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ABSTRACT

Background Checkpoint targets play a key role in tumor-
mediated immune escape and therefore are critical for cancer
immunotherapy. Unfortunately, there is a lack of bioinformatics
resource that compile all the checkpoint targets for
translational research and drug discovery in immuno-oncology.
Methods To this end, we developed checkpoint therapeutic
target database (CKTTD), the first comprehensive database for
immune checkpoint targets (proteins, miRNAs and LncRNAs)
and their modulators. A scoring system was adopted to filter
more relevant targets with high confidence. In addition, a few
biological databases such as Oncomine, Drugbank, miRBase
and Lnc2Cancer database were integrated into CKTTD to
provide an in-depth information. Moreover, we computed and
provided ligand-binding site information for all the targets
which may support bench scientists for drug discovery efforts.
Results In total, CKTTD compiles 105 checkpoint protein
targets, 53 modulators (small-molecules and antibody), 30
miRNAs and 18 LncRNAs in cancer immunotherapy with
validated experimental evidences curated from 10649
literatures via an enhanced text-mining system.

Conclusions In conclusion, the CKTTD may serve as a useful
platform for the research of cancer immunotherapy and drug
discovery. The CKTTD database is freely available to public at
http://www.ckttdb.org/.

INTRODUCTION

The concept of harnessing human immune
system to attack cancer cells is not new yet it
becomes the most promising cancer treatment
over the last few years." Tumor cells intend to
use checkpoint molecules to protect them-
selves from immune system attacks. Immune
checkpoint therapy refers to the approach of
targeting regulatory pathways in T cells to awake
and enhance antitumor immune response.’
Remarkably, immune checkpoint strategies have

checkpoint targets discovered for cancer immu-
notherapy such as CTLA-4, PD-1, PD-L1, CD20
and CD52.* The blockade of these inhibitory
checkpoint receptors results in an enhanced
immune response and provides a new weapon
against cancers.”

The first checkpoint antibody approved by
the US Food and Drug Administration (FDA)
was ipilimumab, approved in 2011 for treatment
of melanoma by the blockade of the immune
checkpoint molecule CTLA-4. Moreover, clin-
ical experiments have demonstrated that anti-
CTLAA4 therapy can also benefit the patients of
lung cancer or pancreatic cancer. In addition,
Nivolumab and Pembrolizumab were approved
as PD-1 inhibitor for the treatment of various
solid tumors in 2014; Durvalumab, Avelumab
and Atezolizumab were approved as PD-L1
inhibitor for the treatment a few human malig-
nancies in 2016 and 2017.6” The combination of
anti-CTLA-4 therapy or PD-1/PD-L1 inhibitors
with other cancer drugs was also in ongoing clin-
ical trials on various cancer types with encour-
aging results. Unfortunately, research progress
in developing cancer immunotherapy against
checkpoint targets is still rather slow and there
are only a few drugs homing at checkpoint mole-
cules in clinical use.® Hence, there is an imper-
ative need to develop a bioinformatics resource
that compiles useful information for check-
point targets to facilitate the drug discovery in
immuno-oncology.

DATA COLLECTION AND DATABASE CURATION
With the rapid advance of cancer immu-
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therapeutic entities (small-molecules and antibodies)
have been continuously accumulated for the past decade.
In the present version, checkpoint therapeutic target
database (CKTTD) database is dedicated to provide a
comprehensive repository of checkpoint targets and ther-
apeutic entities with a more efficient and user-friendly
interface. For clarity purpose, we summarized the high-
lighted features in this version (figure 1). With an attempt
to collect the most comprehensive and accurate informa-
tion for immune checkpoint targets, an enhanced text-
mining system by integrating python-based web crawler
and keyword searching was employed to search for more
related articles against PubMed literature database. For
instance, we searched the PubMed database with a list
of keywords, including ‘immune checkpoint targets’,
‘checkpoint immunotherapy’, ‘checkpoint inhibitors’,
‘immune checkpoint miRNA’ and ‘immune checkpoint
LncRNAs’. All published literature expounding either
putative checkpoint targets, miRNAs or LncRNAs and
therapeutic entities was downloaded to extract the key
information. Subsequently, our database curators manu-
ally curated the related articles to extract validated targets
and therapeutic entities with supporting experimental
evidences. Moreover, a few biological databases have
been integrated into CKTTD database to increase the
usefulness for bench scientists: the Oncomine database,
the Reactome database, Kyoto Encyclopedia of Genes
and Genomes (KEGG),” target gene information from
National Center for Biotechnology Information Entrez,
UniProt database, PubChem database,lo AbDb data-
base,11 Drugbank database,12 miRBase database'® and
Lnc2Cancer 2.0 database.'* In addition, in CKTTD, users
can search and access all relevant information of immune
checkpoint targets through a user-friendly and interactive
interface. Noteworthy, we enabled the convenient search
of checkpoint targets and modulators via keyword or
tumor types (up to 33 tumor types) in the frontpage of

Checkpoint
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Small-molecules, Antibody
Virtual Screenin

Summary of key features of the CKTTD database. CKTTD, checkpoint therapeutic target database.

the database. User can easily search for a specific target
or its relevant modulators by entering keywords (names)
or selecting cancer types.

THE CONTENTS AND STATISTICS OF CKTTD DATABASE

We summarized the key new features of CKTTD in
table 1. As of June 2020, a total of 105 immune check-
point targets, 30 miRNAs, 18 LncRNAs and 53 therapeutic

Table 1 Summary of contents and statistics in the CKTTD
database

Features CKTTD

Release date 1 June 2020

Curated articles 10649

Text-mining system Enhanced mining+scoring
system

Checkpoint protein targets 105

Checkpoint therapeutic 53

entities

miRNAs in cancer 30

immunotherapy

LncRNAs in cancer 18

immunotherapy

Cancer subtypes 33

Known gene entry Entrez2020

Integrated databases Oncomine, Uniprot,

miRBase, AbDb, Drugbank

Pathway/network analysis Reactome, DAVID, ShinyGO,

KEGG
Physicochemical properties of Binding site predictions via
targets FTMap/FTSite

CKTTD, checkpoint therapeutic target database.
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Figure 2 Network analysis of deposited entities in CKTTD. ( ) Gene Ontology Enrichment Analysis (GOEA) for all the deposited
entities via KEGG database, ShinyGO and DAVID toolkit. (B) Pathway analysis for all the therapeutic entities of checkpoint
targets via Reactome. CKTTD, checkpoint therapeutic target database.

entities (small-molecules and antibodies) were collected
from 10649 research articles in CKTTD database. For
convenient purpose and space limitation, we provided
three selected recent references for each checkpoint
protein target. Of note, CKITD has integrated addi-
tional targets-related pathway information and structural
information to support the users for various application.
Importantly, we computed and provided binding site
information (including allosteric sites) for all the targets
via FTMap tool'” and FTSite tool.'® We believe this infor-
mation could be used to support bench scientists for
drug-design and drug-discovery efforts against immune
checkpoint targets. On the other hand, to make the
CKTTD database a more useful resource for the medical
community, we have provided clinical data or medical use
information for checkpoint inhibitors if available. More-
over, we conducted Gene Ontology Enrichment Analysis
(GOEA) for all the deposited entities via KEGG database,
ShinyGO'” and DAVID toolkit'® and our results impli-
cated thatafew Gene Ontology (GO) terms are significant
such as ‘negative regulation of T cell activation’, ‘regula-
tion of cell-cell adhesion’, ‘regulation of immune system

process’, ‘positive regulation of cytokine production’ and
‘regulation of responses to stress’ (figure 2A). Similarly,
we conducted pathway analysis for all the therapeutic
entities of checkpoint targets via Reactome toolkit and a
few biological pathways were significant such as ‘immune
system’, ‘cell cycle’, ‘signal transduction’, ‘gene expres-
sion (transcription)’ and ‘DNA repair’ (figure 2B). In
addition, we annotated each therapeutic small-molecule
with chemical name, molecular structure, PubChem CID
and brief introduction for their inhibitory activities and
mechanisms. Moreover, we annotated each therapeutic
antibody with structural information provided by the
AbDb antibody database'' and the detailed description
provided by the Drugbank database. Furthermore, all the
miRNA entries were annotated with miRBase informa-
tion" and all the LncRNAs entities were annotated with
the Lnc2Cancer description and information.'*

The usefulness of CKTTD for drug discovery in
oncoimmunology

We want to make CKTTD as a useful resource for drug
discovery in cancer immunotherapy. Therefore, we
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use of CKTTD database. CKTTD, checkpoint therapeutic target database.

annotate each checkpoint entity with gene expression
profiling data in multiple cancers (cancer vs normal)
by integrating the Oncomine database.'? We believe this
information could be used to support bench scientists
to filter interesting targets for drug discovery of oncoim-
munology. Moreover, all the target entities with crystal
structures extracted from the PDB database (the Protein
Data Bank) can be visualized and displayed in three-
dimensional mode. The ligand-binding site information
that we provided for each entity (free for download) could
be used for drug design and virtual screening of putative
lead compounds or allosteric modulators of checkpoint
targets. As a showcase, we provided the general workflow
of discovery for immune checkpoint modulators via the
use of CKTTD with PD1/PD-L1 as an example (figure 3).
In addition, we provided free virtual screening service to
research institutes or non-profit organizations with our
in-house developed tools® against checkpoint targets on
e-mail request.

The scoring system to filter the relevant checkpoint targets

In CKTTD, all the relevant targets were verified by strong
experimental evidences. Notably, a scoring system was
adopted into the text-mining system for further curations
to evaluate the verified levels and enhance the confi-
dence of related targets. The confidence score is based
on the number of research articles and sample types
(tissues or cell lines) used for experiments. For each
checkpoint target, we calculated the confidence score

as follows, Score=N * (C+7), in which N is the number
of studies/publications that verified the targets, C and
T refer to if the checkpoint target has been verified in
cancer cell lines or patient (or animal) tissues, respec-
tively. Namely, if the checkpoint target has been verified
in cancer cell lines or patient tissues, the Cor T value will
be set to 1, respectively. Therefore, a high score indicates
that the target is more relevant to immune checkpoint
or immune-oncology with high confidence. This score
could be used for researchers to filter or use interesting
targets with more confidence. Noteworthy, a few check-
point molecules achieve rather high score (>100) as ‘hot’
targets including PD-1, PD-L1, TIGIT, WEE1, CTLA-4,
Tim-3, LAG-3, CD47 and IDOI. Indeed, a few of these
‘hot’ targets have been chosen by pharmaceutical compa-
nies to develop immune-oncology therapeutics such as
PD-1/PD-L1, TIGIT, CTLA-4 and IDOI1. For instance,
anti-TIGIT monoclonal antibody BMS-986207 has been
recently developed by Bristol-Myers Squibb (BMS) with
checkpoint inhibitory activities.* Hence, the scoring
system may be used as an indicator of popularity for
checkpoint targets.

The pan-cancer analysis for checkpoint targets

We performed a pan-cancer analysis for all the depos-
ited checkpoint targets in the CKTTD database across
33 cancer types as released from the National Cancer
Institute (https://www.cancer.gov/types). Our analysis
suggests that most checkpoint targets are associated
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molecules for less common cancer types and even rare
cancers.

THE USER-FRIENDLY AND INTERACTIVE WEB INTERFACE

All the data deposited in CKTTD was stored and managed
via a cloud-based MySQL server (V.5.7.18). The web inter-
face was redesigned with JSP framework and Responsive
Web Design (figure 4). A variety of web browsers were
thoroughly tested and recommended for browsing. The
CKTTD database is freely available at http://www.ckttdb.
org/. We provided a userfriendly interface that enables
users to query and search the database conveniently.
For instance, (1) users can browse all experimentally
verified checkpoint targets, therapeutic modulators and
miRNAs in the front page. (2) Users can search all the
targets and modulator entities via the ‘Search’ section
by name or keyword in the front page. Moreover, users
can search and browse checkpoint targets according to
cancer types (up to 33 cancer types) in the front page. (3)
The ‘Submit’ page enables users to submit novel experi-
mentally supported immune checkpoint targets and ther-
apeutic entities. (4) The ‘Scoring’ page provided a basic
introduction about the scoring system for checkpoint
targets deposited in the CKTTD database. The users can
also search and obtain the statistical analysis of the scores
for all the checkpoint targets by name or cancer type.
(5) The ‘Pathway Analysis’ page provided the results of
GOEA and Reactome pathway analysis for checkpoint
targets. (6) The ‘Virtual Screening’ page provided a brief
introduction about the drug discovery strategy for cancer
immunotherapy via virtual screening. We offered virtual
screening service against checkpoint targets for non-
profit research purposes. (7) In the ‘Download’ page,
users can obtain the statistics information of the CKTTD
database. Additionally, all the raw data in the database are
freely available for download. (8) In the ‘Virtual Tutorial’
page, we provided a virtual visit with “TIGIT (T cell Ig
and ITIM domain)’ as a showcase to demonstrate how
to obtain detailed information such as molecular func-
tion, Oncomine expression profiles, confidence score,
crystal structure and ligand-binding sites from the data-
base. Moreover, we provided virtual tutorials for ‘Score’,
‘Modulator’, ‘miRNA’ and ‘LncRNA’ pages. (9) In the
‘Help’ page, users can get a detailed and fundamental
introduction about the checkpoint targets and check-
point inhibitors/modulators in cancer immunotherapy.

CONCLUSIONS AND FUTURE EXTENSIONS

To this end, we developed CKTTD, a manually curated
database dedicated to available checkpoint targets and
therapies for cancer immunotherapy. It is the first online
resource of this kind and the data in CKTTD are freely
available to all scientists working in the field of cancer
immunotherapy and drug discovery against checkpoint
molecules. CKTTD provides users with brief summary of
checkpoint targets and available therapeutic methods of

checkpoint molecules or their regulatory pathways with
documented evidences. CKTTD will contribute to the
understanding of checkpoint as well as immunotherapy
mechanism of human malignancy. Notably, CKTTD will
also serve as a useful bioinformatics resource for the
development of therapeutic entities toward checkpoint
targets.22 In recent years, it has been demonstrated that
the combination of targeted therapies toward tumor
microenvironment with standard chemotherapies or
radiotherapies might improve the efficacy in clinical
practice for cancer patients. We look forward to more
treatment methods targeting checkpoint molecules to
improve the clinical outcome of patients and eventually
win the campaign with cancer.
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