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The infectious disease Coronavirus 2019 (COVID-19) continues to cause a global pandemic and, thus,
the need for effective therapeutics remains urgent. Global research targeting COVID-19 treatments has
produced numerous therapy-related data and established data repositories. However, these data are
disseminated throughout the literature and web resources, which could lead to a reduction in the levels
of their use. In this review, we introduce resource repositories for the development of COVID-19
therapeutics, from the genome and proteome to antiviral drugs, vaccines, and monoclonal antibodies.
We briefly describe the data and usage, and how they advance research for therapies. Finally, we discuss
the opportunities and challenges to preventing the pandemic from developing further.
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Introduction
Coronavirus disease 2019 (COVID-19) caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) has spread across
the world since it was first reported in late 2019 [1]. This infec-
tious disease has caused millions of deaths, and the death rate
continues to grow. The pandemic has also had a significant effect
on global health, economies, societies, and education. Following
on from SARS-CoV, first reported in 2002, and Middle East respi-
ratory syndrome coronavirus (MERS-CoV) reported in 2012,
SARS-CoV-2 is the third coronavirus (CoV) epidemic of the
21st century. However, whereas these CoVs can lead to severe
and potential fatal respiratory tract infections, other known
CoVs cause mild respiratory symptoms similar to a common cold
[2].

Unprecedented efforts have been devoted to developing ther-
apeutic interventions to mitigate the current pandemic. Based on
research into SARS-CoV and MERS-CoV, researchers and clini-
cians could learn lessons to aid the development of therapies
⇑ Corresponding author: Hao, G.-F. (gefei_hao@foxmail.com)
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against SARS-CoV-2, from repurposing drugs to searching for
novel therapies [3]. Promising therapies mainly include antiviral
drugs, vaccines and monoclonal antibodies (mAbs).

Antiviral drugs are used for treating viral infections by prevent-
ing the virus from entering host cells, replicating, or releasing
viral particles to infect other cells. Remdesivir was the first antivi-
ral approved by the US Food and Drug Administration (FDA) for
emergency use as a treatment for COVID-19. However, not all
clinical trials proved remdesivir to be effective. A vaccine trains
the immune system to recognize and attack a virus to protect
the host before it is exposed to SARS-CoV-2. At the time of writing
(January 2021), 13 vaccines had been approved or authorized for
limited use, including mRNA-based vaccines, adenovirus vacci-
nes, recombinant adenovirus vaccines, nonreplicating viral vec-
tors, inactivated vaccines, and peptide vaccines. Moreover, 78
vaccines were being testing in clinical trials.

Antibodies protect the host from viral attack by triggering the
immune system. The SARS-CoV-2 spike glycoprotein (S protein)
1359-6446/� 2021 Elsevier Ltd. All rights reserved.
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FIGURE 1
Multidisciplinary resources for the development of therapeutic strategies for Coronavirus 2019 (COVID-19). Existing resource repositories contain research
data including genome and proteome information, antiviral drugs and drug targets, antigen epitopes, bioassays, and clinical trials. These resources are
classified by data type and usage: genome and proteome data; relevant data for the development of anti-COVID-19 drugs, as well as vaccines and
monoclonal antibodies (mAbs).
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is one of the most significant targets for antibody programs. At
the time of writing, two antibody therapeutics had been
approved (in Russia and India), and 79 antibodies were in clinical
trials. Despite such unprecedented efforts across the globe, there
remains much to explore that could be helpful in developing
COVID-19 therapies.

Given the focus on CoVs, numerous data have been collected.
Many scientific institutes and research groups have established
COVID-19-related resource hubs for data sharing. These
resources cover the virus genome and proteome sequence,
COVID-19-related targets, potential drug leads and bioactivity
assays, and epitopes. For example, National Center for Biotech-
nology Information (NCBI) SARS-CoV-2 Resources contains
comprehensive SARS-CoV-2 sequence data for diagnostics and
epitope mapping; DrugBank houses data related to anticoron-
avirus drugs, therapeutic targets, and corresponding pathways.
These can help the scientific community to keep up with the
rapidly growing number of biological and chemical resources
associated with the virus, and make the latest information avail-
able to a wide audience. Recent studies have summarized the use
of various tools for research into COVID-19 evolution, pathogen-
esis, and treatment [4–6]. However, these online resources
remain underutilized, even though they could serve as the start-
ing point for relevant studies.

Sharing available data with researchers and clinicians as
quickly and widely as possible could help to accelerate therapeu-
tic research, given that rapid data sharing could be the basis for
understanding the disease and developing treatments. In this
review, we provide a comprehensive up-to-date survey of
research resources for SARS-CoV-2 and COVID-19 (Fig. 1).
According to data associations, these resources can be categorized
into three groups: genome and proteome; antiviral drugs; and
immunotherapy. We compare and analyze their scales of data
and scopes of usage, and discuss the treatment experience
learned from previous studies and the possible risks from drug
repurposing and viral genome variability. We anticipate that
our review will aid the use of multidisciplinary resources and
cooperation between the global research groups, which will fur-
ther facilitate the development of therapeutic approaches.
SARS-CoV-2 protein data for therapeutic target
identification
Research on SARS-CoV-2 protein data, including sequence and
structure, could provide insights into the development of
structure-guided therapeutic approaches. Investigations based
on SARS-CoV-2 sequence data enable the discovery of new ther-
apeutic targets for molecular assays and mutation analyses for
predicting effects on existing assays [7,8] .The availability of
sequence data also provides fundamental information for epi-
tope mapping and modeling [9,10]. Since the first release of
the SARS-CoV-2 genome sequence, next-generation sequencing
has provided large numbers of high-quality genome sequences.
Additionally, structural biology techniques have been devoted
to resolving the SARS-CoV-2 protein structures, which provide
a basis for structure-based drug design campaigns [11]. For
www.drugdiscoverytoday.com 2359
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example, resolving the structure of the spike protein could help
to predict its interactions with human receptor proteins, and
facilitate the discovery of promising small molecules to prevent
interactions that would then block viral infection and spread
[12,13]. SARS-CoV-2 sequence and structure data have been
stored and integrated in different public databases, freely avail-
able to all users (Table 1).
Resources for gene and protein sequence information
Several databases have been established to store, retrieve, and
manage SARS-CoV-2 sequence information. The most widely
used databases are from NCBI and the European Molecular Biol-
ogy Laboratory-European Bioinformatics Institute (EMBL-EBL).
NCBI SARS-CoV-2 Resources offers compilations of nucleotide
and protein sequences collected from numerous scientific publi-
cations and different research institutes. At the time of writing, it
contained 50 975 SARS-CoV-2 nucleotide sequences, including a
RefSeq genome record NC_045512, and 555 716 SARS-CoV-2
protein sequences. It coordinates with individual laboratories
TABLE 1

SARS-CoV-2 sequence and structure data repositories.
a

Resource/URL Description

NCBI SARS-CoV-2 Resources
(www.ncbi.nlm.nih.gov/sars-cov-2/)

SARS-CoV-2 genome sequen
annotation, as well as prote
sequence and structures fro
resource databases

COVID-19 Data Portal
(www.covid19dataportal.org/)

CoV and host genome sequ
SARS-CoV-2 and associated
protein sequences and struc

COVID-19 UniprotKB (https://covid-19.uniprot.
org/uniprotkb?query=*)

SARS-CoV-2 and human rec
protein sequences and func
information

GISAID EpiCoV Database
(https://db.cngb.org/gisaid/)

Collection of SARS-CoV-2 ge
sequences and related clinic
epidemiological data

ViralZone (https://viralzone.expasy.org/9056) COVID-19-relevant genome
expression data, protein seq
and SARS-CoV-2 interactom

ViPR (www.viprbrc.org/brc/home.spg?
decorator=corona_ncov)

SARS-CoV-2-relevant genom
proteome, phylogeny, epide
and clinical data

CoVdb (http://covdb.popgenetics.net/v3/) CoV genome and proteome
for evolutionary analysis

CoronaVIR
(https://webs.iiitd.edu.in/raghava/coronavir/)

SARS-CoV-2 genomic and p
data from public databases
literature

Protein Data Bank (www.rcsb.org/) Experimentally determined
structures of biological
macromolecules

CoV3D (https://cov3d.ibbr.umd.edu/cov3d) Repository of CoV protein s
Coronavirus3D (https://coronavirus3d.org) 3D visualization and analysis

CoV-2 protein structures wit
to CoV-2 mutational pattern

C-I-TASSER (https://zhanglab.ccmb.med.umich.
edu/COVID-19/)

Genome-wide structures of
CoV-2 modeled by C-I-TASS

SWISS-MODEL (https://swissmodel.expasy.org/
repository/species/2697049)

Full SARS-CoV-2 proteome m
by SWISS-MODEL

a Data up to January 2021.
b Human sequence and structure data related to SARS-CoV-2.
c CoV gene sequences mappings with an E-value < 0.05 and a coverage >50%.
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and allows individuals to upload their SARS-CoV-2 sequence
data. Similarly, the COVID-19 Data Portal launched by EMBL-
EBL provides comprehensive sequence information, and
exchanges data with NCBI SARS-CoV-2 Resources constantly.
At the time of writing, it contained 46 730 CoVs nucleotide
sequences, six human host nucleotide sequences, as well as 16
CoV and 47 human receptor protein sequences. The unique data
in COVID-19 Data Portal included 87 sets of gene expression
data for understanding the biology of the virus. To provide com-
prehensive protein sequence and function annotation data,
COVID-19 UniProtKB focuses on SARS-CoV-2 and human recep-
tor protein information [14]. At the time of writing, it had 79
protein entries, including 47 human proteins, 15 SARS-CoV pro-
teins, and 17 SARS-CoV-2 proteins. Each protein entry is anno-
tated in detail, including function, names and taxonomy,
pathology, expression, sequence, and structure.

Other databases related to virology and epidemiology store
SARS-CoV-2 sequence data, such as GISAID EpiCoV Database
[15], ViPR [16], and ViralZone [17]. The GISAID EpiCoV Database
No. of gene
sequences

No. of protein
sequences

No. of protein
structures

CoV Humanb CoV Humanb CoV Humanb

ce and
in
m NCBI

50 975 132 555 716 – 27 –

ences;
receptor
tures

46 730 6 16 47 9 43

eptor
tional

– – 17 47 9 43

nome
al and

396 118 – – – – –

uences,
e

– – 17 – – –

e,
miology,

46 263 – 1 058 542 – 303 –

database 5709 – 50 000 – 3 000 000c –

roteomic
and

53 – 10 – 12 –

– – – – 921 135

tructures – – 70 – 770 –
of SARS-
h respect
s

482 468 – 30 – 36 –

SARS-
ER

– – 24 – 24 –

odeled – – – – 39 –

https://covid-19.uniprot.org/uniprotkb%3fquery%3d*
https://covid-19.uniprot.org/uniprotkb%3fquery%3d*
https://db.cngb.org/gisaid/
https://viralzone.expasy.org/9056
http://www.viprbrc.org/brc/home.spg%3fdecorator%3dcorona_ncov
http://www.viprbrc.org/brc/home.spg%3fdecorator%3dcorona_ncov
http://covdb.popgenetics.net/v3/
https://webs.iiitd.edu.in/raghava/coronavir/
http://www.rcsb.org/
https://cov3d.ibbr.umd.edu/cov3d
https://coronavirus3d.org
https://zhanglab.ccmb.med.umich.edu/COVID-19/
https://zhanglab.ccmb.med.umich.edu/COVID-19/
https://swissmodel.expasy.org/repository/species/2697049
https://swissmodel.expasy.org/repository/species/2697049
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contains 396 118 genome sequences, and related clinical and
epidemiological data. Similarly, ViPR contains genome and pro-
teome sequences for phylogeny and epidemiology research.
Unlike the GISAID EpiCoV Database and ViPR, ViralZone pro-
vides information about SARS-CoV-2 genome expression, pro-
tein sequences, and the interactome with human proteins.
Nucleotide and protein sequences in ViralZone are retrieved from
NCBI and UniProt, respectively. Newly emerging databases also
provide sequence data. For example, CoronaVIR is an integrated
multi-omics repository for diagnosis and treatment [18], which
maintains 53 genome sequences of SARS-CoV-2 strains from
NCBI. CoVdb contains comprehensive CoV genomic informa-
tion across more than 5000 CoV strains [19,20]. These resources
contribute to the research on viral sequences.

Comparative analysis of these sequence resources reveals the
divergence in data volume and type (Table 1). NCBI SARS-CoV-
2 Resources and the COVID-19 Data Portal contain the most
comprehensive sequence data relating to SARS-CoV-2, with both
containing over 46 000 sequence records. SARS-CoV-2 related
human sequence data are absent in most resource repositories,
althoughNCBI SARS-CoV-2 Resources provides 132 relevant
human gene sequence records. For protein sequence informa-
tion, COVID-19 UniprotKB provides 64 viral and human protein
sequences and annotations. Some of these databases provide
tools to analyze specialized content. However, CoronaVIR is
not updated continuously, and its data volume is relatively
small. The sudden accumulation of SARS-CoV-2 genome
sequences comes with challenges for big data analytics. Conve-
nient and versatile bioinformatics tools are needed to solve this
problem, which could help control not only the current
COVID-19 pandemic, but also future outbreaks of infectious dis-
ease. We recommend that researchers use NCBI SARS-CoV-2
Resources, COVID-19 Data Portal, and UniProt for studies of gen-
ome variability and vaccine targets mapping, and GISAID Epi-
CoV Database and ViPR for epidemiology research.

Resources for protein structure information
Several databases provide structural data obtained using experi-
mental and computational techniques (Table 1). Protein Data
Bank (PDB) contains experimentally determined structures for
biomacromolecules [21], including all the resolved structures of
SARS-CoV-2 proteins and human receptor proteins. At the time
of writing, it contained 921 SARS-CoV-2 protein structures and
135 relevant human receptor structures. To facilitate the
structure-based design of antibodies and vaccines, CoV3D was
developed to focus on betacoronavirus protein structures com-
bined with drug targeting and antibody recognition information
[22]. Besides experimentally determined structures, computa-
tional modeled structures can also support a better understand-
ing of possible drug targets [23]. Zhang’s research group
modeled structures of all SARS-CoV-2 proteins by using the C-I-
TASSER algorithm [24,25], which is an integration of deep con-
volutional neural-networks and the I-TASSER algorithm. Unlike
the sequence-based method of C-I-TASSER, SWISS-MODEL is a
homology modeling-based method to predict protein structure,
developed by Schewede’s group at the Swiss Institute of Bioinfor-
matics (SIB) [26]. They modeled the full SARS-CoV-2 proteome
based on the NCBI reference sequence NC_045512 [27]. For the
systematic analysis of SARS-CoV-2 genome mutations and their
influences, the Coronavirus3D online platform was developed
for exploring the distribution of the mutations in the context
of the corresponding protein structures [28]. It contains 27 092
mutations based on 482 468 genomes from SARS-CoV-2 protein
structures. It allows users to analyze the mutations visually in
their 3D context.

A summary of these structure resources is provided in Table 1.
The PDB database provides the most comprehensive structural
data, including 921 CoV proteins and 135 human receptor pro-
teins, whereas CoV3D focuses on the spike glycoprotein, which
could be used as an antibody target. Coronavirus3D integrates
structural information with genome mutation data, making it
possible to explore SARS-CoV-2 genome variability in the con-
text of protein structure. Computational approaches provide
alternatives to model unknown proteins, which could accelerate
research of the viral proteome. C-I-TASSER is capable of structural
modeling using only the amino acid sequence, and SWISS-
MODEL is dependent on a similar structure template. In addition
to individual viral protein models, it is necessary to model the
complexes of virus proteins and human receptors. For example,
SWISS-MODEL predicts five complex structures between the viral
and host proteins. However, the quality of these modeled struc-
tures requires improvement in some cases. The reliability of the
structure modeled by SWISS-MODEL and C-I-TASSER has not
yet been validated by experiments. Thus, researchers should ver-
ify with caution the conclusions derived from these structural
data. The SWISS-MODEL might not perform as well as the C-I-
TASSER model for proteins lacking homologous templates. Thus,
given the data quality, the PDB database is recommended for
structural analysis because of its validated structures, whereas
Coronovirus3D is recommended for variability exploration.
Resources available for anti-COVID-19 drug discovery
The efficiency of drug discovery depends crucially on the identi-
fication of the therapeutic target and therapeutic agents. Com-
prehensive information about therapeutic targets and early
drug candidates is useful to promote further drug discovery. In
addition, repurposing of approved drugs could significantly
accelerate the development of therapies for COVID-19 [29,30].
During the early days of the outbreak, drug repurposing was used
a preference to screen the safety and efficacy of existing drugs
rapidly for the treatment of COVID-19. The development of tar-
geted therapeutics can be promoted by data of drug and target
structures, in vitro and in vivo assays, and clinical trials. Several
public repositories have been established for sharing relevant
pharmaceutical data (Table 2).

Data relating to candidate drugs, drug targets, and drug–target
interactions have been collected for public access. The Therapeu-
tic Target Database (TTD) and DrugBank are two notable data-
bases [31,32]. The main purpose of TTD is to provide
therapeutic targets for corresponding drugs, and target and drug
cross-linked pathways. At the time of writing, it contained 210
anticoronavirus drugs and 45 corresponding therapeutic targets
from public reports. Compared with TTD, DrugBank focuses on
drug interactions, pharmacology, and clinical trial information.
At the time of writing, it contained 81 potential drug targets
www.drugdiscoverytoday.com 2361



TABLE 2

Resource repositories for anti-COVID-19 drug discovery and development.
a

Resource/URL Description No. of
drugs/compounds

No. of
targets/
proteins

DTIb Bioassay
datac

Clinical
datad

Therapeutic Target Database
(http://db.idrblab.net/ttd/ttd-search/covid-
19-profile)

Collection of anticoronavirus drugs and
associated targets and pathways

210 45 97 – –

DrugBank
(https://go.drugbank.com/covid-19)

COVID-19-related drugs, drug targets,
clinical trials, and publications

43 81 126 – 3307

CORDITE
(https://cordite.mathematik.uni-marburg.
de/#/)

Drug interactions with SARS-CoV-2 and
human receptor proteins from literature
and clinical trials

823 29 1172 – 247

COVID-19 Drug Repurposing Database
(www.excelra.com/covid-19-drug-
repurposing-database/)

Approved small molecules or promising
drug candidates with bioactivity data
from publications, reports, and databases

106 15 92 – –

COVID-19 OpenData Portal
(https://opendata.ncats.nih.gov/covid19/)

Repository for sharing SARS-CoV-2
screening data and assay protocols

10 000 – – 9958e –

PubChem (https://pubchem.ncbi.nlm.nih.gov/
#query=covid-19)

Information on antiviral compounds,
relevant targets, pathways, and bioassays

1201 228 2197 275f –

Chemical Checker
(https://sbnb.irbbarcelona.org/covid19/)

Bioactive chemical compounds with
chemical and bioactivity features similar
to drug candidates

10 307 24 – – –

CoronaVIR (https://webs.iiitd.edu.in/
raghava/coronavir/)

COVID-19-related potential drugs and
drug targets manually curated from
literature

204 9 – – –

DockCoV2 (https://covirus.cc/drugs/) Molecular docking data of approved
drugs against SARS-CoV-2 and human
receptor proteins

3109 7 21 539 – –

a Data up to January 2021.
b Number of drug–target interaction data.
c Number of bioassay data relating to drugs/compounds.
d Number of clinical trial records relating to drugs/compounds.
e Bioassay data types mainly include proximity, biophysical, biochemical, cell-based, and cell viability data.
f Bioassay data types mainly include biochemical, Cell-Titer Glo viability assay, and cell-based data.
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and 43 drug candidates. Three newly established databases, Cor-
onaVIR [18], CORDITE [33], and COVID-19 Drug Repurposing
Database (DRD), provide drug–target interactions (DTIs) relevant
to COVID-19. CoronaVIR collates potential drug and targets
from the literature and, at the time of writing, it contained nine
potential drug targets and 204 candidate drugs. CORDITE pro-
vides interactions of drugs with viral and human proteins, host-
ing 839 drugs, 29 targets, 1172 sets of drug–target interactions,
and 247 clinical trial records. The data in CORDITE are manually
curated from the literature. By contrast, COVID-19 DRD focuses
on drug repurposing research, containing at the time of writing
106 small-molecule drugs against 15 drug targets, the modes
and mechanisms of action, and the relevant literature.

Moreover, information about antiviral agents has been inte-
grated in public databases. COVID-19 OpenData Portal [34] and
PubChem [35] have collated antiviral agents and detailed descrip-
tions of their properties and bioassay data. COVID-19 OpenData
Portal, managed by the National Center for Advancing Transla-
tional Sciences (NCATS), contains screening assay data for more
than 10 000 compounds, including nearly 3000 approved drugs.
Compared with COVID-19 OpenData Portal, PubChem provides
not only the bioassays of the antiviral chemicals, but alsomedica-
tion information, and information of the pharmacology, and bio-
logical pathways. To expand the list of drugs to fight SARS-CoV-2,
a list of bioactive chemical compounds with potential to be effec-
tive against COVID-19 was filtered from 800 000 bioactive com-
pounds according to similar chemical and bioactivity features.
2362 www.drugdiscoverytoday.com
This includes 307 drug molecule candidates from the COVID-19
literature and 10 000 bioactive compounds from the larger chem-
ical space of Chemical Checker [36]. Additionally, computational
techniques have contributed to the discovery of antiviral agents
[37]. DockCoV2 is a database housing the molecular docking
results of 3109 FDA-approved and Taiwan National Health Insur-
ance (NHI) drugs with seven SARS-CoV-2 and human receptor
proteins [38]. It aims to predict binding affinity between drugs
and protein targets.

A statistical analysis reveals the divergence among these
resources (Table 2). For therapeutic targets, DrugBank and TTD
provide more comprehensive drug targets in the clinical stage
than other databases, including 81 and 45 drug targets, respec-
tively. TTD focuses only on the identified therapeutic targets cor-
responding to a drug, overlooking relevant protein interactions.
For anticoronavirus drugs in the clinical stage, TTD contains the
most drug data (up to 210 drug records). Chemical checker pro-
vides the largest number of bioactive molecules(up to 10 000),
which need to be further validated by biological assays. For DTIs,
CORDITE contains the largest number of experimentally identi-
fied interactions (�1172 DTIs). Few resources provide bioassay
data relating to the drugs and compounds, except COVID-19
OpenData Portal and PubChem. COVID-19 OpenData Portal
contains the largest number of experimental tested antiviral com-
pounds(more than 10 000), and the unique data in COVID-19
OpenData Portal are the assay protocols. DrugBank provides the
widest coverage of data relating to drugs in the clinical stage.

http://db.idrblab.net/ttd/ttd-search/covid-19-profile
http://db.idrblab.net/ttd/ttd-search/covid-19-profile
https://go.drugbank.com/covid-19
https://cordite.mathematik.uni-marburg.de/%23/
https://cordite.mathematik.uni-marburg.de/%23/
http://www.excelra.com/covid-19-drug-repurposing-database/
http://www.excelra.com/covid-19-drug-repurposing-database/
https://opendata.ncats.nih.gov/covid19/
https://pubchem.ncbi.nlm.nih.gov/%23query%3dcovid-19
https://pubchem.ncbi.nlm.nih.gov/%23query%3dcovid-19
https://sbnb.irbbarcelona.org/covid19/
https://webs.iiitd.edu.in/raghava/coronavir/
https://webs.iiitd.edu.in/raghava/coronavir/
https://covirus.cc/drugs/


IN
FO

R
M
A
TI
C
S
(O

R
A
N
G
E)

Drug Discovery Today d Volume 26, Number 10 d October 2021 INFORMATICS (ORANGE)
TTD, DrugBank, and PubChem are recommended for their
large-scale coverage of clinical drug and target data, whereas
COVID-19 OpenData Portal and PubChem are recommended
for bioassay data. For pharmaceutical chemists in the field of
computer-aid drug design, DockCoV2 is recommended for effi-
cient discovery of lead compounds. The DTI data in DockCoV2
are from the computational prediction of molecular docking. It
explores the possible drug–target binding modes, which provide
clues for the validation process. Molecular docking has made it
possible to highlight small molecules that would be worth test-
ing as COVID-19 therapy, most of which are supported by their
physicochemical and structural properties; therefore their proba-
bility of success as antiviral treatments is relatively high. How-
ever, most of these results have not yet been evaluated in
biological assays. Assessing the quality of predictions is challeng-
ing, because many studies do not perform experimental evalua-
tion. A general recommendation for evaluating the quality of
predictions is to determine the similarity between the predicted
compounds and the drugs undergoing clinical trials. There are
numerous candidate drug compounds that might be useful for
treating COVID-19, some of which are undergoing clinical trials.
Structure–activity analysis helps us to understand structural
requirements for higher activity. For inhibitors targeting
angiotensin-converting enzyme-2 (ACE-2), the hydrophilic func-
tional groups are common in the structures of the bioactive com-
pounds. For inhibitors targeting the S-protein, the small-
molecule structures commonly comprise an amide bond, aro-
matic rings, and a piperidine ring.

Available resources for developing vaccines and
monoclonal antibodies
Immunotherapy is an effective method to cure CoV infection.
Many immunotherapy trials are underway against COVID-19,
as previously developed for SARS-CoV and MERS-CoV [39,40].
However, determination of epitopes is crucial in epitope-based
vaccine design, and could stimulate an enhanced immune
TABLE 3

Resources for the development of vaccines and mAbs for COVID-19

Resource/URL Description

COVIDep (https://covidep.ust.hk/) Potential vaccine targets
COVIEdb (http://biopharm.zju.edu.cn/coviedb/) Predicted vaccine epitop
ViPR (www.viprbrc.org/brc/home.spg?

decorator=corona_ncov)
Predicted and experimen
epitopes

CoronaVIR (https://webs.iiitd.edu.in/
raghava/coronavir/)

Collection of experimenta
epitopes from IEDB

DBCOVP (http://covp.immt.res.in/Default.aspx) Functional and immunolo
CoV virulent glycoprotein

CoV-AbDab (http://opig.stats.ox.ac.uk/
webapps/covabdab/)

Sequences and structures
antibodies and nanobodi

CoVIC-DB (https://covic.lji.org/databases/) Potency, efficacy, and str
antibodies against SARS-C

Therapeutic Target Database (http://db.idrblab.
net/ttd/ttd-search/covid-19-profile)

Information about vaccin

NCBI SARS-CoV-2 Resources (www.ncbi.nlm.
nih.gov/sars-cov-2/)

Clinical studies related to
antibodies

a Data up to January 2021.
b Number of mAb resources for CoVs.
c Number of clinical trial records for vaccines and mAbs for CoVs.
response against the viral infection. This process is slow because
of our limited understanding of SARS-CoV-2 and its infection
mechanism. An essential problem for antibody tests is the iden-
tification of antigens or proteins from the viral coat that trigger
the immune response, leading to the production of antibodies.

To provide potential vaccine epitopes for vaccine design, sev-
eral resource repositories cover immune epitopes of CoVs, such
as COVIDep [41], COVIEdb, ViPR [16], DBCOVP [42], and Coro-
naVIR [18] (Table 3). COVIDep was the first platform developed
for epitope recommendations for SARS-CoV-2 [41]. It contains 58
identified B cell and 285 identified T cell epitopes that have been
determined experimentally for SARS-CoV and have high genetic
similarities with SARS-CoV-2. Thus, those epitopes could con-
tribute to SARS-CoV-2 vaccine design. Numerous efforts have
been devoted to the development of computational methods
for the prediction of epitopes. Some databases target predicted
epitopes based on different computational philosophies. For
example, CoronaVIR provides B cell epitopes predicted computa-
tionally by LBtope [43], T cell epitopes by CTLpred [44], major
histocompatibility complex binders by ProPred 1 and ProPred
[45]. Compared with CoronaVIR, COVIEdb contains not only
the predicted cell epitopes for four CoVs, but also the experimen-
tally validated epitopes from the literature, in which the B cell
epitopes were predicted by seven computational tools and the
T cell epitopes were predicted by another seven tools [46]. Differ-
ent from COVIEdb, ViPR contains the epitopes predicted by
NetCTL server [47], and the experimentally determined epitopes
from the Immune Epitope Database (IEDB) [48]. DBCOVP
focuses on virulent glycoproteins from Betacoronavirus genera.
It houses the predicted B/T cell epitopes combined with detailed
annotation including the conservancy analysis, allergenicity,
antigenicity, toxicity, and structural properties. These resources
provide abundant immune epitope data for epitope-based vac-
cine design.

Moreover, databases related to mAbs have been established to
integrate and characterize anticoronavirus antibodies for
.
a

T cell
epitopes

B cell
epitopes

Vaccines mAbsb Clinical
datac

for SARS-CoV-2 285 58 – – –
es for CoVs 14 489 11 – – –
tally determined 1586 476 – – –

lly validated 25 59 17 – –

gical properties of
s

21 4 – – –

of anticoronavirus
es

– – – 1402 –

uctural analyses of
oV-2

– – – 52 –

es and mAbs for CoV – – 29 22 –

vaccines and – – 201 58 259

www.drugdiscoverytoday.com 2363

https://covidep.ust.hk/
http://biopharm.zju.edu.cn/coviedb/
http://www.viprbrc.org/brc/home.spg%3fdecorator%3dcorona_ncov
http://www.viprbrc.org/brc/home.spg%3fdecorator%3dcorona_ncov
https://webs.iiitd.edu.in/raghava/coronavir/
https://webs.iiitd.edu.in/raghava/coronavir/
http://covp.immt.res.in/Default.aspx
http://opig.stats.ox.ac.uk/webapps/covabdab/
http://opig.stats.ox.ac.uk/webapps/covabdab/
https://covic.lji.org/databases/
http://db.idrblab.net/ttd/ttd-search/covid-19-profile
http://db.idrblab.net/ttd/ttd-search/covid-19-profile
http://www.ncbi.nlm.nih.gov/sars-cov-2/
http://www.ncbi.nlm.nih.gov/sars-cov-2/


IN
FO

R
M
A
TIC

S
(O

R
A
N
G
E)

INFORMATICS (ORANGE) Drug Discovery Today d Volume 26, Number 10 d October 2021
yielding new insights for the development of antibody-based
therapeutics. CoV-AbDab was the first established antibody data-
base for betacoronaviruses, and contains manually curated
entries of 1402 antibodies from the literature and patents [49].
Of those entries, 1131 are for SARS-CoV-2, 483 for SARS-CoV-2,
and 147 for MERS-CoV. To characterize the biological activity,
another mAb database, CoVIC-DB Database, provides the tested
antibodies combined with the binding and inhibitor assay data.
Moreover, some databases provide information on the proved or
clinical vaccines and antibodies. For example, the TTD database
contains records for 29 anticoronavirus vaccines and 22 mAbs
in clinical and preclinical trials. NCBI SARS-CoV-2 Resources pro-
vides access to the relevant clinical studies from ClinicalTrials.-
gov database, including 201 vaccines and 58 mAbs. These
resources could be used collectively to discover potential vaccine
epitopes and to facilitate the design of mAbs.

We compared the data type and volume of the above
resources (Table 3). COVIEdb contains the largest number of pre-
dicted vaccine epitopes (�14 500 predicted epitopes), whereas
COVIDep has collated the most epitope data demonstrated by
bioactivity trails (�343 identified epitopes). These databases pro-
vide computationally predicted epitopes not validated by exper-
iments. Thus, the epitope data require further rigorous tests to
prove their effectiveness. For the studies of antibodies against
betacoronaviruses, CoV-AbDab is the most comprehensive data-
base, housing 1402 experimentally determined antibody
sequence and structure data. Few resources have collated clinical
trials of vaccines and mAbs. As mentioned earlier, NCBI SARS-
CoV-2 Resources provides external access to clinical trials
recorded in ClinicalTrials.gov database. Together, these resources
are not only valuable for research on vaccine- and mAb-based
therapeutics, but also helpful for the development of computa-
tional tools to predict vaccine and antibody targets. According
to their maturity and annotation quality, COVIDep and COV-
IEdb are highly recommended for vaccine target discovery, and
CoV-AbDab for mAb research. Given its role in viral entry, the
SARS-CoV-2 S protein has become an attractive antigen candi-
date. However, missense mutations in S protein alter its proper-
ties, which could also influence the epitopes. If these
mutations reduce vaccine efficacy, other viral proteins will be
required for antigens, such as the N and M proteins. Farrera-
Soler et al. developed a peptide array for the epitope mapping
of S protein and identified three immunodominant linear epi-
topes [50]. With the SARS-CoV-2 proteome, Yarmarkovich et al.
reported 65 33-mer peptides conserved across 15 related CoVs,
which are predicted to induce long-term immunity [51].
Opportunities and challenges
The COVID-19 pandemic is the third CoV outbreak over the past
20 years. Much experience has been gained from the fight
against CoV. First, the crucial structures of viral proteins have
been resolved, which promotes understanding of virus infection
and replication and facilitates structure-based drug design [52–
55]. Second, drug repurposing could substantially shorten the
timeline and reduce the risks of failures in drug development.
Third, the high similarity between the SARS-CoV-2 and SARS-
CoV genomes makes it possible that recommended SARS-CoV-
2364 www.drugdiscoverytoday.com
2 epitopes are similar to those epitopes for SARS-CoV [56,57].
In fact, experimental results have demonstrated that SARS-CoV
immunological data could be used to inform vaccine epitopes
for SARS-CoV-2 [58,59].

Although significant experience and great advances have been
gained as a result of CoV epidemics, we need to realize the chal-
lenges still in our way. First, a high mutation rate is a noteworthy
feature of RNA viruses [60]. This drives viral genome variability,
leading to drug resistance [61,62]. Thus, we should always pay
attention to the emergence of new SARS-CoV-2 variants [63]. It
is necessary to study and characterize viral genome variability
for recognizing the correlation with possible drug-resistance phe-
notypes [64]. Second, repurposing existing drugs still presents
challenges [30,65]. A drug commonly affects a single pathway
or multiple pathways to regulate several physiological processes
in humans, which could cause unexpected adverse effects. Thus,
researchers aiming to repurpose existing drugs must carefully
evaluate the potential benefit. Since the outbreak of COVID-19,
many studies have been conducted to pursue an effective thera-
peutic agent utilizing drug-repurposing methods. However, sev-
eral controversial results have arisen, causing discussions
within the scientific community. Scientific research needs time
to design experiments carefully to understand the results. A strat-
egy integrating rigorous peer review and the use of artificial intel-
ligence was proposed to prioritize therapeutic research [66].
Finally, there are limited data on superinfection and re-
infection associated with SAR-CoV-2. Severe infection leads to
immune system dysregulation, which can leave patients vulner-
able to bacterial or fungal proliferation. A handful of cases of re-
infection have been reported and, thus, research is need to deter-
mine out how likely and how severe re-infection is.
Concluding remarks
Researchers have made great progress in the development of
potential medical treatments in response to the COVID-19 pan-
demic. Rapid and open sharing of data greatly accelerates drug
research and discovery. Here, we have integrated and organized
the available public research resources for the development of
anti-COVID-19 drugs, vaccines, and mAbs. Abundant sequence
and structure data have been obtained and are maintained on
several public platforms. Moreover, drugs against COVID-19
and drug targets are recorded in representative pharmaceutical
databases. Specialist data repositories cover epitope information
for vaccines and mAb development. On the one hand, the data
accumulated about the virus have contributed to chemotherapy
and immunotherapy. On the other hand, we should realize the
accompanying challenges including viral genome variability,
the risks of drug repurposing, and superinfection and re-
infection. We still need to learn more about CoV. We anticipate
that our review will contribute to stimulating therapeutic oppor-
tunities and provides a comprehensive information source for a
general research audience.
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