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During the past 20 years, there has been a significant increase in the number of protein-based drugs
approved by the US Food and Drug Administration (FDA). This paper presents THPdb2, an updated
version of the THPdb database, which holds information about all types of protein-based drugs,
including peptides, antibodies, and biosimilar proteins. THPdb2 contains a total of 6,385 entries,
providing comprehensive information about 894 FDA-approved therapeutic proteins, including 354
monoclonal antibodies and 85 peptides or polypeptides. Each entry includes the name of therapeutic
molecule, the amino acid sequence, physical and chemical properties, and route of drug administra-
tion. The therapeutic molecules that are included in the database target a wide range of biological
molecules, such as receptors, factors, and proteins, and have been approved for the treatment of various
diseases, including cancers, infectious diseases, and immune disorders.
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Introduction

Proteins are an integral part of biological processes, which is why
they are often referred to as the servants of living organisms. In
the post-genomic era, protein databases are growing at an expo-
nential rate due to advancements in sequencing technology. The
latest release of UniProt contains around 248 million protein
sequences. One of the major challenges in the current era is to
annotate these proteins in order to understand their structure,
function, and therapeutic potential. In this study, our major
emphasis is on the therapeutic applications of proteins. Proteins
and peptides have emerged as both therapeutics and diagnostic
agents due to their potency, safety and selectivity, reshaping
the pharmaceutical industry drastically.”?” Current develop-
ments in the field of therapeutic proteins include improvements
in incremental efficacy, safety, quality, and cost, and are based
on research into new targets.P?»"3 (% The estimated global
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revenue generated by protein/peptide therapeutics is expected
to shoot up to US$ 566.82 billion by 2030. Similarly, the global
revenue generated by monoclonal antibodies is estimated to be
US$ 679.03 billion by 2033.%> In addition to these protein prod-
ucts, various structural modifications, such as the use of unnatu-
ral amino acids, mainchain modifications, and other novel
substitutions, have significantly improved the stability and ther-
apeutic potential of peptides.”® The success of these modifica-
tions has inspired significant advancements in proteomics and
artificial intelligence that have impacted the discovery of novel
proteins directly. There is a need to screen these novel proteins
for their therapeutic potential.

In order to facilitate the scientific community in fully harness-
ing the potential of protein-based drugs, computational biologists
are constructing databases of proteins and developing tools for
annotating therapeutic proteins. Historically, numerous data-
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bases have been established to hold detailed information about
bioactive proteins that have therapeutic potential.P®®7®%
These repositories encompass a broad spectrum of inhibitory pep-
tides, including anticancer (CancerPPD"”), antimicrobial
(CAMPR4,P'?  APD3,*'YV and AntiTbPdb®'?), and anti-
hypertensive (AHTPDB,*'® and BIOPEP®'") peptides, among
others. Likewise, databases dedicated to peptides have emerged
for drug delivery (CPPsite2”"> TumorHope*'® and B3Pdb"'"),
vaccine design (BCIPEP,*'® MHCBN4, "' and IEDB"??), toxic-
ity prediction (Hemolytik ?*" and COMPARE"??), and the devel-
opment of stable peptides within bodily fluids (PEPlife"**)
Despite the vast number of proteins that captured by these
databases, only a select few protein-based drugs have successfully
navigated all phases of clinical trials and gained approval from
the US Food and Drug Administration (FDA) for clinical
application. Hence, there exists a pressing need to establish a
knowledge base specifically for FDA-approved protein-based
drugs, encompassing peptides, polypeptides, monoclonal anti-
bodies, polyclonal antibodies, and biosimilar proteins.

The International ImMunoGeneTics Information System
(IMGT) has been maintaining a database dedicated to mono-
clonal antibodies, known as IMGT/mAb-DB, since
2010.%#»#25 IMGT/mAb-DB serves as a significant repository
for therapeutic antibodies, with the current version containing
530 monoclonal antibodies for oncological use, of which 54 have
received approval for clinical use from various regulatory agen-
cies such as the FDA.??® To offer comprehensive information
on all types of protein-based drugs, including peptides, antibod-
ies, and biosimilar proteins, our research group undertook a
systematic effort to establish the THPdb database of all
FDA-approved therapeutic proteins.”?”’ The original THPdb
database encompasses 852 entries, providing detailed informa-
tion on 239 protein-based drugs and their variants. In addition,
it offers information on 59 monoclonal antibodies that have
been approved by the FDA. THPdb has been extensively utilized
and referenced by the scientific community, garnering approxi-
mately 490 citations to date. In the 7 years since the inception
of THPdb, there has been a significant increase in the number
of FDA-approved protein drugs. Consequently, there was a com-
pelling need to develop an updated version of THPdb to enhance
its service to the scientific community.

We introduce an updated version of THPdb, named THPdb2,
which holds three times more information on therapeutic pro-
teins than its predecessor. The data for THPdb2 were meticu-
lously collected and curated from literature sources and
publicly  available databases such as DrugBank, ¥
PubChem, ???’ and UniProt.”*? These therapeutic proteins have
received approval for the treatment of a diverse array of diseases,
spanning cancer, infectious diseases, immunological disorders,
and metabolic disorders. THPdb2 offers a user-friendly web inter-
face, which is freely accessible at https://webs.iiitd.edu.in/
raghava/thpdb2/. Within this web server, various search modules
are provided to empower users to explore datasets on the basis of
diverse parameters, including disease area, physical attributes,
category, administration route, target activity, and sequence
length, among others. Subsequent sections will provide detailed
insights into these features, highlighting the potential of

THPdDb2 as a valuable tool in the realm of therapeutic protein dis-
covery and development.

Data collection and compilation

We have used a data collection approach similar to that used for
THPdb.P*” First, DrugBank**® was screened using the keywords
“biotech drugs”, along with “Approved” and “Investigational”
filters, to extract the latest FDA-approved protein and peptide
therapeutics data. This search yielded 831 biotechnology-based
therapeutic protein and peptide drugs. Among these entries, only
387 had their peptide and protein sequences available in major
repositories such as  Uniprot,”*”  PubChem,??” and
DrugBank.”?® In addition, other public repositories were
screened to extract comprehensive information on protein/pep-
tide drugs, including their name, weight, chemical formula, iso-
electric point, hydrophobicity, melting point (°C), half-life,
description, mechanism, treated disease, pharmacodynamics,
metabolism, toxicity, absorption, volume of distribution, clear-
ance, categories, patents information, drug interactions and tar-
get. We also recorded drug information such as brand,
formulation, dosage, side effects, and route of administration.
Information for the 831 therapeutic proteins that was not avail-
able DrugBank was sought from PubMed and patent databases
using keywords such as “therapeutic proteins”, “therapeutic pep-
tides”, and the names of individual proteins and peptides. The
information collected from these sources was compiled
manually.

In order to capture all modifications made to approved drug
molecules, THPdb2 includes entries for modified molecules as
drug variants. Any changes or modifications to therapeutic pro-
teins reported in THPdD are also appended to THPdb2; therefore,
multiple entries are present in the new repository if a drug mole-
cule has been modified in different ways or if it is being sold
under different brand names. The final THPdb2 compilation
includes the 239 therapeutic protein and peptide drugs that were
included in THPdb, ??”) along with 655 new approved drugs.

Database architecture and organization

THPdb2 has been developed using the Apache HTTP server (ver-
sion 2.4.7) and MySQL (version 5.5.62) to store and manage the
data. HTMLS, PHPS, CSS3 and JAVA script were deployed to cre-
ate responsive front-end pages that are compatible with mobile
phones, tablets and computers. MySQL was used as the back
end of the database. A combined interface and common gateway
were built using the PERL and PHP programming languages. The
detailed architecture of THPdb2 is illustrated in Figure 1.

Web interface and modules

Search

Basic and advanced search modules have been developed in
THPdb2. These modules enable users to search a given therapeu-
tic protein or peptide based on terms such as Name, Molecular
weight, Disease name, Category, Drug target, Brand, and Route
of administration. In the basic search module, the users can cus-
tomize the output based on the search query. The advanced
search feature allows users to apply numerous queries simultane-
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Schematic representation of the organization and structure of THPdb2.

ously using Boolean expressions (e.g. AND, NOT and OR) in
order to obtain refined output. The THPdb2 module allows users
to screen peptide and protein entries against desired physico-
chemical properties, and allows users to download the results
in a.csv,.xls, or.pdf format.

Browse

In THPdb2, data can be browsed by several browse options: (i)
Disease category—this module allows the user to choose the ther-
apeutic peptides or proteins that are used against diseases in the
selected category; (ii) Physical appearance—this module divides
drugs in the dataset on the basis of which formulations (solution,
powder, tablet, capsule, spray, or gel) are available in the market;
(iii) Category/pharmacological class—this module allows the
user to select a subset of the drugs in the dataset according to
their pharmacological class, with classes including Antibodies,
Enzymes, Antineoplastic agents, Hormones, and Immunosup-
pressive agents; (iv) Route of administration—this module helps
the user to choose therapeutic proteins or peptides on the basis
of their route of administration; (v) Target of activity—this mod-
ule helps the user to select therapeutic peptides on the basis of
their target type, which may be Receptors, Factors, Proteins,
Enzymes, Hormones or Inhibitors; (vi) Sequence length — this
module helps users to screen peptides, polypeptides and proteins
on the basis of their sequence length. These browse options
enable users to extract information on selected therapeutic pep-
tides or proteins, which can be downloaded for each sub-
category.

Similarity search

Our repository allows users to perform a similarity-based search
for their input sequences. The Basic Local Alignment Search
Tool®*" (BLAST) and Smith-Waterman algorithms®*? have
been implemented in the webserver. This platform enables users
to run sub-searches and super-searches using the Peptide Map-
ping module. When a sub-search is performed, a query peptide
sequence is mapped against all peptides and proteins present in
THPdb2 to find sequence matches; whereas a super-search
returns all peptides in the database that are similar to the protein
sequences given as a query. If no hit is found, then the Results
page will be empty.

Data statistics

The THPdb2 database is an updated version of THPdb and pro-
vides the latest comprehensive information on FDA-approved
therapeutic peptides and proteins. The first version of the data-
base contains information on 239 peptides and proteins spread
across 852 entries, and provides details about drug variants. In
this updated version, we have incorporated modifications to
the data captured in THPdb that have been observed since
2017. In this release, we have incorporated data on 239 old
and 655 new (894 total) therapeutic protein- or peptide-based
FDA-approved drugs. In order to capture data on drug variants,
we have made multiple entries for the same peptide in the
updated dataset. Please note that unique peptides have a unique
therapeutic peptide ID (THPP_ID). Therefore, the earlier version
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of data repository contains a total of 852 entries, whereas the
updated version has a total of 6,385 entries.

The THPdb2 repository contains 579 therapeutic peptides or
proteins that are used against cancer/tumors, 355 for infectious
diseases, 350 for the treatment of immunological disease, 173
for cardiovascular disorders, 172 that are used to treat hormonal
disorders, 160 used in neurological disorders, 126 against genetic
disorders, 73 for respiratory disorders, 26 for hematological dis-
eases, 25 for eye disorders, 12 that are effective in bone disorders,
9 that are used to treat metabolic disorders, and 3 that have been
approved for malabsorption disorder, as well as 150 variants that
are given as adjuncts (Figure 2A). When classified on the basis of
their drug form, there were 209 solutions, 151 powders, 30 lig-

uids, 19 in the form of cake, 17 resuspendable powders, 15 sus-
pensions, 12 in tablet form, five in capsules, two used as
sprays, two ointments and one gel (Figure 2B).

In order to understand the pharmacological classes of the
therapeutic peptides and proteins, we have systematically
extracted the data for various categories. This categorization
shows 590 Antibodies, 382 Enzymes, 344 Antineoplastic agents,
238 Hormones, 193 Immunosuppressive agents, 38 Fibrinolytics,
34 Bone-related treatments, 25 fertility agents, 24 antithrombins,
and 10 antidiabetic agents. We also divided the therapeutic pep-
tides and proteins according to their route of administration and
their drug targets. All of these statistics are summarized in
Figure 3.

A.
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Categorization of therapeutic peptides and proteins based on A. disease type and B. drug form.
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The distribution of therapeutic peptides and proteins based on (A) pharmacological class; (B) route of administration and (C) target of activity.
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Discussion

In 1923, the first peptide-based drug, insulin, was utilized to treat
diabetic patients who were unable to produce sufficient insulin
or who had defective insulin.®”® 3% Subsequently, the advent
of recombinant technology has provided a significant boost to
the development of peptide-based drugs, including insulin,
enabling the production of high-quality peptides on a large
scale.P?*(P35) Researchers have also explored the therapeutic
potential of antibodies, which serve as effector molecules in
the humoral immune response.”*® In 1986, the first mono-
clonal antibody (mAb) drug was approved by the FDA for clinical
applications. mAbs exhibit higher specificity, longer half-life,
and fewer side effects when compared to traditional small-
molecule-based drugs.

Broadly, therapeutic proteins can be divided into following
three categories on the basis of their composition: (i) peptides/
polypeptides, (ii) antibodies and (iii) non-antibody proteins. Pep-
tides/polypeptides are those protein sequences that have fewer
than 100 amino acids. Owing to technical advancements in
the development of therapeutic peptides, more than 85
peptide-based drugs have now been approved for clinical applica-
tions and researchers’ interest in the field of bioactive peptides
continues to grow. In the past decade, hundreds of in silico meth-
ods and repositories have been developed to allow the prediction
of therapeutic peptides, including antibacterial, anticancer, anti-
fungal, and antiviral peptides (AntiBP3"*”  AntiFP**®
AVPpred”*? and AntiCP2%*?). Similarly, in silico methods have
been developed for the prediction of the half-life, toxicity, and
structure of peptides (PlifePred*" ToxinPred2®*® Pep-
strMod®** and HemoPI**). Despite tremendous efforts in past
two decades, there is still a huge gap between the number of
known bioactive peptides and the number of peptides that have
been approved for therapeutic use. Thus, there is a need to
develop methods that can assist researchers to predict or design
therapeutic peptides. Our database, THPdb2, is a tool that pro-
vides the information required for the development of prediction
methods.

One of the primary features of our database is its comprehen-
sive coverage of 354 mAb that are currently utilized in clinical
practice. Most of these mAbs are used to treat cancer patients.
Out of these 354 mAb drugs, only 129 mAbs have a publicly
available amino acid sequence, and no sequence information is
available for remaining 225 mAbs. A number of mAb drugs have
failed in clinical trials. Thus, it is important to study properties of
mAD drugs that are responsible for their failure in clinical trials.
The mAbs in our database can be used to develop in silico models
for identifying therapeutically viable and non-viable mAbs. In
addition, our database contains 455 proteins other than mAbs
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With the increasing number of FDA-approved therapeutic
peptide and protein candidates, the data in this field will also
expand. We aim to update THPdb2 regularly as more FDA-
approved therapeutic peptides and proteins become available
in public repositories.
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