Yin et al.

30. Hillen HS, Kokic G, Farnung L, Dienemann C, Tegunov D,
Cramer P: Structure of replicating SARS-CoV-2 polymerase.
Nature 2020, 584:154-156.

31. Yanl, Ged, ZhenglL, ZhangY, Gao Y, Wang T, Huang Y, Yang Y,
Gao S, Li M et al.: Cryo-EM structure of an extended SARS-
CoV-2 replication and transcription complex reveals an
intermediate state in cap synthesis. Cell 2021, 184:184-193
e110.

32. GaoV, Yan L, Huang Y, Liu F, Zhao Y, Cao L, Wang T, Sun Q,
Ming Z, Zhang L et al.: Structure of the RNA-dependent RNA
polymerase from COVID-19 virus. Science 2020, 368:779-782.

33. Naydenova K, Muir KW, Wu LF, Zhang Z, Coscia F, Peet MJ,

. Castro-Hartmann P, Qian P, Sader K, Dent K et al.: Structure of
the SARS-CoV-2 RNA-dependent RNA polymerase in the
presence of favipiravir-RTP. Proc Nat/ Acad Sci U S A 2021, 118

The authors resolved the 2.5 A resolution structure of the SARS-CoV-2

RdRP incorporating favipiravir. The authors provided structural evidence

for favipiravir-triphosphate binding nonproductively at the catalytic site.

One of two cryoEM structures of SARS-CoV-2 bound to an RNA-primer

template incorporating favipiravir. One of two cryoEM structures of

SARS-CoV-2 bound to an RNA-primer template incorporating favipiravir

that were both published in February 2021.

34. Peng Q, Peng R, Yuan B, Wang M, Zhao J, Fu L, Qi J, Shi Y:

e  Structural basis of SARS-CoV-2 polymerase inhibition by
Favipiravir. Innovation (NY) 2021, 2:100080

The authors determined the 3.2 A resolution structure of the SARS-CoV-2

RdRP incorporating favipiravir. The study provided structural details on

the ability of faviparivir to base pair with pyrimidine residues, explaining its

ability to mimic guanine and adenine nucleotides. One of two cryoEM

www.sciencedirect.com

Current Opinion in Virology 2021, 49:127-138


http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0055
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0055
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0055
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0055
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0090
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0090
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0090
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0160
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0160
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0160
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0170
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0170
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0170

136 Anti-viral strategies

structures of SARS-CoV-2 bound to an RNA-primer template incorpor-

ating favipiravir that were both published in February 2021.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS,
Kalil AC, Hohmann E, Chu HY, Luetkemeyer A, Kline S et al.:
Remdesivir for the treatment of Covid-19 - final report. N Eng/ J
Med 2020, 383:1813-1826.

Robson F, Khan KS, Le TK, Paris C, Demirbag S, Barfuss P,
Rocchi P, Ng WL: Coronavirus RNA proofreading: molecular
basis and therapeutic targeting. Mol Cell 2020, 79:710-727.

Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X,
Smith EC, Case JB, Feng JY, Jordan R et al.: Coronavirus
susceptibility to the antiviral remdesivir (GS-5734) is mediated
by the viral polymerase and the proofreading
exoribonuclease. mBio 2018, 9.

Eckerle LD, Lu X, Sperry SM, Choi L, Denison MR: High fidelity of
murine hepatitis virus replication is decreased in nsp14
exoribonuclease mutants. J Viro/ 2007, 81:12135-12144.

Ferron F, Subissi L, Silveira De Morais AT, Le NTT, Sevajol M,
Gluais L, Decroly E, Vonrhein C, Bricogne G, Canard B et al.:
Structural and molecular basis of mismatch correction and
ribavirin excision from coronavirus RNA. Proc Nat/ Acad Sci U S
A 2018, 115:E162-E171.

Smith EC, Blanc H, Surdel MC, Vignuzzi M, Denison MR:
Coronaviruses lacking exoribonuclease activity are
susceptible to lethal mutagenesis: evidence for proofreading
and potential therapeutics. PLoS Pathog 2013, 9:e1003565.

Gordon CJ, Tchesnokov EP, Woolner E, Perry JK, Feng JY,
Porter DP, Gotte M: Remdesivir is a direct-acting antiviral that
inhibits RNA-dependent RNA polymerase from severe acute
respiratory syndrome coronavirus 2 with high potency. J Bio/
Chem 2020, 295:6785-6797.

Dangerfield TL, Huang NZ, Johnson KA: Remdesivir is effective
in combating COVID-19 because it is a better substrate than
ATP for the viral RNA-dependent RNA polymerase. iScience
2020, 23:101849.

Shannon A, Selisko B, Le NT, Huchting J, Touret F, Piorkowski G,
Fattorini V, Ferron F, Decroly E, Meier C et al.: Rapid
incorporation of favipiravir by the fast and permissive viral
RNA polymerase complex results in SARS-CoV-2 lethal
mutagenesis. Nat Commun 2020, 11:4682.

Baranovich T, Wong SS, Armstrong J, Marjuki H, Webby RJ,
Webster RG, Govorkova EA: T-705 (favipiravir) induces lethal
mutagenesis in influenza A H1N1 viruses in vitro. J Virol 2013,
87:3741-3751.

Yoon JJ, Toots M, Lee S, Lee ME, Ludeke B, Luczo JM, Ganti K,
Cox RM, Sticher ZM, Edpuganti V et al.: Orally efficacious broad-
spectrum ribonucleoside analog inhibitor of influenza and
respiratory syncytial viruses. Antimicrob Agents Chemother
2018, 62.

Shiraki K, Daikoku T: Favipiravir, an anti-influenza drug against
life-threatening RNA virus infections. Pharmacol Ther 2020,
209:107512.

Delang L, Segura Guerrero N, Tas A, Querat G, Pastorino B,
Froeyen M, Dallmeier K, Jochmans D, Herdewijn P, Bello F et al.:
Mutations in the chikungunya virus non-structural proteins
cause resistance to favipiravir (T-705), a broad-spectrum
antiviral. J Antimicrob Chemother 2014, 69:2770-2784.

Goldhill DH, Te Velthuis AJW, Fletcher RA, Langat P, Zambon M,
Lackenby A, Barclay WS: The mechanism of resistance to
favipiravir in influenza. Proc Nat/ Acad Sci U S A 2018,
115:11613-11618.

Urakova N, Kuznetsova V, Crossman DK, Sokratian A, Guthrie DB,
Kolykhalov AA, Lockwood MA, Natchus MG, Crowley MR,
Painter GR et al.: Beta-d-N (4)-hydroxycytidine is a potent anti-
alphavirus compound that induces a high level of mutations in
the viral genome. J Virol 2018, 92.

Toots M, Yoon JJ, Cox RM, Hart M, Sticher ZM, Makhsous N,
Plesker R, Barrena AH, Reddy PG, Mitchell DG et al.:
Characterization of orally efficacious influenza drug with high

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

resistance barrier in ferrets and human airway epithelia. Sci
Transl Med 2019, 11.

Agostini ML, Pruijssers AJ, Chappell JD, Gribble J, Lu X,
Andres EL, Bluemling GR, Lockwood MA, Sheahan TP, Sims AC
et al.: Small-molecule antiviral beta-b-N (4)-hydroxycytidine
inhibits a proofreading-intact coronavirus with a high genetic
barrier to resistance. J Viro/ 2019, 93.

Driouich J, Cochin M, Lingas G, Moureau G, Touret F, Petit P,
Piorkowski G, Barthélémy K, Coutard B, Guedj J et al.: Favipiravir
antiviral efficacy against SARS-CoV-2 in a hamster model. Nat
Commun 2020, 12:1735 http://dx.doi.org/10.1038/s41467-021-
21992-w.

Kaptein SJF, Jacobs S, Langendries L, Seldeslachts L, Ter
Horst S, Liesenborghs L, Hens B, Vergote V, Heylen E,
Barthelemy K et al.: Favipiravir at high doses has potent
antiviral activity in SARS-CoV-2-infected hamsters, whereas
hydroxychloroquine lacks activity. Proc Nat/ Acad Sci U S A
2020, 117:26955-26965.

Doi Y, Hibino M, Hase R, Yamamoto M, Kasamatsu Y, Hirose M,
Mutoh Y, Homma Y, Terada M, Ogawa T et al.: A prospective,
randomized, open-label trial of early versus late favipiravir
therapy in hospitalized patients with COVID-19. Antimicrob
Agents Chemother 2020, 64.

Calik BaSaran N, Uyaroglu OA, Telli Dizman G, Ozisik L, Sahin TK,
Tas Z, Inkaya AC, Karahan S, Ozyavuz Alp S, Alp A et al.: Outcome
of non-critical COVID-19 patients with early hospitalization
and early antiviral treatment outside the ICU. Turk J Med Sci
2020, 51:411-420.

lvashchenko AA, Dmitriev KA, Vostokova NV, Azarova VN,
Blinow AA, Egorova AN, Gordeev IG, llin AP, Karapetian RN,
Kravchenko DV et al.: AVIFAVIR for treatment of patients with
moderate COVID-19: interim results of a phase II/1ll
multicenter randomized clinical trial. Clin Infect Dis 2020:
ciaal176.

Lou Y, Liu L, Yao H, Hu X, Su J, Xu K, Luo R, Yang X, He L, Lu X
et al.: Clinical outcomes and plasma concentrations of
baloxavir marboxil and favipiravir in COVID-19 patients: an
exploratory randomized, controlled trial. Eur J Pharm Sci 2021,
157:105631.

Udwadia ZF, Singh P, Barkate H, Patil S, Rangwala S, Pendse A,
Kadam J, Wu W, Caracta CF, Tandon M: Efficacy and safety of
favipiravir, an oral RNA-dependent RNA polymerase inhibitor,
in mild-to-moderate COVID-19: a randomized, comparative,
open-label, multicenter, phase 3 clinical trial. Int J Infect Dis
2020, 103:62-71.

Cai Q, Yang M, Liu D, Chen J, Shu D, Xia J, Liao X, Gu Y, Cai Q,
Yang Y et al.: Experimental treatment with favipiravir for
COVID-19: an open-label control study. Engineering (Beijing)
2020, 6:1192-1198.

Coomes EA, Haghbayan H: Favipiravir, an antiviral for COVID-
19? J Antimicrob Chemother 2020, 75:2013-2014.

Chachaima-Mar J, Perez-Castilla J: Comment on: favipiravir, an
antiviral for COVID-19? J Antimicrob Chemother 2021, 76:279-280.

Wahl A, Gralinski L, Johnson C, Yao W, Kovarova M, Dinnon K,
Liu H, Madden V, Krzystek H, De C et al.: Acute SARS-CoV-2
infection is highly cytopathic, elicits a robust innate immune
response and is efficiently prevented by EIDD-2801. Res Sq
2020 http://dx.doi.org/10.21203/rs.3.rs-80404/v1.

Cox RM, Wolf JD, Plemper RK: Therapeutically administered
ribonucleoside analogue MK-4482/EIDD-2801 blocks SARS-
CoV-2 transmission in ferrets. Nat Microbiol 2021, 6:11-18.

Rosenke K, Hansen F, Schwarz B, Feldmann F, Haddock E,
Rosenke R, Meade-White K, Okumura A, Leventhal S, Hawman D
et al.: Orally delivered MK-4482 inhibits SARS-CoV-2
replication in the Syrian hamster model. Nat Commun 2021,
12:2295 http://dx.doi.org/10.1038/s41467-021-22580-8.

Abdelnabi R, Foo CS, Kaptein SJF, Zhang X, Langendries L,
Vangeel L, Breuer J, Pang J, Williams R, Vergote V, Heylen E,
Leyssen P, Dalimeier K, Coelmont L, Jochmans D, Chatterjee AK,
De Jonghe S, Weynand B, Neyts J: Molnupiravir (EIDD-2801)
inhibits SARS-CoV2 replication in Syrian hamsters model.

Current Opinion in Virology 2021, 49:127-138

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0175
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0175
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0175
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0175
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0180
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0180
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0180
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0190
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0190
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0190
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0210
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0210
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0210
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0210
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0230
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0230
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0230
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0255
http://dx.doi.org/10.1038/s41467-021-21992-w
http://dx.doi.org/10.1038/s41467-021-21992-w
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0300
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0300
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0305
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0305
http://dx.doi.org/10.21203/rs.3.rs-80404/v1
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0315
http://dx.doi.org/10.1038/s41467-021-22580-8

66.

67.

68.

69.

70.

Impact of structural data on stemming the COVID-19 pandemic Cox and Plemper

bioRxiv 2021 http://dx.doi.org/10.1101/2020.12.10.419242.
2020.12.10.419242.

Painter WP, Holman GRW, Bush JA, Almazedi F, Malik H,

Eraut NCJE, Morin MJ, Szewczyk LJ, Painter GR: Human safety,
tolerability, and pharmacokinetics of molnupiravir, a novel
broad-spectrum oral antiviral agent with activity against
SARS-CoV-2. Antimicrob Agents Chemother 2021, 65:€02428-20
http://dx.doi.org/10.1128/AAC.02428-20 Epub ahead of print.
PMID: 33649113; PMCID: PMC8092915.

Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D:
Structure, function, and antigenicity of the SARS-CoV-2 spike
glycoprotein. Cell 2020, 181:281-282 e286.

Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q: Structural basis for
the recognition of SARS-CoV-2 by full-length human ACE2.
Science 2020, 367:1444-1448.

Benton DJ, Wrobel AG, Xu P, Roustan C, Martin SR, Rosenthal PB,
Skehel JJ, Gamblin SJ: Receptor binding and priming of the
spike protein of SARS-CoV-2 for membrane fusion. Nature
2020, 588:327-330.

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O,
Graham BS, McLellan JS: Cryo-EM structure of the 2019-nCoV
spike in the prefusion conformation. Science 2020, 367:1260-1263

Publication of the prefusion structure of the SARS-CoV-2 spike protein.
Remarkably, the structure was released less than two months after the
publication of the SARS-CoV-2 genome. The prefusion conformation was
stabilized using a SARS-CoV-2 spike protein possessing the S-2P substitution.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Wang Q, Zhang Y, WulL, NiuS, Song C, Zhang Z, Lu G, Qiao C, Hu Y,
Yuen KY et al.: Structural and functional basis of SARS-CoV-2
entry by using human ACE2. Cell 2020, 181:894-904 e899.

Zhou T, Tsybovsky Y, Gorman J, Rapp M, Cerutti G, Chuang GY,
Katsamba PS, Sampson JM, Schon A, Bimela J et al.: Cryo-EM
structures of SARS-CoV-2 spike without and with ACE2 reveal a
pH-dependent switch to mediate endosomal positioning of
receptor-binding domains. Cell Host Microbe 2020, 28:867-879 e865.

Bosch BJ, van der Zee R, de Haan CA, Rottier PJ: The
coronavirus spike protein is a class | virus fusion protein:
structural and functional characterization of the fusion core
complex. J Virol 2003, 77:8801-8811.

Walls AC, Tortorici MA, Snijder J, Xiong X, Bosch BJ, Rey FA,
Veesler D: Tectonic conformational changes of a coronavirus
spike glycoprotein promote membrane fusion. Proc Nat/ Acad
Sci U S A 2017, 114:11157-11162.

Barnes CO, West AP Jr, Huey-Tubman KE, Hoffmann MAG,
Sharaf NG, Hoffman PR, Koranda N, Gristick HB, Gaebler C,
Muecksch F et al.: Structures of human antibodies bound to
SARS-CoV-2 spike reveal common epitopes and recurrent
features of antibodies. Cell 2020, 182:828-842 e816.

Cao Y, Su B, Guo X, Sun W, Deng Y, Bao L, Zhu Q, Zhang X,
Zheng Y, Geng C et al.: Potent neutralizing antibodies against
SARS-CoV-2 identified by high-throughput single-cell
sequencing of convalescent patients’ B cells. Cell 2020,
182:73-84 e16.

Chen X, Li R, Pan Z, Qian C, Yang Y, You R, Zhao J, Liu P, Gao L,
Li Z et al.: Human monoclonal antibodies block the binding of
SARS-CoV-2 spike protein to angiotensin converting enzyme
2 receptor. Cell Mol Immunol 2020, 17:647-649.

Ju B, Zhang Q, Ge J, Wang R, Sun J, Ge X, Yu J, Shan S, Zhou B,
Song S et al.: Human neutralizing antibodies elicited by SARS-
CoV-2 infection. Nature 2020, 584:115-119.

Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, Zhang Z, Fan P,
Dong Y, Yang Y et al.: A neutralizing human antibody binds to
the N-terminal domain of the spike protein of SARS-CoV-2.
Science 2020, 369:650-655.

LiuL, Wang P, Nair MS, YuJ, Rapp M, Wang Q, Luo Y, Chan JF, SahiV,
Figueroa A et al.: Potent neutralizing antibodies against multiple
epitopes on SARS-CoV-2 spike. Nature 2020, 584:450-456.

Robbiani DF, Gaebler C, Muecksch F, Lorenzi JCC, Wang Z,
Cho A, Agudelo M, Barnes CO, Gazumyan A, Finkin S et al.:
Convergent antibody responses to SARS-CoV-2 in
convalescent individuals. Nature 2020, 584:437-442.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

137

Rogers TF, Zhao F, Huang D, Beutler N, Burns A, He WT, Limbo O,
Smith C, Song G, Woehl J et al.: Isolation of potent SARS-CoV-2
neutralizing antibodies and protection from disease in a small
animal model. Science 2020, 369:956-963.

Seydoux E, Homad LJ, MacCamy AJ, Parks KR, Hurlburt NK,
Jennewein MF, Akins NR, Stuart AB, Wan YH, Feng J et al.:
Analysis of a SARS-CoV-2-Infected individual reveals
development of potent neutralizing antibodies with limited
somatic mutation. /mmunity 2020, 53:98-105 e105.

Zost SJ, Gilchuk P, Chen RE, Case JB, Reidy JX, Trivette A,
Nargi RS, Sutton RE, Suryadevara N, Chen EC et al.: Rapid
isolation and profiling of a diverse panel of human monoclonal
antibodies targeting the SARS-CoV-2 spike protein. Nat Med
2020, 26:1422-1427.

Cerutti G, Guo Y, Zhou T, Gorman J, Lee M, Rapp M, Reddem ER,
Yu J, Bahna F, Bimela J, Huang Y, Katsamba PS, Liu L, Nair MS,
Rawi R, Olia AS, Wang P, Zhang B, Chuang GY, Ho DD, Sheng Z,
Kwong PD, Shapiro L: Potent SARS-CoV-2 neutralizing
antibodies directed against spike N-terminal domain target a
single supersite. Cell Host Microbe 2021, 29:819-833.e7 http://
dx.doi.org/10.1016/j.chom.2021.03.005 Epub 2021 Mar 12. PMID:
33789084; PMCID: PMC7953435.

Chen Y, Lu S, Jia H, Deng Y, Zhou J, Huang B, Yu Y, Lan J,
Wang W, Lou Y et al.: A novel neutralizing monoclonal antibody
targeting the N-terminal domain of the MERS-CoV spike
protein. Emerg Microbes Infect 2017, 6:e37.

Pinto D, Park YJ, Beltramello M, Walls AC, Tortorici MA, Bianchi S,
Jaconi S, Culap K, Zatta F, De Marco A et al.: Cross-
neutralization of SARS-CoV-2 by a human monoclonal SARS-
CoV antibody. Nature 2020, 583:290-292.

Yuan M, Wu NC, Zhu X, Lee CD, So RTY, Lv H, Mok CKP,
Wilson IA: A highly conserved cryptic epitope in the receptor
binding domains of SARS-CoV-2 and SARS-CoV. Science
2020, 368:630-633.

Huo J, Zhao Y, Ren J, Zhou D, Duyvesteyn HME, Ginn HM,
Carrique L, Malinauskas T, Ruza RR, Shah PNM et al.:
Neutralization of SARS-CoV-2 by destruction of the prefusion
spike. Cell Host Microbe 2020, 28:445-454 e446.

Wang C, Li W, Drabek D, Okba NMA, van Haperen R, Osterhaus A,
van Kuppeveld FJM, Haagmans BL, Grosveld F, Bosch BJ: A
human monoclonal antibody blocking SARS-CoV-2 infection.
Nat Commun 2020, 11:2251.

Tai W, Zhang X, He Y, Jiang S, Du L: Identification of SARS-CoV
RBD-targeting monoclonal antibodies with cross-reactive or
neutralizing activity against SARS-CoV-2. Antiviral Res 2020,
179:104820.

Yu F, Xiang R, Deng X, Wang L, Yu Z, Tian S, Liang R, Li Y, Ying T,
Jiang S: Receptor-binding domain-specific human
neutralizing monoclonal antibodies against SARS-CoV and
SARS-CoV-2. Signal Transduct Target Ther 2020, 5:212.

Sanders RW, Vesanen M, Schuelke N, Master A, Schiffner L,
Kalyanaraman R, Paluch M, Berkhout B, Maddon PJ, Olson WC
et al.: Stabilization of the soluble, cleaved, trimeric form of the
envelope glycoprotein complex of human immunodeficiency
virus type 1. J Virol 2002, 76:8875-8889.

Krarup A, Truan D, Furmanova-Hollenstein P, Bogaert L,
Bouchier P, Bisschop IJM, Widjojoatmodjo MN, Zahn R,
Schuitemaker H, McLellan JS et al.: A highly stable prefusion
RSV F vaccine derived from structural analysis of the fusion
mechanism. Nat Commun 2015, 6:8143.

Kong L, He L, de Val N, Vora N, Morris CD, Azadnia P, Sok D,
Zhou B, Burton DR, Ward AB et al.: Uncleaved prefusion-
optimized gp140 trimers derived from analysis of HIV-1
envelope metastability. Nat Commun 2016, 7:12040.

Stevens J, Corper AL, Basler CF, Taubenberger JK, Palese P,
Wilson IA: Structure of the uncleaved human H1 hemagglutinin
fromthe extinct 1918influenza virus. Science 2004, 303:1866-1870.

Bose S, Jardetzky TS, Lamb RA: Timing is everything: fine-tuned
molecular machines orchestrate paramyxovirus entry. Virology
2015, 479-480:518-531.

www.sciencedirect.com

Current Opinion in Virology 2021, 49:127-138


http://dx.doi.org/10.1101/2020.12.10.419242
http://dx.doi.org/10.1128/AAC.02428-20
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0340
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0340
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0340
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0345
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0345
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0345
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0345
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0350
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0350
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0350
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0355
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0355
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0355
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0360
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0360
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0360
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0360
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0360
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0365
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0365
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0365
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0365
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0370
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0370
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0370
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0370
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0375
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0375
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0375
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0375
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0375
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0380
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0380
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0380
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0380
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0380
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0385
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0385
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0385
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0385
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0390
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0390
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0390
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0395
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0395
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0395
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0395
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0400
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0400
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0400
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0405
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0405
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0405
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0405
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0410
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0410
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0410
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0410
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0415
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0415
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0415
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0415
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0415
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0420
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0420
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0420
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0420
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0420
http://dx.doi.org/10.1016/j.chom.2021.03.005
http://dx.doi.org/10.1016/j.chom.2021.03.005
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0430
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0430
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0430
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0430
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0435
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0435
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0435
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0435
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0440
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0440
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0440
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0440
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0445
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0445
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0445
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0445
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0450
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0450
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0450
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0450
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0455
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0455
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0455
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0455
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0460
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0460
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0460
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0460
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0465
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0465
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0465
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0465
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0465
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0470
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0470
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0470
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0470
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0470
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0475
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0475
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0475
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0475
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0480
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0480
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0480
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0485
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0485
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0485

138 Anti-viral strategies

98. Binley JM, Sanders RW, Clas B, Schuelke N, Master A, Guo Y,
Kajumo F, Anselma DJ, Maddon PJ, Olson WC et al.: A
recombinant human immunodeficiency virus type 1 envelope
glycoprotein complex stabilized by an intermolecular disulfide
bond between the gp120 and gp41 subunits is an antigenic
mimic of the trimeric virion-associated structure. J Viro/ 2000,
74:627-643.

99. Qiao H, Pelletier SL, Hoffman L, Hacker J, Armstrong RT,
White JM: Specific single or double proline substitutions in the
"spring-loaded" coiled-coil region of the influenza
hemagglutinin impair or abolish membrane fusion activity. J
Cell Biol 1998, 141:1335-1347.

100. Yuan Y, Cao D, Zhang Y, Ma J, Qi J, Wang Q, Lu G, Wu Y, Yan J,
Shi Y et al.: Cryo-EM structures of MERS-CoV and SARS-CoV
spike glycoproteins reveal the dynamic receptor binding
domains. Nat Commun 2017, 8:15092.

101. McLellan JS, Chen M, Joyce MG, Sastry M, Stewart-Jones GB,

. Yang Y, Zhang B, Chen L, Srivatsan S, Zheng A et al.: Structure-
based design of a fusion glycoprotein vaccine for respiratory
syncytial virus. Science 2013, 342:592-598

Initial discovery that proline substitutions in a hinge region of the S2 subunit

can create a pre-fusion stabilized glycoprotein for respiratory syncytial

virus. The first author continued working on proline substitutions to stabilize
the prefusion conformations of type | fusion proteins, leading to the S-2P
subsitution utilized in many of the current SARS-CoV-2 vaccines.

102. Stewart-Jones GB, Thomas PV, Chen M, Druz A, Joyce MG,
Kong WP, Sastry M, Soto C, Yang Y, Zhang B et al.: A cysteine
zipper stabilizes a pre-fusion F glycoprotein vaccine for
respiratory syncytial virus. PLoS One 2015, 10:e0128779.

103. Hastie KM, Zandonatti MA, Kleinfelter LM, Heinrich ML,
Rowland MM, Chandran K, Branco LM, Robinson JE, Garry RF,
Saphire EO: Structural basis for antibody-mediated
neutralization of Lassa virus. Science 2017, 356:923-928.

104. Pallesen J, Wang N, Corbett KS, Wrapp D, Kirchdoerfer RN,

. Turner HL, Cottrell CA, Becker MM, Wang L, Shi W et al.:
Immunogenicity and structures of a rationally designed
prefusion MERS-CoV spike antigen. Proc Natl/ Acad Sci U S A
2017, 114:E7348-E7357

Publication of the S-2P substitutions used by many of the current SARS-

CoV-2 vaccines. The authors show that the MERS-CoV spike proteins

possessing S-2P modifications were capable of eliciting high neutralizing

antibody titers.

105. Huo J, Le Bas A, Ruza RR, Duyvesteyn HME, Mikolajek H,
Malinauskas T, Tan TK, Rijal P, Dumoux M, Ward PN et al.:
Neutralizing nanobodies bind SARS-CoV-2 spike RBD and block
interaction with ACE2. Nat Struct Mol Biol 2020, 27:846-854.

106. Keech C, Albert G, Cho |, Robertson A, Reed P, Neal S, Plested JS,
Zhu M, Cloney-Clark S, Zhou H et al.: Phase 1-2 trial of a SARS-
CoV-2 recombinant spike protein nanoparticle vaccine. N Eng/
J Med 2020, 383:2320-2332.

107. Walsh EE, Frenck RW Jr, Falsey AR, Kitchin N, Absalon J,
Gurtman A, Lockhart S, Neuzil K, Mulligan MJ, Bailey R,
Swanson KA, Li P, Koury K, Kalina W, Cooper D, Fontes-Garfias C,
Shi PY, Tureci O, Tompkins KR, Lyke KE, Raabe V, Dormitzer PR,
Jansen KU, Sahin U, Gruber WC: Safety and immunogenicity of
two rna-based COVID-19 vaccine candidates. N Engl J Med.
2020, 383:2439-2450 http://dx.doi.org/10.1056/NEJM0a2027906
Epub 2020 Oct 14. PMID: 33053279; PMCID: PMC7583697.

108. Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M,
Coler RN, McCullough MP, Chappell JD, Denison MR, Stevens LJ
et al.: An mRNA vaccine against SARS-CoV-2 - preliminary
report. N Engl J Med 2020, 383:1920-1931.

109. Walsh EE, Frenck RW Jr, Falsey AR, Kitchin N, Absalon J,
Gurtman A, Lockhart S, Neuzil K, Mulligan MJ, Bailey R et al.:
Safety and immunogenicity of two RNA-based Covid-19
vaccine candidates. N Engl J Med 2020, 383:2439-2450.

110. Wibmer CK, Ayres F, Hermanus T, Madzivhandila M, Kgagudi P,
Oosthuysen B, Lambson BE, de Oliveira T, Vermeulen M, van der
Berg K, Rossouw T, Boswell M, Ueckermann V, Meiring S, von
Gottberg A, Cohen C, Morris L, Bhiman JN, Moore PL: SARS-
CoV-2 501Y.V2 escapes neutralization by South African

COVID-19 donor plasma. Nat Med 2021, 27:622-625 http://dx.
doi.org/10.1038/s41591-021-01285-x Epub 2021 Mar 2. PMID:
33654292..

111. Andreano E, Piccini G, Licastro D, Casalino L, Johnson NV,
Paciello I, Monego SD, Pantano E, Manganaro N, Manenti A et al.:
SARS-CoV-2 escape in vitro from a highly neutralizing COVID-
19 convalescent plasma. bioRxiv 2020 http://dx.doi.org/10.1101/
2020.12.28.424451.

112. Weisblum Y, Schmidt F, Zhang F, DaSilva J, Poston D, Lorenzi JC,
Muecksch F, Rutkowska M, Hoffmann HH, Michailidis E et al.:
Escape from neutralizing antibodies by SARS-CoV-2 spike
protein variants. eLife 2020, 9.

113. Wang Z, Schmidt F, Weisblum Y, Muecksch F, Barnes CO, Finkin S,

. Schaefer-Babajew D, Cipolla M, Gaebler C, Lieberman JA,
Oliveira TY, Yang Z, Abernathy ME, Huey-Tubman KE, Hurley A,
TurrojaM, West KA, Gordon K, Millard KG, Ramos V, Da Silva J, Xu J,
Colbert RA, Patel R, Dizon J, Unson-O’Brien C, Shimeliovich I,
Gazumyan A, Caskey M, Bjorkman PJ, Casellas R, Hatziioannou T,
Bieniasz PD, Nussenzweig MC: mRNA vaccine-elicited
antibodies to SARS-CoV-2 and circulating variants. Nature 2021,
592:616-622 http://dx.doi.org/10.1038/s41586-021-03324-6 Epub
2021 Feb 10. PMID: 33567448

In this study, the authors provide evidence that people who receive the

Moderna mRNA COVID-19 vaccine (mRNA1273) mount antibody

responses capable of neutralizing SARS-CoV-2 variants possessing

the K417N, E484K and N501Y mutations. Additionally, sera from non-

human primates vaccinated with the Moderna mRNA vaccine were also

capable of effectively neutralizing the variant SARS-CoV-2 viruses.

114. Barnes CO, Jette CA, Abernathy ME, Dam KA, Esswein SR,
Gristick HB, Malyutin AG, Sharaf NG, Huey-Tubman KE, Lee YE
et al.: SARS-CoV-2 neutralizing antibody structures inform
therapeutic strategies. Nature 2020, 588:682-687.

115. Wu K, Werner AP, Moliva JI, Koch M, Choi A, Stewart-Jones GBE,
Bennett H, Boyoglu-Barnum S, Shi W, Graham BS et al.: mRNA-
1273 vaccine induces neutralizing antibodies against spike
mutants from global SARS-CoV-2 variants. bioRxiv 2021 http://
dx.doi.org/10.1101/2021.01.25.427948.

116. Xie X, Liu Y, Liu J, Zhang X, Zou J, Fontes-Garfias CR, Xia H,

. Swanson KA, Cutler M, Cooper D, Menachery VD, Weaver SC,
Dormitzer PR, Shi PY: Neutralization of SARS-CoV-2 spike 69/
70 deletion, E484K and N501Y variants by BNT162b2 vaccine-
elicited sera. Nat Med 2021, 27:620-621 http://dx.doi.org/
10.1038/s41591-021-01270-4 Epub 2021 Feb 8. PMID: 33558724

This study provides experimental evidence that people who receive the

Pfizer mRNA COVID-19 vaccine (BNT162b2) mount antibody responses

capable of neutralizing the newly emerged United Kingdom and South

African SARS-CoV-2 variants.

117. Juraszek J, Rutten L, Blokland S, Bouchier P, Voorzaat R,
Ritschel T, Bakkers MJG, Renault LLR, Langedijk JPM: Stabilizing
the closed SARS-CoV-2 spike trimer. Nat Commun 2021,
12:244.

118. Xiong X, Qu K, Ciazynska KA, Hosmillo M, Carter AP, Ebrahimi S,
Ke Z, Scheres SHW, Bergamaschi L, Grice GL et al.: A
thermostable, closed SARS-CoV-2 spike protein trimer. Nat
Struct Mol Biol 2020, 27:934-941.

119. Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC,
Javanmardi K, Le KC, Wrapp D, Lee AG, Liu Y et al.: Structure-
based design of prefusion-stabilized SARS-CoV-2 spikes.
Science 2020, 369:1501-1505.

120. McCallum M, Walls AC, Bowen JE, Corti D, Veesler D: Structure-
guided covalent stabilization of coronavirus spike
glycoprotein trimers in the closed conformation. Nat Struct Mol
Biol 2020, 27:942-949.

121. Warren TK, Jordan R, Lo MK, Ray AS, Mackman RL, Soloveva V,
Siegel D, Perron M, Bannister R, Hui HC et al.: Therapeutic
efficacy of the small molecule GS-5734 against Ebola virus in
rhesus monkeys. Nature 2016, 531:381-385.

122. Furuta Y, Takahashi K, Fukuda Y, Kuno M, Kamiyama T, Kozaki K,
Nomura N, Egawa H, Minami S, Watanabe Y et al.: In vitro and in
vivo activities of anti-influenza virus compound T-705.
Antimicrob Agents Chemother 2002, 46:977-981.

Current Opinion in Virology 2021, 49:127-138

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0490
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0495
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0495
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0495
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0495
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0495
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0500
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0500
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0500
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0500
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0505
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0505
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0505
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0505
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0510
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0510
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0510
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0510
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0515
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0515
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0515
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0515
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0520
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0520
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0520
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0520
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0520
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0525
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0525
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0525
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0525
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0530
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0530
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0530
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0530
http://dx.doi.org/10.1056/NEJMoa2027906
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0540
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0540
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0540
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0540
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0545
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0545
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0545
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0545
http://dx.doi.org/10.1038/s41591-021-01285-x
http://dx.doi.org/10.1038/s41591-021-01285-x
http://dx.doi.org/10.1101/2020.12.28.424451
http://dx.doi.org/10.1101/2020.12.28.424451
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0560
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0560
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0560
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0560
http://dx.doi.org/10.1038/s41586-021-03324-6
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0570
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0570
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0570
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0570
http://dx.doi.org/10.1101/2021.01.25.427948
http://dx.doi.org/10.1101/2021.01.25.427948
http://dx.doi.org/10.1038/s41591-021-01270-4
http://dx.doi.org/10.1038/s41591-021-01270-4
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0585
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0585
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0585
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0585
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0590
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0590
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0590
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0590
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0595
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0595
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0595
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0595
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0600
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0600
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0600
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0600
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0605
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0605
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0605
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0605
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0610
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0610
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0610
http://refhub.elsevier.com/S1879-6257(21)00059-6/sbref0610

