IntechOpen

IntechOpen Series
Pharmaceutical Science, Volume 9

Repurposed Drugs

Current State and Future Perspectives

Edited by Seckin Engin

1Y







Repurposed Drugs -
Current State and Future

Perspectives
Edited by Seckin Engin

Published in London, United Kingdom




Repurposed Drugs - Current State and Future Perspectives
http: /dx.doi.org/10.5772/intechopen.1003317
Edited by Seckin Engin

Contributors

Aaiza Munir, Adam Frymoyer, Annette Bakker, Ashok Kumar Tiwari, Bharti Sapra, D. Wade Clapp, Durga
Prasad Beda, Gatadi Srikanth, Hui Bai, Iqra Safdar, Jaishri Blakeley, James Gusella, Jing Wang,
Kailen Mark, Kareti Srinivasa Rao, Kathleen M. Sakamoto, Maah Rukh Zahid, Marc Ferrer, Namrata
Patel, Niggula Praveen Kumar, Norman Lacayo, Om Silakari, Paranthaman Subash, Rabia Zafar, Saad
Serfraz, Scott Plotkin, Seckin Engin, Shama Parveen, Siming Kong, Song He, Sulekha Khute, Xiaochen
Bo, Yunfang Wang

© The Editor(s) and the Author(s) 2025

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen. com).

Violations are liable to prosecution under the governing Copyright Law.

@)

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 4.0 License which permits commercial use, distribution and reproduction of the
individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www . intechopen. com/ copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and
not necessarily those of the editors or publisher. No responsibility is accepted for the accuracy
of information contained in the published chapters. The publisher assumes no responsibility for
any damage or injury to persons or property arising out of the use of any materials, instructions,
methods or ideas contained in the book.

First published in London, United Kingdom, 2025 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: INTECHd.o.0., Prolaz Marije Krucifikse Kozuli¢ 3, 51000 Rijeka,
Croatia, info@intechopen.com or visit our website at intechopen.com.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Repurposed Drugs - Current State and Future Perspectives
Edited by Seckin Engin
p.cm.

This title is part of the Pharmaceutical Science Book Series, Volume 9
Topic: Drug Discovery and Delivery

Series Editor: Rosario Pignatello

Topic Editor: Marilena Vlachou

Print ISBN 978-0-85014-775-9
Online ISBN 978-0-85014-774-2
eBook (PDF) ISBN 978-0-85014-776-6
ISSN 3033-3318

If disposing of this product, please recycle the paper responsibly.



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

74®(D+ 194,000+ 210M+

ailable International authors and editor: Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






IntechOpen Book Series

Pharmaceutical Science

Volume 9

Aims and Scope of the Series

Pharmaceutical science focuses on the design, synthesis, formulation, targeting,
distribution, safety, and efficacy of active compounds as potential therapeutics.
It is a large interdisciplinary discipline that aims to integrate the basic principles
of physical and organic chemistry, biochemistry, biology, and engineering to
discover, develop, and characterize active compounds and to optimize the for-
mulation and delivery of drugs in the body for offering new and improved safe
and efficacious therapies against human diseases. The research areas covered by
the pharmaceutical sciences range from medicinal chemistry and pharmaceu-
tical technology to pharmacology and toxicology, which represent the prelimi-
nary phases of drug development. Medicinal chemistry involves the design and
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covery process. Pharmaceutics is a multidisciplinary science that examines the
relationships between drug formulation, delivery, distribution, and clinical out-
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Preface

Drug repurposing or repositioning is defined as the strategy of drug development
that identifies novel therapeutic uses that are outside the scope of the original medical
indication for already available drugs. In recent years, drug repurposing has received
remarkable global interest, accelerating the preclinical process and reducing time and
cost, thus providing the high potential to overcome the challenges of traditional drug
discovery. Owing to its superior advantages, drug repurposing is currently consid-
ered the lead strategy for drug development in rare diseases and cancers, offering
opportunities to meet the urgent need for therapeutic options. Moreover, artificial
intelligence and machine learning techniques in drug repurposing have particularly
gained attention, making it one of the most popular topics in drug development. Due
to its continuously growing and dynamic nature, it is an increasing concern to closely
track recent developments in drug repurposing. Thus, this book offers a comprehen-
sive update on the current state and future perspectives of repurposed drugs. After
an introductory chapter that presents the background and context of the subject, this
book includes chapters that summarise hot topics surrounding the subject as follows:

Chapter 1: “Introductory Chapter: Repurposed Drugs - Current State and Future
Perspectives”

Chapter 2: “Repurposed Drugs: Current Trends in Drug Discovery”

Chapter 3: “Drug Repositioning in the Al-Driven Era: Data, Approaches, and
Challenges”

Chapter 4: “Advantages, Challenges, and Impact of Drug Repurposing for Cancer
Treatment”
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Chapter 5: “Computational Drug Repositioning Method Applied to Lung Cancer’

Chapter 6: “Repurposing Niclosamide for Treatment of Acute Myeloid Leukemia and
Other Diseases”

Chapter 7: “Unlocking Brigatinib’s Potential: A Remarkable Case of Drug Repurposing
in NF2-SWN”

Chapter 8: “Design Strategies for Smart Hydrogels: From Concept to Application”



Written by experts in the field, this book is essential reading to all scientists involved
in drug discovery and development, clinicians, healthcare professionals, and

students.

I want to thank all the authors for their valuable contributions and great efforts in

providing this important scientific book.

XVI

Seckin Engin, Ph.D.

Faculty of Pharmacy,
Department of Pharmacology,
Karadeniz Technical University,
Trabzon, Tiirkiye
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Chapter1

Introductory Chapter: Repurposed
Drugs — Current State and Future
Perspectives

Seckin Engin

1. Introduction

Traditional de novo drug discovery is known to be a long, expensive, and
costly process, from discovering compounds to its approval, taking approximately
12-17 years and requiring large investments of more than $2 billion per new drug, and
unfortunately, most of the new drug candidates fail during this process making it a
risky business [1, 2]. The high cost of traditional drug discovery currently represents
a major concern for the global pharmaceutical industry to address unmet medical
needs for various diseases. To overcome these challenges, tremendous effort has still
been devoted to developing alternative approaches for drug discovery by academia,
pharmaceutical companies, and regulators [3, 4].

Drug repurposing or repositioning (also called reprofiling, redirecting, switching,
etc.) is a recent concept of drug discovery and development to identify novel thera-
peutic uses for approved drugs different from the original indication, which is a grow-
ing trend in the pharmaceutical industry [5]. Drug repurposing offers opportunities
for the drug discovery process to lower the risk of failure and reduce cost and time
frame. Because the repurposed drugs have completed preclinical testing and safety
assessment, the relevant drug information already exists, promoting accelerated drug
development. Owing to drug repurposing, many therapeutics have been introduced
in the market for several diseases [5, 6]. Besides its many advantages, drug repurpos-
ing also faces some limitations. In most cases, repurposed drugs are currently off-
patent, so they do not receive appreciated commercial interest from pharmaceutical
companies. In addition, repurposed drugs could not be effective in monotherapy,
and thus higher doses, prolonged treatment periods, and/or different formulations
may be necessary to obtain sufficient efficacy for the novel use compared with the
original indication, which requires further investigation [7, 8]. Remarkable advances
in technology and science have recently made various computational methods avail-
able with the help of artificial intelligence for the identification of repurposable drug
candidates [9].

2. Trends in drug repurposing

Cancer now stands out as the leading cause of death worldwide. Although various
anticancer drugs currently exist, they are commonly associated with insufficient
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efficacy and/or tolerability, pointing out a major challenge in oncology. Thus, drug
repurposing has gained considerable interest in seeking a novel anticancer drug in
the past decade, making it a hot topic in oncology drug development [10]. Until now,
several lines of evidence demonstrate the potential anticancer effects of approved
noncancer drugs. Aspirin can be considered one of the oldest repurposed drugs.
Although initially developed as an analgesic, aspirin at low doses was repurposed as
an antiplatelet drug in the 1980s. Recently, aspirin has also been recommended to
prevent the development of many cancers, particularly colorectal cancer. As another
example of a repurposed drug in cancer, thalidomide, an antiemetic drug, was
withdrawn in 1962 because of its teratogenicity. Then, thalidomide was repurposed
for multiple myeloma in 2006 due to its antiangiogenic activity, providing the new
life for thalidomide in clinical use [11]. In recent years, drug repurposing in cancer
has prominently accelerated owing to great advances in disease biology and omics
coupled with artificial intelligence methods [12].

Rare diseases represent a unique group of disorders seen in a small percentage of
the population, affecting more than 350 million patients globally. Nearly 7000 rare
diseases are currently identified, and a majority of them still lack specific treatment
to cure [13]. Only fewer than 6% of all rare diseases have licensed drugs, emphasizing
the high demand for drug development. Now, most patients with rare diseases can
only be symptomatically treated with drugs to improve their quality of life. Hence,
drug repurposing is an attractive strategy to develop efficient treatment options for
rare diseases [13, 14]. Tretinoin, a derivative of vitamin A, was first used topically in
the treatment of acne vulgaris. In 1995, an oral capsule of tretinoin was approved by
the FDA for induction of remission in acute promyelocytic leukemia, a rare disease.
Sildenafil and tadalafil are phosphodiesterase PDES5 inhibitors widely used for erectile
dysfunction, and both were then approved for pulmonary arterial hypertension,
which is a rare and progressive lung disease [14]. NF2-related schwannomatosis
(NF2-SWN) is a rare genetic disorder with no FDA-approved treatments, charac-
terized by the growth of benign tumors in the nervous system leading to tinnitus,
hearing loss, and balance dysfunction [15]. Briganitib is a small molecule inhibitor
of anaplastic lymphoma kinase (ALK) approved by the FDA for adult patients with
ALK-positive metastatic non-small cell lung cancer. In recent studies, brigatinib
has been reported to show promising outcomes, which could be repurposed for
NF2-SWN [16].

Niclosamide is a widely used FDA-approved oral antihelminthic drug to treat
parasitic infections. However, recent studies have reported that niclosamide may have
a broad spectrum of therapeutic effects against various clinical conditions, including
cancer, bacterial and viral infection, metabolic diseases, endometriosis, neuropathic
pain, rheumatoid arthritis, sclerodermatous graft-versus-host disease, and systemic
sclerosis [17]. Due to its complex mechanisms of actions interfering with multiple
signaling pathways such as Wnt/p-catenin, mTORC1, STAT3, NF-kB, and Notch
signaling, niclosamide is one of the most attractive repurposed drugs that are still
under intensive investigation [17, 18].

Pharmaceutical formulation of the approved drugs is an important process while
repurposing drugs for novel indications. As mentioned, the new use of the drug can
require different dosage forms of formulation. Therefore, recent advances in drug
delivery systems should also be taken into consideration to prepare more appropriate
dosage forms for new uses.

In summary, drug repurposing has led to remarkable progress in drug development
to meet medication needs, and it is a highly preferred strategy of drug development,
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especially for cancer and rare diseases, by providing reduced cost and a shortened
time frame. Hence, repurposed drugs are considered to become more widespread as

potential therapeutics owing to artificial intelligence-driven computational methods
in the near future.
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Chapter?2

Repurposed Drugs: Current Trends
in Drug Discovery

Gatadi Srikanth, Durga Prasad Beda
and Niggula Praveen Kumar

Abstract

Drug repurposing is a drug discovery strategy that involves identifying new
therapeutic uses for existing drugs. Drug repurposing relies on the idea that a limited
number of genes or gene products mediate biological processes and that several
biological entities—such as transcripts, proteins, and genes—have pleiotropic effects
and mediate similar tasks. Recently, drug repurposing has gained attention as a differ-
ent approach that looks for novel uses for previously approved or rejected commercial
medications to address conditions other than those they were designed for. It offers
numerous benefits, such as faster development timelines, reduced costs, established
safety profiles, and the potential for novel treatments for unmet medical needs. This
chapter explains the current trends in drug discovery and future perspectives on
repurposed drugs.

Keywords: drug repurposing, repurposed drugs, diseases, drug discovery, future
perspectives

1. Introduction

Drug repurposing (DR) is also termed as drug repositioning, drug re-tasking,
drug reprofiling, drug rescuing, drug recycling, drug redirection, and therapeutic
switching. This drug discovery strategy aims to find new therapeutic uses for previ-
ously investigated, already marketed, FDA-approved, old, existing, failed drugs
or pro-drugs. The newly developed drugs are then applied to treat diseases other
than the original or intended therapeutic use. It entails finding novel therapeutic
applications for previously approved, stopped, abandoned, and experimental medica-
tions [1-3]. The process of finding new drugs by traditional means is risky, costly,
time-consuming, and labor-intensive. It may be a more effective strategy because
medication repositioning reduces the high financial cost, longer development time,
and higher failure rate associated with traditional drug discovery programs. It has
the added benefit of saving up to 5-7 years in average drug development time. In
conventional drug discovery programs, failure rates of approximately 45% are
linked to safety or toxicity issues. This reduces the likelihood of failure. Around
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one-third of newly approved treatments are repurposed medications, accounting

for 25% of the pharmaceutical industry’s yearly income [4-6]. This indicates that the
drug repositioning strategy has acquired significant traction recently. Repositioned
pharmaceuticals comprise about 30% of US Food and Drug Administration (FDA)
approved medications and biologics (vaccines). The pharmaceutical companies
estimated the market for repurposed pharmaceuticals to be worth $24.4 billion in
2015, and it is expected to grow to $31.3 billion by 2020. The earliest known instance
of drug repositioning dates back to a coincidental finding or observation in the 1920s.
More methods for quickening medication repositioning were created after roughly a

century of research and development.
The most well-known and effective medications from the DR method include
methotrexate, valproic acid, aspirin, minoxidil, thalidomide, and sildenafil [7].

Drug name Original New indication Date of Repurposing approach used
indication approval
Zidovudine Cancer HIV/AIDS 1987 In vitro screening of compound
libraries
Minoxidil Hypertension Hair loss 1988 Retrospective analysis (observed
hair growth as adverse effect)
Sildenafil Angina Erectile dysfunction 1998 Retrospective clinical analysis
Thalidomide Morning Erythema nodosum 1998 and Off-label usage and
sickness leprosum and 2006 pharmacological analysis
multiple myeloma
Celecoxib Painand Familial 2000 Pharmacological analysis
inflammation adenomatous
polyps
Atomoxetine Parkinson’s ADHD 2002 Pharmacological analysis
disease
Duloxetine Depression SUIL 2004 Pharmacological analysis
Rituximab Various cancers Rheumatoid 2006 Retrospective clinical analysis
arthritis (remission of coexisting
rheumatoid arthritis in patients
with non-Hodgkin lymphoma
treated with rituximab)
Raloxifene Osteoporosis Breast cancer 2007 Retrospective clinical analysis
Fingolimod Transplant MS 2010 Pharmacological and structural
rejection analysis
Dapoxetine Analgesia and Premature 2012 Pharmacological analysis
depression ejaculation
Topiramate Epilepsy Obesity 2012 Pharmacological analysis
Ketoconazole Fungal Cushing syndrome 2014 Pharmacological analysis
infections
Aspirin Analgesia Colorectal cancer 2015 Pharmacological analysis
Retrospective clinical and
Pharmacological analysis
Table1.

Some of the repurposed drugs according to their year of approval and the approach used.
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For instance, sildenafil was first created as a blood pressure-lowering medication.
However, Pfizer repurposed it to treat erectile dysfunction and marketed it under
the brand name Viagra. As a result, in 2012, it held a market-leading 47% share of
the erectile dysfunction drug market, with sales of $2.05 billion worldwide [8].
Thalidomide, a chiral medication that was first marketed as a sedative in certain
countries in 1957, was regrettably taken off the market within 4 years because of its
well-known association with birth abnormalities resembling seal limbs in children
whose mothers took the medication during the first trimester of their pregnancies [9].
However, it was shockingly shown to be effective in treating ENL1 in 1964 and
multiple myeloma decades later in 1999. Since then, it has significantly benefited the
market for multiple myeloma patients. It has also aided in developing and approving
even more successful medications, like lenalidomide (Revlimid, Celgene), which had
$8.2 billion in global sales in 2017 [10]. Table 1 lists additional drugs that have been
successfully repurposed, along with the repurposing strategies used. Most of these
repurposing strategies have resulted from knowledge of the drug’s clinical effective-
ness or from retrospective analyses of the pharmacological effect of a drug when
prescribed for its original indication.

2. Accelerated drug development process

The potential benefits of drug repurposing compared to de novo drug discovery
are diverse; however, drug repurposing predominantly allows for an quickened drug
development technique as compared to the classical way for de novo drug develop-
ment (Figure 1a) [11, 12]. Repurposing efforts circumvent many preclinical stages of
drug discovery process, since kinetics. and toxicity profiles of the drugs are already
familiar [13].

The only requirement for the preclinical stage is the evidence of efficacy for
the additional indication in either a cell or animal model since the lead candidate
has probably already undergone safety and toxicity testing for the accurate indica-
tion. A successful outcome may result in submitting an Investigational New Drug
Application to the FDA in the United States. This application is only eligible for the
505(b) (2) process, which permits using data from earlier studies to assess the drug
candidate. As a result, the lead candidate can typically skip the lengthy Phase I safety
studies and go straight to Phase Ila clinical trials, when safety is evaluated much
less rigorously and expensively [14]. A New Drug Application is the result of suc-
cessful clinical trial outcomes, and the drug that has been repurposed can reach the
market (Figure 1b). This can lead to shorter development timelines, lower costs,
and a decrease in development risks because safety—the main obstacle to drug
discovery—is well established. Economically speaking, skipped developmental stages
(like Phase I) provide savings of about 15% of the total cost. This implies that the
procedure for repurposing pharmaceuticals should take 3-12 years, while de novo
drug discovery should take 10-17 years [15]. Because important factors like chemical
optimization, manufacturing, and formulation are frequently well established and
may be ruled out, a quicker path to the clinic is also feasible.

Moreover, drug repurposing can further reduce the costs of developing new
therapies when patent protection expires, allowing generic manufacturing. Thus, sav-
ings for consumers are vast. These are all benefits when it comes to repurposed drugs;
accordingly, several efforts are becoming progressively attractive.
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Figure 1.

(a and b) Schematic representation of the regulatory process for licensing conventional versus vepurposed
compounds.

3. Strategies of drug repurposing

On-target and off-target are the two primary DR techniques (Figure 2). On-target
DR applies a medication molecule’s established pharmacological action to a novel
therapeutic application. This approach uses a different disease but the same therapeu-
tic molecule’s biological target [16].

For example, an on-target profile is seen in repositioning minoxidil (Rogaine)
since the medication operates on the same target while generating two distinct thera-
peutic effects. From an antihypertensive vasodilator to an anti-hair loss medication,
minoxidil transformed. The pharmacological effect of minoxidil, an antihypertensive
vasodilator, helps to cure male pattern baldness (androgenic alopecia) by widening
blood vessels and activating potassium channels, which increases the amount of
blood, oxygen, and nutrients that reach the hair follicles. However, the pharmaco-
logical mechanism in the off-target profile needs to be understood. Pharmaceuticals
and drug candidates function on novel targets beyond their original intended use
for novel therapeutic purposes. As a result, the indicators and the objectives are
novel [17]. An excellent illustration of an off-target profile is aspirin (Colsprin).
Historically, aspirin has been used as an NSAID to treat a variety of inflammatory
and pain conditions. Additionally, it reduces blood coagulation (clot formation)
by impeding platelets’ ability to function normally (antiplatelet medication).
Consequently, it is applied in the management of strokes and heart attacks. There
have also been reports of aspirin being used in a novel way to treat prostate cancer.
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Strategies of drug repositioning with examples.

4. Repurposed drugs

One alternate strategy to conventional drug discovery is drug repositioning. Due
to rising market demand, many pharmaceutical companies are creating new medica-
tions or novel therapeutic applications for old, available pharmaceuticals through
drug repositioning techniques in a shorter time and at a lower cost. The repositioning
in a drug development program typically happens in two steps, which are as follows.
The first step involves screening licensed medications iz silico against a specific illness
target. The second step involves further experimental investigation of the selected
discovered molecules in vitro and in vivo in particular disease models of interest.

The medication-chosen candidates move on to human clinical trials following the
completion of fruitful preclinical research in the second stage of repositioning [18].
Figure 2 delineates several potential strategies (with suitable examples) for drug
repositioning.

Currently undergoing a clinical trial for the treatment of COVID-19 patients is
colchicine, a well-known anti-inflammatory medication used to treat pericarditis
and gout. This medication has been demonstrated to help avoid severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2)-induced pneumonia from a massive
cytokine storm. Worldwide research has also been done on the antiviral efficacy of an
older antimalarial medication called chloroquine (as phosphate salt) against SARS-
CoV-2 infection. Research indicates that chloroquine might help shield COVID-19
patients from coronavirus-induced pneumonia. According to recent reports from
the US National Institutes of Health (NIH), a clinical trial combining azithromycin
and hydroxychloroquine has already begun to treat COVID-19 patients. The FDA has
approved both drugs in this combination—the antibacterial azithromycin and the
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antimalarial hydroxychloroquine. Currently, phase-2/phase-3 clinical studies are test-
ing favipiravir, an antiviral medication used to treat influenza, on COVID-19 patients
worldwide (China, Japan, the US, and India). Glenmark has initiated phase 3 favipi-
ravir trials to treat COVID-19 patients in India. Remdesivir is an experimental antiret-
roviral drug being investigated in China, the US, the UK, and India to treat COVID-19
patients. Gilead Sciences Inc. originally developed it to treat Ebola, but it failed in a
clinical trial. CSIR (Council of Scientific and Industrial Research) laboratories in India
are conducting clinical trials on colchicine, remdesivir, and favipiravir. Several nations
are now studying the use of lopinavir/ritonavir, a fixed-dose medication combination
that was previously approved to treat HIV/AIDS under the brand name Kaletra, to
treat COVID-19 patients. This combination of drugs was studied in conjunction with
the influenza medication oseltamivir (Tamiflu) to treat SARS-CoV-2 infections in
Thailand. Several locations worldwide are conducting a clinical trial of ivermectin,

an anti-parasitic medication approved for use in treating worm infestations. This trial
was started after Monash University in Melbourne, Australia, demonstrated the drug’s
effective treatment of SARS-CoV-2 infection in vitro. The clinical trial of tocilizumab,
an IL-6 receptor antagonist (marketed under the brand name Actemra) used for the
treatment of inflammatory illnesses such as rheumatoid arthritis, is also being con-
ducted for the treatment of patients with COVID-19 [19, 20].

5. Recent advances in repurposed drugs

Recent advances in drug repurposing have highlighted the potential of existing
drugs to treat a wide range of diseases beyond their original indications. By leveraging
established safety profiles and accelerating clinical development, these repurposed
drugs can provide new therapeutic options and address unmet medical needs.

5.1 COVID-19 pandemic

The majority of current antiviral medications, earlier developed or used as thera-
pies for severe acute respiratory syndrome (SARS), HIV/AIDS, malaria, and Middle
East respiratory syndrome (MERS), have been investigated as powerful COVID-19
treatments, with few transferring into clinical trials. Due to the rapid spread of
COVID-19 and its high mortality, addressing the void for virus-specific drugs is
urgent [21]. The coronavirus life cycle consists of various potentially targetable stages,
as shown in Figure 3. The cellular receptor for SARS-CoV-2 is ACE2. Recombinant
human ACE2 (rhACE2 or APNO1) is currently under development for acute lung
injury and pulmonary arterial hypertension. rhACE2 has been established to reduce
viral entry into human-derived organoids [22]. Proteolysis of viral coat spike glyco-
protein is required for viral entry into the cell, which TMPRSS2 can generally carry
out. The ATMPRSS2 inhibitor Camostat was approved for treating chronic pancreati-
tis in Japan—camostat and nafamostat block SARS CoV-2 replication in ATMPRSS2-
expressing human cells [23]. The clinical trials of these drugs to use in COVID-19 have
already started in the Netherlands and Germany.

Before uncoating, the coronavirus uses the lysosomal pathway to enter the cells.
Antimalarial quinine drugs such as Chloroquine (CQ) and Hydroxychloroquine
(HCQ) inhibit this phenomenon in SARS CoV-2 replication. Azithromycin, a well-
known broad-spectrum macrolide antibiotic, also proved to block autophagosome
clearance [24]. RdRp carries both replication and transcription of the viral RNA,
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Figure 3.
Possible targets in corona virus life cycle; future repurposing of drugs could be focused on the above targets.

and its blockade can arrest the viral life cycle. RARp is an acritical protein for many
viruses, and several RdRp inhibitors are either approved or in clinical trials, includ-
ing remdesivir and favipiravir [25]. Remdesivir, originally developed for Ebola, has
been repurposed and approved for treating COVID-19, showing efficacy in reducing
recovery time for hospitalized patients. Dexamethasone is a corticosteroid used for
inflammatory conditions, and it has proven effective in reducing mortality in severely
ill COVID-19 patients.
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5.2 Anticancer therapies

Cancer stands as a top cause of mortality worldwide, having a remarkable burden
on global health. Kirtonia et al. have reviewed the use of drug repurposing strategies
in oncology. In recent years, Drug repurposing within the anticancer area has been
boosted. Successful drugs like Busulfan and Chlorambucil were initially developed
as Alkylating chemical warfare agents but were later found to be effective in treating
leukemias. Thalidomide, a sedative drug, was repurposed as a leprotic myeloma drug.
The 14 Hallmarks of Cancer must be well understood in order to repurpose the drugs
for cancer treatment. There will be different mechanisms by which the repurposed
Drug can affect the Tumor microenvironment (TME). Tumoroid models present a
significant advancement in cancer drug screening due to their capacity to mimic the
physical gene expressions and required characteristics and functionalities of their
mother organs. SMAC mimetics like LCL161 have been evaluated for renal carcinoma,
while YPN-005, a CDK?7 inhibitor, has been systematically studied in the SCLC
tumoroid system [26].

Phenotypic screening is a strategy that evaluates biology-associated (pheno-
typic) effects in the given models, such as animals, cells, or microorganisms, to help
detect the drug targets; using this approach, some of the FDA-approved calcium
channel blockers such as Amlodipine besylate, Felodipine, diclomanidipine, and
cilidipine were observed to prevent cancer cell invasion by inhibition of filopodia
formation [27].

Computational methodology has evolved as an essential tool in cancer drug
repurposing methods. Evaluating cancer-specific pathway, inhibitor activity through
computer-assisted drug repurposing approaches also denotes a sound process.
Scientists can explore several databases of drug informatics, such as UCSC, Genbank,
and many more, as represented in the table. Similarly, various network-based
approaches can also be used to repurpose anticancer drugs [28].

Propranolol: A beta-blocker traditionally used for hypertension, propranolol is
being explored for its anticancer properties, particularly in reducing the recurrence of
breast cancer.

Itraconazole: An antifungal drug that has shown promise in inhibiting the
Hedgehog signaling pathway, a target in certain cancers, including basal cell carci-
noma (Table 2) [29].

Disulfiram, an alcohol antiabuse drug, was serendipitously identified for its ability
to reduce metastasis of bone cancer cells. Disulfiram inhibits the glycolysis pathway
of cancer cells in a copper dependent manner, thus altering the cellular metabolism.
Oleanolic acid (OA, 3f-hydroxyolean-12-en-28-oic acid) is a terpenoid derived
from plants and possesses antibacterial, antiparasitic, antidiabetic, and antitumor

Category Name
Genome/target UCSC, Genbank, Connectivity map, Ensembl, Gene ontology
Proteomics/ UniProt, UniGene, UniRef, KEGG, STRING, BiGRID, HAPPI, Reactome, The Human
pathway Protein Atlas
Disease data base The cancer genome, Atlas, Cancer cell line encyclopedia, OMIM
Phenome RepoDB, Clinical Trials, Drugs@FDA database, Drug bank
Table 2.

List of databases used in drug repurposing.
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activities. OA was identified to inhibit the IL-1/NFxB/TET3 axis in tumor cells,
resulting in nucleic acid hypomethylation and the suppression of PD-L1 by activating
the T-cell defense mechanism. Tumor suppressor genes such as P53 are essential in
regulating cancer progression. Some tumors can escape the P53 gene or turn off other
tumor suppressors. In these cases, repurposed drugs may target such tumors and be
beneficial. In inhibiting cholesterol synthesis, hyperlipidemic drug statins also block
the synthesis of byproducts required for tumor cell growth. Simvastatin was observed
to decrease the migration ability and invasive tendency of MDA-MB-231 breast cancer
cells in vitro by increasing mutant P53 expression and decreasing the expression of
stem cell marker CD44 (Table 3 and Figure 4) [30, 31].

5.3 Neurodegenerative diseases

Drug repurposing for neurodegenerative diseases involves identifying exist-
ing medications, initially developed for other conditions, that can be used to treat
diseases such as Alzheimer’s, Parkinson’s, and ALS. This approach leverages these
drugs’ known safety profiles and pharmacological data, potentially accelerating the
development of effective treatments. Repurposing can significantly reduce the time
and cost compared to traditional drug discovery, as these drugs have already under-
gone extensive testing for toxicity and side effects. By focusing on mechanisms such
as neuroprotection, reducing neuroinflammation, and enhancing neuroregeneration,
researchers hope to find new therapeutic uses for existing drugs, providing new hope
for patients suffering from these debilitating diseases [32].

Repurposed drugs such as Dextromethorphan, commonly found in cough
suppressants, are being studied for their neuroprotective and anti-inflammatory
properties in conditions like ALS. Riluzole was initially approved for ALS but is
being investigated for its neuroprotective effects in other neurodegenerative diseases

Drug Methods Disease

Metformin DSPathNet Breast, pancreas, and prostate
cancers

Mapping the proteomic profile on to SIGNOR database ~ Breast cancer

A structure-based method to identify proteome wide Various cancer types
molecular weights of metformin

SMiR-NBI Breast cancer

SDTNBI Various cancer types
Statins Weighted gene co-expression network analysis and Gastric cancer

Cmap querying

Cell cycle profiling Various cancer types

viper and PEANuT Various cancer types

MDP Various cancer types
Protonpump Molecular docking Pancreatic cancer and various
inhibitor types of cancers
Disulfiram b-SDTNBI Breast cancer

Table 3.
Drugs repurposed for cancer based on the network-based approaches.
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Figure 4.
Diverse cancer hallmarks tavgeted by repurposed non-oncology drugs.

like Alzheimer’s and Huntington’s disease [33]. Nilotinib, a leukemia drug, is being
explored for its potential to clear toxic proteins and improve symptoms in Parkinson’s
and Alzheimer’s diseases. Metformin is commonly used for diabetes; metformin is
being studied for its potential to slow cognitive decline and improve outcomes in
patients with Alzheimer’s disease.

5.4 Antimicrobial resistance

Clofazimine: Initially developed for leprosy, clofazimine has shown effectiveness
against multidrug-resistant tuberculosis (MDR-TB) and extensively drug-resistant TB
(XDR-TB).

Bedagquiline: Originally developed for other bacterial infections, bedaqui-
line has been repurposed to treat MDR-TB, significantly improving treatment
outcomes [34].

5.5 Host-directed therapies (HDTs)

Metformin: Beyond its antidiabetic effects, metformin is being explored for
its ability to modulate the host immune response, potentially enhancing TB
treatment.

Tyrosine Kinase Inhibitors: Drugs like imatinib, used in cancer treatment, are being
investigated for their potential to boost immune responses against various infectious
diseases [35].
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5.6 Cardiovascular drugs in oncology

Statins: Commonly used to lower cholesterol, statins are being studied for their
potential anticancer effects, particularly in reducing the risk of cancer recurrence and
metastasis.

Aspirin: Long used for pain relief and cardiovascular protection, aspirin is now
being investigated for its role in cancer prevention, especially colorectal cancer [36].

5.7 Anti-inflammatory drugs

Colchicine: Traditionally used for gout, colchicine is being repurposed for its anti-
inflammatory effects in cardiovascular diseases, reducing the risk of heart attacks and
strokes.

Naproxen: A nonsteroidal anti-inflammatory drug (NSAID), naproxen is under
investigation for its potential to reduce the risk of colorectal cancer and Alzheimer’s

disease [37].
5.8 Psychiatric drugs

Ketamine: Originally an anesthetic, ketamine has shown rapid antidepressant
effects in treatment-resistant depression, leading to the development of its derivative,
esketamine, for depression treatment.

Lithium: Used for bipolar disorder, lithium is being explored for its neuroprotec-
tive properties in neurodegenerative diseases like Amyotropic lateral Sclerosis (ALS)
and Alzheimer’s disease [36].

6. Challenges

Repurposing drugs faces several challenges, including the need for rigorous sci-
entific and clinical validation to demonstrate efficacy and safety for new indications.
Regulatory hurdles require extensive documentation and new clinical data, compli-
cating the approval process. Intellectual property issues, such as expired patents and
difficulty securing new ones, can reduce financial incentives. Economic barriers deter
investment, including high trial costs and uncertain market size. Designing appropri-
ate clinical trials, addressing long-term safety concerns, and managing off-label use
further complicate the process. Additionally, logistical challenges in manufacturing
and distribution, alongside ethical considerations like equitable access and public
perception, add to the complexity of repurposing drugs.

7. Future perspectives
7.1 Emerging areas for repurposing

Emerging areas for repurposing involve leveraging existing drugs, technologies, or
knowledge in new and innovative ways to address unmet medical needs. This includes
repurposing pharmaceuticals for different therapeutic indications, such as using
cancer drugs to treat infectious diseases or exploring the use of established medical
devices in novel applications like advanced robotics or telemedicine. Additionally,
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integrating artificial intelligence and machine learning to predict new uses for exist-
ing compounds is gaining traction, alongside the repurposing of data from clinical
trials to identify new drug candidates. These approaches aim to accelerate drug devel-
opment, reduce costs, and enhance the efficiency of medical research and treatment.

7.2 Innovative approaches

Innovative approaches in drug repurposing include leveraging computational
methods such as artificial intelligence and machine learning to predict new thera-
peutic uses for existing drugs based on their molecular properties and biological
effects. High-throughput screening of drug libraries against various disease models,
combined with bioinformatics tools, helps identify potential repurposing candidates.
Network pharmacology, which examines drug interactions and multiple targets,
offers insights into new applications. Additionally, collaborative efforts between
academia, industry, and regulatory agencies, along with real-world data from elec-
tronic health records and patient registries, enhance the identification and validation
of repurposing opportunities, aiming to expedite the drug development process and
reduce costs.

7.3 Challenges and solutions

Drug repurposing faces challenges such as intellectual property issues, regulatory
hurdles, and limited financial incentives for pharmaceutical companies. Identifying
appropriate candidates among the vast array of existing drugs requires extensive
research and robust data analysis. Additionally, variations in drug formulations and
dosages, initially designed for different conditions, can complicate repurposing
efforts. Solutions to these challenges include:

* Fostering public-private partnerships to share data and resources
* Streamlining regulatory pathways to facilitate approvals
* Offering financial incentives or grants to encourage repurposing projects

Advances in computational tools and real-world data analytics also support the
efficient identification and validation of potential repurposed drugs, addressing
scientific and logistical obstacles.

7.4 Collaborative efforts

Collaborative efforts in drug repurposing involve partnerships between academic
institutions, pharmaceutical companies, government agencies, and nonprofit organiza-
tions to share resources, data, and expertise. Initiatives like the National Institutes of
Health’s (NIH) National Center for Advancing Translational Sciences (NCATS) and the
Open Innovation Drug Repurposing Initiative foster collaboration by providing plat-
forms for sharing data and facilitating joint research projects. Public-private partnerships
help overcome financial and logistical barriers by pooling resources and streamlining the
drug repurposing process. These collaborations enhance the identification of promising
drug candidates, accelerate clinical trials, and ultimately bring repurposed therapies to
market more efficiently, benefiting patients with unmet medical needs.
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8. Future research directions

Future research directions for drug repurposing are poised to harness advanced
technologies and collaborative frameworks to uncover new therapeutic uses for exist-
ing drugs. One significant direction involves the integration of artificial intelligence
and machine learning to analyze vast datasets, including genomic, proteomic, and
clinical data, to predict potential drug-disease interactions. These computational
approaches can identify previously overlooked relationships and streamline the selec-
tion of promising candidates for repurposing. Additionally, high-throughput screen-
ing techniques combined with CRISPR and other gene-editing technologies will
enable more precise and efficient testing of drug effects on specific genetic targets,
expanding the possibilities for personalized medicine.

Another critical area of future research is the development of comprehensive
databases and platforms that facilitate sharing data and insights across the scientific
community. Initiatives like the Illuminating the Druggable Genome (IDG) project
aim to catalog and characterize understudied proteins, providing valuable informa-
tion for repurposing efforts. Collaboration between academia, industry, and regula-
tory bodies will be crucial in establishing standardized protocols and regulatory
frameworks to support drug repurposing. Furthermore, real-world evidence gathered
from electronic health records, patient registries, and wearable devices will play an
increasingly important role in identifying new applications for existing drugs and
validating their efficacy in diverse patient populations. By leveraging these innovative
approaches and fostering collaborative ecosystems, future research in drug repurpos-
ing can revolutionize healthcare and accelerate the discovery of novel treatments.

9. Critical views

Although drug repurposing is frequently praised for its ability to cut costs and
development time, there are a number of serious disadvantages that need to be con-
sidered. Critics point out that repurposed medications still need to undergo costly and
time-consuming clinical trials to demonstrate their usefulness for new applications,
and they frequently face the same regulatory obstacles as new treatments despite
the availability of safety data. Problems with intellectual property, like out-of-date
patents and generic competition, can reduce business incentives and stifle innovation
and investment. Repurposed medications may also have unanticipated adverse effects
in novel settings, which would complicate their safety profile. Significant obstacles
to their widespread adoption also include problems with off-label usage, logistical
challenges in production and delivery, and assuring fair access.

10. Conclusion

In contemporary medicine, drug repurposing has shown great promise as a means
of accelerating the release of medicines for a range of illnesses while cutting down on
the expenses and duration of research and development. There have been significant
advancements in medication repurposing in a variety of medical domains, including
as neurodegenerative illnesses, cancer, infectious diseases, and more. Remdesivir and
dexamethasone for COVID-19 are two well-known examples of how current medica-
tions can be quickly used to treat serious health emergencies. Progress in fields such
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as machine learning, computational biology, and high-throughput screening has also
greatly improved the detection and verification of repurposed medication candidates.

But there are still a lot of obstacles to overcome. It is just as tricky as creating new
medications requiring thorough clinical trials, regulatory approval, and rigorous
scientific validation to ensure safety and efficacy for novel applications. The repur-
posing process is made more difficult by logistical difficulties, economic obstacles,
and intellectual property concerns. There are significant obstacles in ensuring fair
access and addressing ethical issues.

Drug repurposing has a bright future ahead of it thanks to continued research,
creative thinking, and teamwork. Al and machine learning will remain essential in
finding novel therapeutic applications for already approved medications. Utilizing
genetic and phenotypic data, personalized medicine will assist in customizing
repurposing medicines to each patient, increasing efficacy and reducing side effects.
To ensure that innovations benefit a diverse range of patients worldwide, repurpos-
ing efforts must be advanced through public-private partnerships and global health
initiatives.

In conclusion, even if the road to drug repurposing is complicated, it is essential
to future medical research and development because of the possible time, money,
and treatment choices. To solve current obstacles and realize the full promise of
repurposed pharmaceuticals in enhancing global health outcomes, more innovation,
cooperation, and funding in this area are necessary.
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Drug Repositioning in the
Al-Driven Era: Data, Approaches,
and Challenges

Jing Wang, Siming Kong, Xiaochen Bo, Yunfang Wang,
Song He and Hui Bai

Abstract

The advent of artificial intelligence (AI) has revolutionized drug repositioning,
transforming it into an indispensable strategy for accelerating drug discovery. This
chapter offers an in-depth exploration of the multifaceted landscape of drug repo-
sitioning in the Al era, emphasizing the profound influence of Al on this domain
and providing a roadmap for future research. Beginning with a brief summary of
the data that form the bedrock of this field, biomedical databases encompassing
drugs, diseases, molecular targets, and clinical data are introduced in detail. Then
the experimental and computational approaches that underpin drug repositioning
are further dissected, ranging from binding assays or phenotypic screening to the
multi-omics methodologies and in silico technologies, with emphasis on Al-driven
methods. Subsequently, successful drug repositioning cases across diverse diseases
are highlighted. Finally, the importance of fully leveraging AI to address challenges in
drug repositioning is underscored.

Keywords: drug repositioning, artificial intelligence, biomedical databases, machine
learning, phenotypic screening, computational modeling

1. Introduction

Drug repositioning, also known as drug repurposing, is the process of discovering
new indications for existing drugs [1]. This approach leverages the extensive safety
and efficacy data already available for approved drugs or compounds in development,
thereby accelerating the drug development process and reducing its associated costs
and risks. Traditionally, this process has been rooted in serendipitous clinical observa-
tions, such as the repositioning of amantadine, which was unexpectedly found during
a patient’s case observation in 1968 [2]. Such methods, while occasionally fruitful,
were often inefficient and relied on chance findings.

The advent of computational methods has significantly accelerated drug reposi-
tioning research. Techniques like molecular docking [3-5] and molecular dynamics
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simulations [6-8] empowered researchers to predict and analyze the interactions
between drugs and their targets with greater precision and speed. The omics-based
methods combine various types of omics data to reveal the underlying mechanisms of
diseases, discover potential therapeutic targets, and facilitate the drug repositioning
process [9-13]. Network-based methods utilize the topology of biological networks

to uncover possible novel applications for current medications [14-16]. These
approaches allowed for a more systematic exploration of the potential of existing
drugs beyond their original indications.

While the aforementioned computational methods have significantly accelerated
drug repositioning research, they encounter inherent limitations when confronted
with the multimodal and vast biomedical datasets. Also, they may not fully address the
complexity and variety of tasks involved in drug repositioning. In the era of Al-driven
techniques like ChatGPT and AlphaFold [17-19], there is an increasing interest in
applying Al techniques for drug repositioning. The integration of Al technologies with
biomedical data has enabled researchers to uncover complex patterns and relationships
that were previously undetectable within biological data, leading to a paradigm shift in
drug discovery and development. For instance, text mining significantly enhances the
efficiency of information retrieval, facilitating the integration of information for drug
repositioning [20]. Moreover, the primary Al method utilized for drug repositioning,
machine learning, is widely applied for multiple tasks, such as drug-target relationship
prediction [21-23], drug response prediction [24-26], and drug combination prediction
[27-29]. These Al technologies have accelerated the pace of drug repositioning.

This chapter, “Drug repositioning in the Al-driven era: data, approaches, and
challenges,” aims to provide a comprehensive overview of the current state of drug
repositioning, with a focus on the role of Al in this domain. It starts with the various
databases that form the backbone of drug repositioning efforts, exploring how they
contribute distinct yet complementary information to the field. Next, this chapter
explores the multifaceted computational methods for drug repositioning. Structure-
based methods, omics-based methods, network-based methods, and machine
learning-based methods are discussed, with a focus on machine learning-based
methods. Moreover, this chapter also review the role of binding assays and pheno-
typic screening for drug repositioning. Finally, the chapter summarizes the progress
achieved and the challenges faced for drug repositioning, reflecting on the journey so
far and the path forward.

2. Databases supporting drug repositioning

Drug repositioning is a multifaceted process that relies heavily on a variety of
specialized databases. Each type of database contributes distinct yet complementary
information, forming a collective knowledge base that accelerates the discovery of
new therapeutic applications for existing drugs. This section summarizes databases
supporting drug repositioning.

2.1 Drugrelated databases
Drug related databases collect a rich source of information about drugs. They com-

pile a wealth of data encompassing drug structures, properties, and their relationship
to various targets or diseases. Take DrugBank [30], for example; it is celebrated for its
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exhaustive data of drug-related information, including but not limited to molecular
structure, drug target, ATC code, and indications. Molecular structure can be used
in structure-based drug repositioning methods, which apply docking or molecular
dynamics simulation to screen drug targets to identify novel indications. Also,
molecular structure and other drug property information can be used in network-
based methods or used as input features for machine learning methods. PubChem
[31], with its extensive collection of chemical substances, supports the exploration
of chemical properties (not only drugs) and bioactivities. These databases serve as a
foundation for drug repositioning by offering insights into drug characteristics and
potential interactions with biological systems.

In addition to individual drug information databases, there are also databases that
collect data on drug combinations, such as DrugComb [32]; these databases provide a
data foundation for the drug repositioning of drug combinations. More databases are
provided in Table 1.

Category Databases Description Website
Drug DrugBank [30] Molecular structure; drug target; ATC https://go.drugbank.
code; indications; side effect; drug-drug com/
interaction
PubChem [31] Molecular structure; ATC code; https://pubchem.ncbi.
indications; side effect; nlm.nih.gov/
CHEMBL [33] Molecular structure; drug target; https://www.ebi.ac.uk/
Indications; chembl/
Sider [34] Indications; side effect http://sideeffects.
embl.de/
DrugComb [32] Drug combinations https://drugcomb.
fimm.fi/
DrugCombDB [35] Drug combinations http://drugcombdb.
denglab.org/
Gene/ Universal Protein (UniProt) ~ Protein sequence; gene terms; protein- https://www.uniprot.
protein [36] protein interactions; 3D structures of org/

proteins

Protein Data Bank (PDB) 3D structures of proteins; protein http://www.rcsb.org

[37] sequence

Gene Ontology(GO) [38] Functions of gene and gene products https://www.
geneontology.org/

Kyoto Encyclopedia of Pathway http://www.keggjp/

Genes and Genomes

(KEGG) [39]

Biological General Protein-protein interactions; gene-gene https://thebiogrid.org

Repository for Interaction interactions

Datasets (BioGrid) [40]

Human Protein Reference Protein sequence; protein-protein http://www.hprd.org/

Database (HPRD) [41]

interactions

Search Tool for the
Retrieval of Interaction
Gene/Proteins (STRING)
[42]

Protein-protein interactions

https://cn.string-db.
org/
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Category Databases Description Website
Disease Online Mendelian Human genes and genetic phenotypes http://omim.org
Inheritance in Man
(OMIM)
Disease Gene Network Associated genes https://disease-
(DisGeNET) [43] ontology.org/
Disease ontology [44] Disease phenotypes; disease terms http://www.disease-
ontology.org
The human phenotype Disease phenotypes; disease terms https://hpojax.org/
ontology (HPO) [45]
Clinical ClinicalTrials Contains clinical studies, adverse effects;  https://clinicaltrials.
data disease indications gov/
Drugs@FDA FDA approved drugs and their dosage https://www.
information accessdata.fda.gov/
scripts/cder/daf/
UK Biobank Genome, transcriptome proteome, https://www.
metabolome, and phenome of UK ukbiobank.ac.uk/

participants

Drugomics  The Connectivity Perturbed expression profiles to https://clue.io
Map(cMap) [46] chemical or genetic perturbation
Genomics of drug Somatic mutations, copy number http://www.
sensitivity in cancer variations, DNA methylation, and gene cancerrxgene.org/
(GDSC) [47] expression profiles of cancer cell lines;

cancer cell lines sensitivity to compounds

Table 1.
Summary of the databases supporting drug repositioning.

2.2 Gene/protein related databases

Gene and protein-related databases provide a foundation for understanding the
molecular targets of drugs. These databases include sequences and 3D structure
properties (e.g., UniProt [36], PDB [37]), functional properties (e.g., GO [38], KEGG
[39]), and topological properties in protein-protein interactions (PPI) (e.g., STRING
[42], HPRD [41], BioGrid [40]), as shown in Table 1. Protein 3D structure informa-
tion supports structure-based drug repositioning methods to explore the affinity
between drugs and targets. Sequences and 3D structure, functional and topological
properties are generally used in drug-target prediction based on network or machine
learning methods. Consequently, these databases are vital for identifying drug targets
and facilitating drug repositioning efforts.

2.3 Disease related databases

Disease-related databases are pivotal for linking drugs to potential new indica-
tions. The genetic information (e.g., OMIM, DisGeNET [43]) of disease can enable
researchers to understand diseases at the molecular level, which is usually applied
in Mendelian randomization or network-based methods. The disease terms (e.g.,
Disease ontology [44], HPO [45]) usually present some key information about the
phenotype of a disease. This information is invaluable for the process of drug repo-
sitioning through disease similarity construction in machine learning or network-
based methods. By integrating these diverse data sources, researchers can identify
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previously unrecognized connections between drugs and diseases, potentially leading
to the discovery of novel treatments.

2.4 Clinical data related databases

Clinical databases are instrumental in the drug repositioning process by providing
arich source of clinical information that can be leveraged to identify new therapeutic
opportunities for existing medications. Taking UK Biobank as an example, this large-
scale biomedical database contains gene expression data derived from various tissues,
including blood, adipose tissue and brain samples; measurements of various proteins
in biological samples; and metabolomic profiling that captures the small molecules
present in biological samples, such as blood or urine. These data are usually used
in Mendelian randomization, omics-based methods or retrospective case-control
pharmacoepidemiologic analyses [48] for drug repositioning.

2.5 Drug omics databases

Drug omics databases contain omics data of cell lines. GDSC database [47], for
instance, contains somatic mutations, copy number variations, DNA methylation,
and gene expression profiles of numerous cancer cell lines, as well as drug response
data, which can be used in drug response prediction. CMap [46] offers a comprehen-
sive repository of gene expression profiles obtained from the systematic perturba-
tions to cell lines, including perturbations caused by small molecules and genes. This
database facilitates the establishment of connections between diseases, genes, and
pharmaceuticals by deciphering the molecular signatures induced by small molecules
or genes [46, 49]. In drug repositioning field, cMap data are widely used in signature-
based methods or used as input features of the drugs in machine learning methods.

3. Computational modeling for drug repositioning

Computational modeling for drug repositioning encompasses a wide array of
methods, each with its unique strengths and applications. In this section, we delve
into the specifics of these computational approaches, exploring their methodologies
and applications in the context of drug repositioning. These methods include struc-
ture-based methods, omics-based methods, network-based methods, and machine
learning methods (Figure 1). The specific comparisons of these computational
methods are presented in Table 2; the databases involved in specific representative
works are summarized in Table 3.

3.1 Structure-based methods

Structure-based methods focus on exploring the potential interactions between
drugs and molecular targets, aiming to uncover novel applications for existing drugs.
The two common structure-based drug repositioning methods are molecular docking
and molecular dynamic.

Molecular docking is a computational strategy based on the structure to predict
the binding site complementarity between the ligand (e.g., a drug) and the target
(e.g., areceptor) [5]. Docking plays a pivotal role in drug repositioning by enabling
the screening of drug libraries against a specific disease target or exploring multiple
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Figure 1.
Common computational methods for drug repositioning.
Methods Description Advantages Disadvantages
Structure- Investigates structural Provides molecular insights Dependency on structural
based complementarity into how drugs work information; not applicable
methods between drugs and to multi-target diseases; only
targets to predict binding applicable to the prediction of
affinity drug-target relationship
Omics- Integrates multi-omics More comprehensive Dependency on the quality
based data to understand the view of the underlying and availability of omics data;
methods mechanism disease or mechanisms; enable data integration challenges
drug personalized medicine
Network- Leverages the topology A more comprehensive Lack of specificity; network
based of biological networks understanding of the data is incomplete and
methods to identify potential new interaction of drugs, targets contains a lot of noises
uses for existing drugs or other biological entities
Machine Applies algorithms to fit Uncovers hidden patterns Sensitive to data quality; May
learning- patterns behind the data from the known data; lack interpretability
based to make predictions for suitable for multiple
methods various tasks tasks in the field of drug
repositioning; adapts to
large datasets
Table 2.

Summary of computational methods for drug repositioning.

targets against one drug (typically referred to as reverse molecular docking) [54].
Currently, the availability of diverse software like AutoDock [55], GOLD [56], FlexX
[57], Surflex [58], and GLIDE [59] aids researchers in enhancing docking’ accuracy
and efficiency. However, several challenges accompany the use of docking for drug
repositioning. One significant hurdle is the lack of available 3D structures for some
protein targets, particularly membrane proteins like G Protein-Coupled Receptors
[3]. Additionally, there is a scarcity of well-curated databases that offer accurate
structural information for macromolecular targets [60]. Furthermore, the predic-
tive accuracy of docking algorithms regarding binding affinity has been questioned.
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Methods Databases Data description
Structure-based PDB [37] 69,843 Structures of human sequences
methods [§] PubChem [31] 118,564,728 Unique chemical structures
Omics-based UK Biobank Whole genome sequencing for all 500,000 participants
methods [50, 51] cMap [46] Gene expression profiles under 19,000 small molecules
perturbations
Network-based SM2miR [52] Experimentally validated small molecules’ effects on
methods [16] miRNA expression. Number of miRNAs: 1658 Number of
small molecules: 255 Number of entries: 4989
PubChem [31] 118,564,728 Unique chemical structures
Machine learning- Novartis’ internal in 5.5 million compounds (Novartis in-house resources)
based methods silico activity dataset
[21, 25, 27] . ¥ . .
cMap [46] Gene expression profiles under 5000 genetic perturbations
GO [38] 42,093 GO terms
1,537,645 gene products
Cancer Cell Line Structural variants for 329 cell lines
Encyclopedia (CCLE)
[53]
GDSC [47] 969 Cell lines
297 Compounds
243,466 IC50s
PubChem [31] 118,564,728 Unique chemical structures
DrugComb [32] 739,964 Drug combinations
Table 3.

Summary of databases involved in some representative works.

While improvements are ongoing, variations exist between different software pack-
ages, and certain limitations, such as predicting binding modes and entropic effects,
persist [54, 61, 62].

Molecular dynamics (MD) simulation is a computational method that provides
a detailed description of the behavior and motion of atoms and molecules over time
[8]. By employing mathematical models known as force fields, molecular dynamics
simulations explore the potential energy surface of a system, offering insights into its
dynamic properties, including conformational transitions, structural changes, and
interactions with other molecules or environments [6]. These simulations are instru-
mental in studying a variety of phenomena such as protein folding and drug binding
[7]. When integrated with molecular docking, MD simulations can significantly
enhance the reliability of docking results [63]. Docking identifies potential drug-
target interactions, while MD simulations provide a deeper understanding of the
dynamic behavior of these interactions, accounting for factors such as entropic effects
and conformational changes that may not be fully captured by docking alone. This
combination of techniques allows for a more comprehensive evaluation of drug-target
binding. Sadeghi et al. [8] applied molecular docking to screen DrugBank-approved
compounds for potential interactions with a-glucosidase, a key enzyme in diabetes
treatment. Then they used molecular dynamics simulations to verify the stability
of the most promising compound-docked complexes. The combined use of these
computational techniques identified Forodesine as a competitive inhibitor with a low
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half maximum inhibitory concentration (ICs) value, suggesting its potential as a
novel therapeutic agent for diabetes through a-glucosidase inhibition.

3.2 Omics-based methods

Omics-based methods apply single or multi-omics data to understand disease
mechanisms, identify new drug targets, and guide the repositioning process [11].
In general, these methods apply statistics-based methods to apply genome-wide
association study (GWAS) [64], transcriptome-wide association study (TWAS) [10],
or proteome-wide association study (PWAS) [9], so as to identify novel drug targets
for specific diseases. For instance, Chen et al. [65] developed TESLA, an approach
integrating an expression quantitative trait locus dataset with multi-ancestry GWAS.
Applied to tobacco use phenotypes, they identify 273 new genes and highlight
potential drugs for nicotine addiction treatment, including dextromethorphan and
galantamine.

In the subsequent sections, we will explore two additional omics technologies that
are widely applied in drug repurposing: Mendelian randomization and signature-
based methods.

3.2.1 Mendelian randomization

Mendelian randomization (MR) employs genetic variants as instrumental vari-
ables to infer causal relationships between drug targets and outcomes [11], offering a
robust approach to drug repositioning by mitigating confounding factors and reverse
causation inherent in observational data. Applied 2-sample Mendelian randomization
study (Collecting exposure and outcome data from two separate, non-overlapping
populations), Tang et al. [50] identifies an association between genetic variations
in sulfonylurea antidiabetic drug targets and a reduced risk of Alzheimer’s disease,
highlighting the sulfonylurea class as a potential therapeutic area for further explora-
tion in Alzheimer’s prevention and treatment.

MR is not influenced by confounding factors, providing a clear line of sight to
causal relationships between drug targets and diseases based on the genome data.
However, its applicability is restricted to drugs with strong genetic predictors, and it
may fall short for drugs where the genetic determinants are weak or complex.

3.2.2 Signature-based methods

A gene signature refers to the distinctive pattern of expression profile in cells that is
associated with specific normal or disease processes, as well as responses to drug treat-
ment [66]. CMap is a reference database that contains gene expression profiles result-
ing from systematic perturbation treatments of compounds or genes, which provides
valuable gene signature data. Signature-based drug repositioning methods involve two
primary strategies: drug-disease approaches and drug-drug approaches [54].

Drug-disease approaches are based on the presumption that the drug capable of
restoring disease-induced gene signatures back to their normal state could potentially
serve as a therapeutic candidate for treating the disease [67]. Many studies follow this
principle, leveraging drug perturbation expression profiles from CMap to discover
repositioned drugs for particular diseases. The key of these studies lies in acquir-
ing disease-related expression profiles and establishing computational methods to
match disease expression profiles with drug expression profiles, with the aim of
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repositioning therapeutic drugs for specific diseases. For instance, in their search

for novel treatments for Human adenoviruses (HAdV) infections, Wang et al. [51]
measured the transcriptome data of HAdV-infected human lung epithelial cells.
Then they employed the Gene Set Enrichment Analysis (GSEA) method to match
the disease expression profile and drug perturbation expression profiles from CMap.
Through this process, they identified the anti-diabetic drug rosiglitazone as a poten-
tial treatment for HAdV infections, with experimental results confirming its efficacy
both in vitro and in vivo.

Drug-drug approaches are premised on the idea that if two drugs share a common
transcriptomic signature, they may also possess similar therapeutic applications, irre-
spective of the similarities or differences in their chemical structures [12, 68]. The key
to these approaches lies in computing drug-drug similarity, often in combination with
other computational methods such as network-based methods. Iorio et al. leveraged
gene signature data to construct drug similarity networks, enabling the repositioning
of fasudil, a Rho-kinase (ROCK) inhibitor to be an enhancer of cellular autophagy,
with therapeutic effects in several neurodegenerative conditions [13, 68].

3.3 Network-based methods

In biological networks, each node represents an interacting entity (drug, disease,
gene, non-coding RNA, protein, or other biomedical entities), while the edges
represent their various interactions or relationships, such as functional similarities or
regulatory relationship [69]. Network-based methods leverage the topology of bio-
logical networks to identify potential new uses for existing drugs. For instance, Zhou
etal. [16] construct drug-drug interaction network based on curated drug-miRNA
associations and found topology densely connected drugs tend to share similar thera-
peutic effects in the drug-drug interaction network. Additionally, network-based
methods frequently employ graph mining algorithms like random walk, path search
and network propagation to uncover potential connections between drug and disease
that were previously unlinked within a heterogeneous network [15]. Wang et al. [14]
proposed a novel drug repositioning strategy termed “Drug Repositioning-based on
Individual Bi-random Walks” (DR-IBRW). This approach overcomes the limitations
of existing random walk-based methods that overlook varying node contributions in
information transfer and typically adopt a fixed walk-length for all nodes. DR-IBRW
uses disease and drug information to construct disease-disease and drug-drug
similarity networks, calculates an individual walk-length for each node based on the
topology of drug-disease network. It then performs quantified bi-random walks to
account for structural differences among these networks, varying node contributions,
and identify new drug-disease associations.

Network-based methods capitalize on topology of biological networks and provide
a broader understanding of the interactions among drugs, targets, and other biologi-
cal entities. However, the lack of specificity and the prevalence of incomplete and
noisy data in biological networks can limit the accuracy and reliability of predictions
made by these methods.

3.4 Machine learning-based methods

In the field of drug repositioning, from target identification to drug-target pre-
diction, machine learning methods play a crucial role with its ability to recognize
complex patterns behind large datasets. Traditional machine learning methods,
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such as support vector machine and random forest, rely on handcrafted features.
Furthermore, deep learning methods, including convolutional neural network, recur-
rent neural network, and graph neural network (GNN) can automatically extract
complex features from unstructured data, such as molecular structures and genomic
sequences.

One of the critical tasks in drug repositioning is the prediction of drug-target rela-
tionship, which is essential for identifying potential novel uses for marketed or failed
drugs. In addition to drug-target prediction, machine learning techniques are also
employed in other tasks such as drug response prediction, drug property prediction,
and exploration of drug-disease associations. This section will delve into the applica-
tion of machine learning in drug repositioning, focusing on drug-target prediction
and other related tasks.

3.4.1 Drug-target velationship prediction

Drug-target relationship prediction by machine learning models can help us to
find potential novel uses of exited drugs. The primary task of these models is to
predict whether a drug can bind to a specific target. For instance, DeepConv-DTI
[23] utilizes convolutional neural networks to predict the likelihood of an interaction
between a drug and a target based on drug fingerprint and protein sequence data.
This work performed convolution on different lengths of amino acid subsequences
to capture local residue patterns of target. GNN excel at capturing complex patterns
on graph. Shao et al. [22] constructed a heterogeneous graph from drug and target
similarity matrices alongside drug-target interaction (DTI) data. The proposed
model, DTI-HETA, integrates this graph with an attention mechanism for precise
DTI prediction. In addition to algorithm design, information effectiveness behind
the input features is also crucial for the prediction task. Inspired by the word2vec
technique in natural language processing, Chen et al. [21] developed the Functional
Representation of Gene Signatures (FRoGS) model, which encapsulates gene signa-
tures in terms of their biological functions. FRoGS has been proven to be superior
in predicting drug-target interactions compared to methods that solely rely on gene
identity.

Machine learning models are also applied in other drug-target prediction related
tasks, such as binding affinities or binding site prediction. Li et al. have developed an
innovative model known as Co-VAE (co-regularized variational autoencoders), which
uses the structure of drugs and the sequence of targets to predict binding affinities,
also aiding in discovering drugs that hit similar targets [70]. Pan et al. [71] proposed
BindingSiteDTI, which is a deep learning model that enhances drug-target interac-
tion prediction by intelligently scaling features to achieve binding site prediction.
More recently, cutting-edge advancements like AlphaFold3 [18], with its advanced
diffusion-based framework, have pushed the boundaries further by predicting
complex structures involving proteins and small molecules. These models provide
deeper insights into drug-target interactions, which is crucial for understanding their
therapeutic potential.

3.4.2 Drug-disease association prediction

Drug-disease association prediction provides direct information for drug repo-
sitioning, identifying new therapeutic potentials for specific diseases. This method
leverages comprehensive data, such as disease-disease associations or drug-drug
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associations to predict novel drug-disease associations. One of the representative works
is HNet-DNN model [72], which extracted topological features within drug-disease
heterogeneous networks to train a deep neural network to predict novel drug-disease
associations. And more recently, GNN demonstrated excellent performance on graph-
based tasks, Meng et al. [73] developed DRAGNN, a novel graph neural network model
that dynamically prioritizes information from heterogeneous drug and disease nodes
using a graph attention mechanism, while strategically omitting self-node aggregation
to preserve valuable network embeddings. The model simplifies neighbor information
aggregation through average pooling and employs a multi-layer perceptron for drug-
disease association prediction, demonstrating robust effectiveness.

3.4.3 Drug response prediction

Drug response prediction plays a pivotal role in the realm of drug repositioning
by providing insights into how different cell lines or preclinical models may respond
to a particular medication [24-26, 74-76]. For cellular response prediction, the
majority of studies [24-26, 75] harness the omics feature of cell lines in conjunction
with the fingerprint or molecular graph of the drugs to achieve novel drug-cell line
response prediction. A case in point is the model proposed by Kuenzi et al., known as
DrugCell, which is an interpretable deep neural network embedded with gene-related
knowledge. This model utilizes input mutation data of cell lines combined with drug
fingerprints to predict drug response to cell lines. For drug response prediction for
preclinical models, studies [74, 76] usually apply transfer learning methods to address
the problem of small preclinical samples.

3.4.4 Drug property prediction

Drug property prediction is a key field in drug repositioning, especially in pre-
dicting the therapeutic properties of drugs. The Anatomical Therapeutic Chemical
(ATC) classification system is an internationally recognized drug categorization
framework maintained by the World Health Organization’s (WHO) collaborating
centers. It classifies medications based on the anatomical site of action, therapeutic
use, and chemical characteristics, facilitating standardized and comparative drug
usage. Machine learning methods have emerged as a powerful tool in the prediction of
ATC classifications for drugs. For instance, Xie et al. [77] introduced a novel domain-
adversarial multi-task framework for predicting ATC classifications of drugs, with
the innovation of using an adversarial strategy and multi-task framework to model
the nonlinear dependencies among heterogeneous data to enhance the accuracy of the
prediction. The model has effectively facilitated the repositioning of FDA-approved
drugs by identifying their potential for new therapeutic applications, as evidenced by
the successful prediction and retrospective analysis of drugs like mecamylamine for
anti-depressant and anti-addictive indications.

Besides, accurate prediction of drug properties, such as absorption, distribu-
tion, metabolism, excretion and toxicity (ADMET), is essential for assessing the
druggability of compounds. One of the representative works, ADMETIab [78-80],
is an integrated online webserver that offers precise predictions for ADMET charac-
teristics. Utilizing multi-task deep message passing neural networks (DMPNN), it
provides a robust, high-throughput platform for analyzing a comprehensive suite of
ADMET properties. ADMETIab 3.0 is readily accessible to the public without requir-
ing registration and can be found at: https://admetlab3.scbdd.com.
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3.4.5 Drug combination prediction

Given the limitations of single-drug potency that restrict the clinical applicabil-
ity in drug repositioning, the vast potential of combination therapy emerges as a
promising alternative, offering a broader array of options to enhance the success of
drug repositioning [29]. Machine learning methods demonstrate significant efficacy
in predicting drug combinations, typically framing the task as either a multi-class
classification or a regression problem. Specifically, the combined effects of drugs
are categorized into synergistic, additive, and antagonistic based on established
definitions [28]. Yet, the predominant focus in classification studies is the binary
division into synergistic and non-synergistic categories, which poses an imbalanced
classification challenge. Wu et al. [27] proposed ForSyn, an advanced deep forest-
based approach, to effectively address the issue of imbalanced classification on
small-scale, high-dimensional datasets. Additionally, interpretability is also crucial
for drug combination prediction. Additionally, interpretability is also crucial for drug
combination prediction. By employing feature attribution techniques, Janizek et al.
[81] demonstrate that the explanations can be enhanced through the use of multiple
interpretable machine-learning models. Combined biological process network with
deep neural network, Wang et al. developed an interpretable framework for designing
synthetic lethality-based combination therapies.

4. Experimental approaches for drug repositioning

This section introduces the main experimental approaches for drug repositioning,
including binding assays and phenotypic screening. Binding assays facilitate drug
repositioning by revealing new drug-target interactions, which is advantageous for
deciphering drug mechanisms. However, this approach may not be ideal for drugs
exerting their effects through interactions with multiple targets simultaneously.
Phenotypic screening, which assesses the effects of drugs on observable traits in bio-
logical systems, allows for the identification of compounds with therapeutic potential
in a broader range of conditions. Phenotypic screening expands the scope of drug
repositioning opportunities but can sometimes fall short in terms of mechanism clar-
ity. These methods not only discover repositioned drugs but also serve as a validation
for drugs identified by computational models.

4.1 Binding assays

Binding assays are pivotal tools in drug repositioning, facilitating the identifi-
cation of new therapeutic uses for existing drugs by evaluating their affinity for
various biological targets. Proteomic techniques such as affinity chromatography
and mass spectrometry are employed to identify the binding partners of drugs,
facilitating the exploration of drug mechanisms and repositioning opportunities.
The Cellular Thermostability Assay (CETSA) is another method that maps drug-
target interactions within cells by detecting the thermal stabilization of proteins
induced by drug-like ligands with suitable cellular affinity [54]. These assays
provide a foundation for target validation in chemical biology, enhancing our
understanding of a drug’s therapeutic potential and aiding in the development of
repurposed therapies.
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4.2 Phenotypic screening

In contrast to binding assays, which rely on a confirmed association between
molecular target and disease, phenotypic screening emphasizes the direct assessment of
compounds’ effects on biological systems associated with the disease, without presup-
posing the involvement of particular molecular targets. The most suitable biological
system for phenotypic screening would involve humans. However, for ethical and safety
reasons, this method is no longer considered viable. Model systems offer an alternative
for phenotypic screening, including iz vitro and in vivo phenotypic screening.

Typically, cell-based models are the most commonly used model systems. It
leverages disease-related cells to explore a broad spectrum of potential drug activities.
For example, based on the characteristics of Alzheimer’s disease, Fischer et al. [82]
used multiple cell lines to screen a library of extracts from plants to identify drug
candidates for Alzheimer’s disease. One of these extracts was demonstrated to possess
potent neuroprotective and anti-inflammatory properties.

Complementing the cell-based models, the advancement of organoid models,
which simulate the functions of a basic organ, has significantly enhanced the phe-
notypic screening methodology. Organoids are derived from stem cells and can
self-organize into complex tissue structures, providing a valuable tool for disease
modeling and drug testing [83]. Organoids can be used for drug repositioning screen-
ing in a variety of diseases. The key to using organoids for drug phenotypic screening
is to develop organoid models that closely mimic the original disease state. In one such
study, Saito et al. [84] successfully established organoids from biliary tract carcinoma
(BTC) patients and repositioned antifungal drugs as potential therapeutic agents.
And more recently, Mao et al. [85] established human colorectal cancer-derived
organoids that well represent both morphological and molecular heterogeneities
of original tumors. With this model, 335 drugs were tested and 34 drugs with anti-
colorectal cancer effects were identified.

In vivo models utilize small animal models for phenotypic screening. These in vivo
systems allow for the examination of intricate signaling pathways and interactions
between tissues that cell-based models cannot replicate, thereby providing a more
comprehensive understanding of drug effects. Considering the cost-effectiveness,
in vivo screening is often combined with iz vitro screening. Through a multi-faceted
screening approach that includes high-throughput iz vitro and in vivo phenotypic
assessments, Lee et al. [86] have discovered XL.888, an HSP90 inhibitor, to be an
effective agent against tissue fibrosis by exhibiting potent senolytic properties.

5. Progress and challenges for drug repositioning in the Al-driven era

Drug repositioning offers significant advantages in pharmaceutical development
by leveraging existing drugs for novel therapeutic purposes. Several classic examples
highlight the success of drug repositioning across various diseases. For instance,
sildenafil citrate, originally investigated as an antihypertensive, found unprecedented
success when repurposed for erectile dysfunction due to its vasodilatory effects.
Similarly, thalidomide, infamous for its historical association with birth defects, was
repurposed first for erythema nodosum leprosum and later for multiple myeloma,
demonstrating unexpected therapeutic benefits beyond its original indication [1].
These successes often stem from retrospective analyses and clinical observations
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rather than systematic approaches [54]. Clinical experiences and pharmacological
insights into a drug’s mechanisms of action have frequently guided these reposition-
ing efforts. More FDA-approved repurposed drugs can be found in Table 4.

Future advancements in drug repositioning may harness AI for more systematic
approaches. Al algorithms can sift through vast datasets to identify novel therapeutic
uses and potential drug combinations, promising to accelerate the discovery process.
While Al presents unprecedented opportunities, it also introduces a unique set of
challenges that must be navigated to harness its full potential. We discuss these chal-
lenges and future prospects in this section.

5.1 Data issues

AT’s voracious appetite for data necessitates the aggregation of vast and diverse
datasets. The quality, standardization, and interoperability of these datasets are
paramount for the development of reliable Al models. However, the heterogeneity
and noise inherent in biomedical data can impede the performance of Al algorithms.
Furthermore, the ethical considerations surrounding data privacy and patient
consent become more pronounced in the digital age, demanding robust frameworks
to ensure data security and compliance with regulations.

5.2 Computational modeling

The complexity of biological systems and the high dimensionality of omics data
require advanced Al techniques such as deep learning and machine learning. These
methods, while powerful, can be computationally intensive and may require signifi-
cant expertise to implement effectively. While certain models may perform well on
specific datasets, their ability to generalize to new or different datasets can be limited.
There is a need for developing robust and adaptable models. Additionally, the “black
box” nature of some AI models poses a challenge for regulatory approval and clinical
acceptance, as the interpretability of Al-driven predictions is crucial for translating
findings into clinical practice.

Drug Original indications New indications Repositioning methods
Zidovudine Cancer HIV/AIDS Phenotypic screening
Minoxidil Hypertension Hair loss Retrospective clinical analysis
Rituximab Various cancers Rheumatoid Retrospective clinical analysis
arthritis
Raloxifene Osteoporosis Breast cancer Retrospective clinical analysis
Topiramate Epilepsy Obesity Pharmacological analysis
Ketoconazole Fungal infections Cushing syndrome Pharmacological analysis
Aspirin Analgesia Colorectal cancer Retrospective clinical and pharmacological

analysis

Galantamine

Polio and muscle
atrophy

Alzheimer’s disease

Pharmacological analysis

Amantadine

Influenza A infection

Parkinson’s disease

Case observation of a patient

Table 4.

Selected successful drug repositioning examples.
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5.3 Regulatory and ethical considerations

The regulatory requirements and approval processes for drug repositioning may
not be as well-defined as those for new drug development, leading to uncertainty
for researchers and pharmaceutical companies in advancing repurposed drugs. The
regulatory landscape for Al-driven drug repositioning is still evolving. The uncer-
tainty in regulatory guidelines can create challenges for researchers and companies
seeking to bring repurposed drugs to market. Moreover, ethical concerns regarding
the use of Al in healthcare, such as potential biases in Al algorithms and the implica-
tions of personalized medicine, need to be addressed to build public trust and ensure
equitable access to therapies.

5.4 Future prospects

Despite these challenges, the future of drug repositioning in the Al-driven era is
promising. The development of more efficient algorithms, enhanced computational
power, and innovative data integration techniques will likely overcome current
data-driven hurdles. As Al models become more interpretable and their predictions
more reliable, they will gain wider acceptance in the clinical and regulatory spheres.
Furthermore, the ongoing dialog between the Al community, regulatory agencies,
and ethicists will be instrumental in shaping guidelines that foster innovation while
safeguarding patient welfare.

In conclusion, the Al-driven era presents both challenges and prospects for
drug repositioning. By addressing data quality and privacy issues, enhancing
computational methodologies, and working closely with regulatory bodies, the
field can leverage AI to unlock new therapeutic opportunities and bring benefits to
patients more rapidly than ever before. The road ahead requires a concerted effort
from all stakeholders to ensure that Al serves as a catalyst for progress in drug
repositioning.

6. Conclusion

This chapter has provided a comprehensive overview of drug repositioning in the
Al-driven era, highlighting the profound impact of AI on accelerating drug discovery
and the potential to uncover new therapeutic applications for existing drugs. We have
explored the extensive use of biomedical databases, the evolution of computational
methods from structure-based to machine-learning approaches, and the successful
cases of drug repositioning across various diseases. The integration of Al with drug
development has indeed marked a paradigm shift, enhancing the efficiency of drug
repositioning through advanced data analysis and pattern recognition.

Looking ahead, while the field faces challenges such as data heterogeneity,
computational complexity, and regulatory uncertainties, the future of Al in drug
repositioning is promising. The development of more sophisticated algorithms,
increased computational capabilities, and improved data integration strategies are set
to overcome current hurdles. With enhanced transparency and improved reliability in
their predictions, AI models are likely to gain wider acceptance in clinical practice and
regulatory approval. In summary, the application of Al to drug repositioning holds
great promise, offering the potential to revolutionize the way of drug repositioning
and accelerate the delivery of novel therapies to patients in need.
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Abstract

Drug repurposing involves identifying new therapeutic uses for existing drugs,
offering a cost-effective and time-efficient alternative to traditional drug discovery
against cancer. Key approaches include computational, experimental, and drug-
centric strategies, which have demonstrated success in targeting specific cancer
types such as colorectal cancer with aspirin and BCC with itraconazole. Additionally,
repurposing has shown potential in combination therapies, enhancing treatment effi-
cacy, preventing metastasis, disrupting metabolic processes in cancer cells, improving
cancer immunotherapy, and overcoming resistance mechanisms. Despite its benefits,
drug repurposing faces significant obstacles, including cancer’ biological complex-
ity, clinical trial design challenges, intellectual property barriers, biases affecting
repurposing outcomes, and access to knowledge. Cancer heterogeneity complicates
the development of universally effective therapies, while high costs and regulatory
hurdles of clinical trials hinder rapid advancement. Furthermore, limited patent
incentives reduce industry interest in repurposing projects. Al is revolutionizing drug
repurposing by identifying new therapeutic targets and predicting drug interactions,
yet challenges related to data quality, interpretability, and computational requirements
necessitate careful integration. To overcome these barriers, collaboration between
academia, industry, and regulatory bodies, alongside innovations in bioinformatics
and clinical trial methodologies, is critical for advancing drug repurposing as a viable
strategy for cancer treatment. This chapter explore the advantages, impacts, and
challenges of drug repurposing in oncology, emphasizing its potential to accelerate
the development of effective therapies while navigating obstacles such as data quality,
regulatory challenges, and the necessity for comprehensive clinical validation.

Keywords: cancer, drug repurposing, combination therapy, drug resistance,
computational drug discovery, cancer metastasis prevention, bioinformatics tools,
artificial intelligence

1. Introduction

Drug repurposing or reprofiling is a strategy to identifying new therapeutic uses
for existing drugs with suitable safety and pharmacokinetic properties [1]. Drug
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repurposing, a multi-faceted drug discovery landscape, has been sought to explore
novel indications thereby addressing high unmet medical needs, particularly in dis-
eases that are chronic and economically infeasible to develop new drugs [2]. Traditional
drug discovery is an expensive and time-consuming process. This process typically
involves the discovery and preclinical testing of the compound, its safety evaluation,
clinical research, approval from FDA and post market monitoring. However, drug
repurposing involves assessing approved drug library, drug target analysis, clinical
trials and post market safety monitoring [3]. Furthermore, the introduction of com-
putational biology, artificial intelligence (AI), and bioinformatics is contributing to
more accurate identification of novel drug indications for existing drugs which in turn
systematically accelerates the repurposing process [4]. Rapid advancements in bioin-
formatics have significantly reduced the time required for drug repurposing, allowing
researchers to identify the new drug targets within 1 to 2 years and complete the full
development of a repurposed drug in approximately 8 years [3] (Figure1).

Cancer remains a major health concern and is one of the leading causes of death
globally [5]. In 2020, global cancer statistics estimate 19.3 million new cases of cancer
and approximately 10.0 million cancer-related deaths [6]. Clinicians face significant
challenges in treating various types of cancer [7]. Developing new cancer medicine
is along and complex process with the approval process often taking several years or
even decades. For example, Gleevec the first therapeutic kinase inhibitor, took over
a decade to become the standard treatment for chronic myeloid leukemia (CML), a
condition affecting roughly 0.2% of the population during their lifetime. The timeline
for drug approval can be even longer for treatments targeting smaller patient popula-
tions or those with less definitive therapeutic outcomes. Another example is omac-
etaxine, that inhibit protein translation, took more than 30 years to be approved to
treat tyrosine kinase inhibitors (TKI)-resistant CML [8]. However, drug repurposing
has emerged as an alternative strategy for developing antitumor drugs. Consequently,
repurposed drugs can expedite the transition from preclinical and Phase I clinical tri-
als to Phase IT and III studies, with an increased likelihood of successful progression
through the clinical trial stages. This approach can potentially shorten the research
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Figure 1.
Traditional vs. repurposed drug.
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and development cycle by 3 to 5 years and reduce associated costs by approximately
0.3 billion dollar [9]. It has been proposed that up to 75% of existing medications can
be repositioned for various chronic or rare diseases [10].

2. Drug repurposing approaches for cancer treatment

Drug repurposing employs three different types of approaches: mixed
approaches, experimental approaches, and computational approaches. Experimental
repurposing strategies use dynamic approaches like phenotypic screening and
binding assays, to identify new leads [11, 12]. However, by using computational
techniques, scientific evidence from multiple biological datasets can be integrated to
infer new drug-disease interactions through bioinformatics, and network or systems
biology approaches. These approaches take advantage of extensive chemical libraries
and high-throughput screening (HTS) to identify novel repurposing candidates more
efficiently [13].

2.1 Experimental approaches
2.1.1 Binding assays

Binding assays measure how a drug interacts with its target, providing insights
into new targets and therapeutic mechanisms. They are valuable for understanding
the specificity and affinity of drug-target interactions, which can reveal new indica-
tions for existing drugs [11]. Proteomic approaches, such as mass spectrometry and
affinity chromatography, have helped to identify drug binding partners and char-
acterizing these interactions [14]. A notable technique, cellular thermal shift assay
(CETSA), utilizes the principles of thermal stabilization to map drug interactions
with target proteins within living cells. CETSA has been successfully employed to
validate the binding of drugs like crizotinib and acetaminophen to their respective
cellular targets [15]. Therefore, experimentations proposed that chemical genetics
can help connect binding to function in cells [16]. The findings can rapidly translate
into new clinical applications and are particularly valuable in overcoming resistance
mechanisms of kinase inhibitor therapy in cancer. For instance, kinase inhibitors
such as sorafenib and dasatinib have shown unexpected potency against non-primary
kinase targets, for example, BRAF/REKIN [17].

2.1.2 Phenotypic drug-screening

Phenotypic screening involves searches through very large libraries to identify lead
compounds with effective biological activities, often leading to unexpected discovery
[12]. It is a valuable strategy of finding drugs without requiring prior knowledge
about molecular targets that cause disease-relevant effects in model systems. This
approach is particularly effective in highlighting drug repurposing opportunities,
especially for compounds already known or under development for other therapeutic
indications. For example, a library of small molecules was tested in multiple prostate
cancer cell and normal cell lines. This screening identified disulfiram (DSF), tra-
ditionally used to treat alcoholism, as a promising anti-cancer agent. The potential
of DSF in cancer treatment was subsequently confirmed through gene expression
analyses, underscoring its repurposing potential in oncology [18].
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2.2 Computational approaches
2.2.1 Signature matching

Signature matching is a computational technique for the identification of novel
therapeutic uses of existing drugs or to uncover off-target effects. This approach utilizes
transcriptomic, metabolomic, and proteomic data to compare biological profiles across
various states, including healthy, disease-associated, and medication-treated condi-
tions [19]. By comparative transcriptomics, signature matching can provide insights
into drug-drug and drug-disease interactions [20, 21]. Transcriptomic matching relies
heavily on the comparison of gene expression profiles, which are often sourced from
publicly accessible databases [22]. By employing advanced computational techniques,
we can analyze disease signatures alongside connectivity map data for identification
of new associations between drug and disease and explore potential drug repurposing
opportunities [23]. Metabolomics focuses on analyzing metabolic changes, providing
insights into possible therapeutic targets and offering a detailed molecular perspective
of disease and treatment [24]. Proteomics, on the other hand, studies drug-protein
interactions, offering valuable information on drug safety, toxicity, and mechanisms
of action. Together, these approaches provide a comprehensive view of a drug’s effects
across genetic, metabolic, and proteomic spectra, enhancing our understanding of
therapeutic interventions and their potential for repurposing [25].

2.2.2 Drug-centric approaches

Drug-centric strategies focus on repurposing existing drugs by studying their
pleiotropic mechanism of targets. These strategies often involve polypharmacologi-
cal drugs which, despite their potential for side effects, opens the door to exploring
new therapeutic indications through multiple targets [26]. The discovery involves the
evaluation of drug-receptor interactions, particularly for off-target effects. By inves-
tigating drug-target binding as well as structurally related molecules, novel medicinal
applications can be uncovered from repositories. One notable tool in this domain is
RepurposeVS, which is renowned for its ability to predict drug-protein interactions.
This tool has been particularly effective in identifying anti-neoplastic agents with
significant repurposing potential [27].

2.2.3 Target-based approaches

Target repositioning involves repurposing a drug to act on the same molecular
target but for a different disease and off-target repositioning involves utilizing an
existing drug against a different type of disease through its secondary mechanisms
of action [28]. This strategy is very popular, and about 80% of all drug repurposing
projects rely on this [29].

3. Major advantages of drug repurposing in cancer treatment

3.1 Drug repurposing led to faster development and cost effectiveness

Drug repurposing offers significant advantages in cancer treatment, particularly
when compared to traditional drug discovery processes. The development of new
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drug is often a costly and time-consuming process, typically requiring 10-17 years
and costing millions of dollars. Additionally, the process is characterized by a high
attrition rate, with approximately 90% of drug candidate being discarded due to
safety and efficacy concerns [30]. However, repurposed drugs are generally cost-
effective and can reduce the time required for drug development process due to their
prior approval, known safety, and reduced risk of failure [31]. A notable example

of drug repurposing is thalidomide, initially developed as a sedative, withdrawn
from the market due to its tragic teratogenic effects, which led to skeletal deformities
in infants born to mothers who took the drug during their first trimester [11, 32].
However, in 1964, thalidomide was found to be effective in treating a severe compli-
cation of leprosy called erythema nodosum leprosum (ENL) [33]. This unexpected
discovery marked a significant shift in the drug’s use. Subsequently, thalidomide has
also been shown to be highly effective in the treatment of cancer, particularly multiple
myeloma [34]. Thalidomide and its derivative lenalidomide have become standard
treatments for multiple myeloma significantly to improve the outcomes and survival
rates of patients. The repurposing of thalidomide was notably faster and more cost
effective than developing a new drug as its safety and pharmacological profile were
already understood [35].

3.2 Drug repurposing for specific cancer types

The success of drug repurposing in specific cancer types highlights its potential to
provide effective, accessible, and cost-efficient treatment options. For example, aspi-
rin, a widely used anti-inflammatory drug primarily known for its role in preventing
thrombotic cardiovascular diseases, has emerged as a promising chemopreventive agent
in colorectal cancer. This suggests that regular aspirin use may reduce the colorectal
cancer, which has led to ongoing clinical trials aimed at assessing its efficacy as a preven-
tive measure in high-risk populations [36]. Another notable example is itraconazole,
an antifungal drug found to inhibit hedgehog signaling pathway, which is critical in the
development of basal cell carcinoma (BCC). In a clinical trial, treatment with itracon-
azole result a significant reduction in both tumor cell growth and Hedgehog pathway
activity, with an average 24% reduction in tumor size. Furthermore, in patients with
multiple tumors, some experienced partial tumor shrinkage, suggesting that itracon-
azole may be a valuable treatment option for BCC [37]. Similarly, propranolol which is
originally developed as a beta-blocker for cardiovascular conditions has been repurposed
for the treatment of angiosarcoma, showing significant tumor regression in clinical
studies [38].

3.3 Drug repurposing for broader cancer treatment

Drug repurposing has demonstrated notable success in targeting specific can-
cer types and holds considerable promise for broader oncological applications.
Metformin, a drug originally developed for the management of diabetes, has been
identified as a potential inhibitor of cancer cell proliferation across various malignan-
cies. Recent work indicates that metformin may enhance the efficacy of cancer thera-
pies, particularly in breast and prostate cancers [39]. Specifically, metformin has been
shown to reduce HER2 expression in human breast cancer (BC) cells [40]. In a murine
model of tobacco carcinogen-induced lung cancer, metformin’s inhibition of the
insulin-like growth factor 1 receptor/insulin receptor led to diminished downstream
signaling through the Akt pathway. This effect resulted in reduced mTOR activation
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Figure 2.

Sc%ematic representation of advantages of repurposing drugs in cancer. (3.1) Drug repurposing led to faster
development and cost effectiveness. (3.2) Drug repurposing for specific cancer types (such as itraconazole for BCC,
has shown efficacy in reducing tumor size and inhibiting Hedgehog pathway activity). (3.3) Drug repurposing
for broader cancer treatment (e.g., metformin, which downregulates HER2 expression in BC cells). (3.4) Drug
repurposing assists in combination therapy (e.g., MBZ in combination with docetaxel leading to tumor reduction
and induction of apoptosis in prostate cancer).

within lung tissue and was associated with a 72% reduction in tumor burden [41].
Furthermore, metformin’s impact on the AMPK signaling pathway plays an important
role in inhibiting growth of cancer cells and metabolism, highlighting its potential as
avaluable agent in the treatment of cancer (Figure 2) [42].

3.4 Drug repurposing assists in combination therapy

Targeted therapies in cancer treatment often exhibited reduced antitumor effi-
cacy due to inherent and resistance mechanisms, emphasizing the need of rational
combination therapies to achieve more effective responses [43]. Drug repurposing
has emerged as a crucial strategy in the development of combination therapies to
improve treatment efficacy and overcome resistance in cancer. For example, MBZ, a
synthetic benzimidazole anthelmintic with established pharmacokinetic properties
and a well-documented toxicity profile [44] when used in combination with temo-
zolomide (TMZ), a standard treatment for malignant gliomas, significantly enhanced
tumor suppression in both syngeneic and xenograft glioma models compared to TMZ
monotherapy [45]. Additionally, MBZ and docetaxel showed synergistic effects by
preventing tubulin polymerization, inducing mitotic arrest in G2/M phase, promoting
apoptosis, and lowering prostate cancer cell proliferation, ultimately leading to tumor
growth suppression [46]. Another example is the combination therapy of doxorubicin
and selinexor which has been shown to synergistically induce cell death in both thyroid
cancer cell and acute myeloid leukemia (AML) cells [47]. Similarly, the combined use
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of imatinib and clotrimazole has been found to more effectively inhibit the glycolysis
pathway and enhance the production of vascular endothelial growth factor (VEGE)
and nitric oxide in BC [48].

4. Impact of drug repurposing on cancer treatment
4.1 Enhancing therapeutic efficacy and safety

Drug repurposing offers multiple advantages, including reduced toxicity, enhanced
therapeutic efficacy, the potential for dose reduction without compromising effective-
ness, and overcoming resistance mechanisms commonly observed in existing cancer
treatments [49]. Drug repurposing is a more economical and time-efficient approach
than de novo drug development, significantly broadening the spectrum of clinically
available cancer therapies [50]. Drug repurposing has shown significant value in the
treatment of BC, a leading cause of mortality among women, due to its high metastatic
potential and therapy resistance. The complexity and heterogeneity of BC, especially
its subtypes such as triple negative BC, make the development of novel therapeutic
agents a prolonged and costly process. However, in recent years, drugs originally devel-
oped for other conditions such as alcoholism, parasitic infections, and epilepsy have
been repurposed to enhance the effectiveness of BC therapies. By targeting diverse
molecular pathways, these repurposed drugs offer a more comprehensive and poten-
tially more effective therapeutic strategy to combating this challenging disease [51].

4.2 Preventing tumor invasion and metastasis

Tumor invasion and metastasis are major contributors to cancer progression,
leading to significant mortality. The epithelial-mesenchymal transition (EMT) isa
key process in metastasis in cancer cells, and its aberrant activation is regulated by
intricate signaling pathways [52]. Research has revealed that repurposing of drugs can
effectively target these key signaling pathways, demonstrating potential antitumor
activity across various metastatic cancer models [31]. For example, mebendazole
(MBZ), originally an antiparasitic agent, has shown promising anticancer properties.
It disrupts growth of tumor cells in several cancer cell lines by inhibiting microtubule
polymerization. In addition to its antiproliferative effects, MBZ has been shown to
suppress cancer cell invasion and metastasis [53] Specifically, MBZ decreases the
invasive and migratory capabilities of glioblastoma cells, indicating its potential to
limit the spread of highly aggressive cancers [54].

4.3 Metabolic regulation in cancer cells

The rapid proliferation of tumor cells is driven by metabolic changes which
enables tumors to meet their increase energy demands [55]. Recent research has iden-
tified dysregulation of cellular energetics as a hallmark of cancer. Although, develop-
ment of metabolism-targeted therapies of cancer has faced challenges, repurposing
of drug offers a promising alternative approach. Preclinical studies have extensively
explored repurposed drugs for their ability to target critical pathways in cancer
metabolism, with some progressing to or nearing clinical trials. This highlights the
potential impact of repurposing drug as an effective strategy to disrupt the metabolic
processes that sustain cancer cell proliferation. Such as DSF, initially approved to treat
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alcoholism, has recently gained attention for its potent anticancer properties. Notably,

DSF has been shown to alter cellular energy metabolism, making it a promising
candidate in the context of cancer therapy [31].

4.4 Inhibiting tumor-associated inflammation

Tumor-associated inflammation is a critical factor in cancer progression,
facilitating tumor growth, invasion and metastasis. This inflammation is driven by

Drug name Original use Repurposed References
Auranofin Rheumatoid arthritis Ovarian cancer [60]
Nelfinavir HIV Cervical cancer [61]
Lovastatin Hypercholesterolaemia Breast cancer [62]
Metformin Diabetes Prostrate and breast cancer [39]
Mebendazole Helminthic infections Lung cancer [45]
Aspirin Pain and fever Colon cancer [46]
Telmisartan Cardiovascular drug Lung and gastric cancer [63]
Capecitabine Colon cancer Breast cancer [64]
Thalidomide Sedative Multiple myeloma [35]
Azithromycin Antibacterial Colon and pulmonary cancer [65, 66]
Rapamycin Antifungal Breast cancer [67]
Quinacrine Antimalarial Renal cancer [68]
Atovaquone Antimalarial Prostate, colon, and breast cancer [69]
Losartan Cardiovascular drugs Glioblastoma and ovarian cancer [70]
Benazepril Cardiovascular drugs Esophageal carcinoma [71]
Ibuprofen Anti-inflammatory drugs Adenocarcinoma and lung cancer [72]
Anastrazole Ovulation induction Breast cancer [64]
Capecitabine Colon cancer Breast cancer [64]
Flubendazol Antihelmintic Multiple myeloma [73]
Eprinomectin Antiprotozoal Prostate cancer [74]
Ribavirin Antiviral Squamous cell carcinoma [75]
Cidofovir Antiviral Glioblastoma [76]
Doxycycline Antibiotics Colon cancer [77]
Griseofulvin Antifungal Colorectal cancer [78]
Niclosamide Antihelmintic Prostate cancer [79]
Ritonavir HIV Kaposis sarcoma [80]
Berberine Bacterial diarrhea Colorectal cancer [81]

The table shows how antimalarials, antibiotics, antifungals, and cardiovascular medicines have been effectively

repurposed for many forms of cancer. Drug repurposing is becoming an increasingly essential method in modern drug
discovery for cancer due to its ability to hasten the development of novel medicine while also expanding the therapeutic
uses of current pharmaceutical.

Table 1.
List of some drugs that have been repurposed for new therapeutic indications beyond their original intended use.
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the tumor microenvironment (TME), which recruits immune cells that instead of
fighting the cancer, contribute to its development. Targeting these inflammatory
pathways through drug repurposing has shown significant potential in inhibiting
tumor growth. For example, celecoxib, a drug traditionally used to treat arthritis [56]
has demonstrated significant potential in reducing tumor-associated inflammation,
thereby inhibiting the growth of various tumors. The promising results from preclini-
cal studies have led to an increase in clinical trials exploring the use of celecoxib in
oncology, particularly in combination with immunotherapy and chemotherapy, to
potentially enhance treatment outcomes. These findings underscore the strategic
value of targeting inflammation in cancer therapy and highlight the potential of drug
repurposing [31].

4.5 Enhancing cancer immunotherapy

In early tumorigenesis, lymphocytes like cytotoxic natural killer (NK) cellsand T
cells target tumor cells by inducing apoptosis through perforin and granzyme or the
death ligand/receptor pathway [31]. However, as tumors progress, the TME becomes
more immunosuppressive, with tumor cells expressing program death ligand 1 (PD-
L1) to inhibit NK and T cell activity [57]. This, along with suppressive immune cell
populations, diminishes natural antitumor immunity. Immunotherapies like immune
checkpoint inhibitors and adoptive cell transfer aim to boost immune responses but
are not universally effective. Consequently, there is increasing interest in repurpos-
ing drugs to activate antitumor immunity and enhance cancer treatment [31]. For
instance, oleanolic acid (OA), known for its antiparasitic properties, has recently
been studied for its impacts on antitumor immunity, suggesting that it may be a viable
option for cancer treatment through drug repurposing (Table 1) [58, 59].

5. Challenges and future directions

Advancement of drug repurposing approach has been challenging due to cancer’s
biological complexity, clinical trial designing, lack of funding, and pharmaceutical
industry interest [82]. Several major aspects contribute to cancer’s complexity.

5.1 Biological complexity of cancer

Cancer is a complex disease spread via arteries, lymph nodes, and nerves, involv-
ing the entire body. Its defective genetic and epigenetic networks contribute to tumor
formation [83]. Cancer is a diverse disease, exhibiting both genetic and phenotypic
indications within individual tumors and between tumor of different types [84].

Heterogeneity, or variety in cancer cell morphology, transcriptional patterns,
metabolism, and metastatic potential, is a universal issue in most tumors and a key
barrier in cancer ecosystem [85]. This diversity induces varied reactions to medicines,
accomplishing it difficult to develop repurposed medications that can strongly tar-
get all tumor subpopulations [86]. We can overthrow heterogeneity in drug repurpos-
ing by stratifying analysis, integrating multi-omics data, standardizing protocols,
and ensuring via validation over diverse models and cohorts, identifying patient
subgroups based on biomarkers and genetic factors [11].

The TME is a complicated system, includes stromal cells, endothelial cells, tumor
cells, immune cells, and extracellular matrix components. Tumor cell invasion and
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metastasis require association with TME components, which affect critical incident
such as tumor recurrence, metastasis, and immunotherapy reaction, all of which have
an impact on clinical consequence [87]. The cooperation of cancer cells and the TME
can cause adaptive resistance, in which tumors develop in response to therapy, lower-
ing the effectiveness of repurposed drugs. To combat this concern, repurposed drugs
can enhance conventional treatments by combining with anti-inflammatory drugs or
immune modulators and targeting TME components like cancer-associated fibroblast
(CAFs) or immune checkpoints can improve drug repurposing consequences [88].

Drug repurposing confers significant pharmacokinetic and pharmacodynamic
challenges, as repurposed drugs may have reformed absorption, distribution, metab-
olism, and excretion (ADME) profile, and requires dose adjustments and drug deliv-
ery approach. One significant concern is the bioavailability and tissue distribution of
repurposed medications, which may not acquire enough concentrations at the tumor
site, limiting their therapeutic effectiveness [89]. To overcome pharmacokinetic and
pharmacodynamic threat in drug repurposing, it is imperative to acclimate the drug’s
ADME profiles, adjusting dosing regimens and using advanced delivery methods to
attain effective drug concentrations [90].

5.2 Clinical trial design: Challenges in designing appropriate trials for
repurposed drugs

Repurposing projects often eliminate preclinical testing, but clinical trials are still
necessary to illustrate effectiveness and protection in the target indication. Diversity
of cancer patient populations, including multifactorial nature, genetic mutations, and
prior treatments, makes standardizing trial design challenging. Trials’ extent depends
on available data and project nature, such as stricter rules for children’s drugs or find-
ing sufficient patients for rare diseases [91].

Clinical trials challenges involving the same drugs were conducted simultaneously,
causing concerns about redundancy and waste [92]. Therapeutic repurposing has
potential, but many candidates fail clinical trials due to insufficient effectiveness or
safety profiles [92]. Legal issues, such as limited patent coverage and hurdles during
trials, also reduce the chance of success. Human clinical studies are costly and may
not produce the intended return on investment [93].

We should use precision medicine strategies like patient stratification and
biomarker-driven selection to identify cancer drug repurposing subpopulations and
benefit from drug repurposing. Use innovative clinical trial methodologies, such
as adaptive designs and master protocols, to efficiently analyze many repurposed
medication combinations.

5.3 Predictive bioinformatics tools for drug repurposing requires confirmation

Predictive bioinformatics tools for cancer drug repurposing face challenges such
as accuracy, biological complexity, and insufficient experimental validation [31].
Complex algorithms and heterogeneous datasets can lead to unreliable results, while
tumor heterogeneity and resistance mechanisms complicate the modeling process
[94]. Insufficient experimental validation requires significant resources and time.
Prioritizing experimental validation and integrating advanced methodologies, such
as HTS and machine learning, will further improve reliability and clinical relevance
to confirm efficacy and improve translational potential in repurposed cancer

therapies [95].
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5.4 Intellectual property barriers and profit concern

The literature identifies hurdles to medication repurposing in the pharmaceutical
business, such as patenting various chemicals, which prevents others from creating
without a license. Limited patent time for failed compounds and limited return on
investment are problems of repurposed drugs [96]. Collaborative partnerships among
academia, pharmaceutical companies, and non-profit organizations can help address
challenges in intellectual property rights negotiation, improve access to compounds
for repurposing, and incentivize research into new uses for existing drugs through
patent pools and open licensing models [97].

Drug repurposing faces challenges due to financial barriers, despite its potential
benefits, resulting in slow uptake [98]. Organizations need financial resources and
expertise to advance drug candidates [32]. Because pharmaceutical research and
development frequently focusses on certain therapeutic areas inside an organiza-
tion, making it challenging to recognize the potential of molecules to be repurposed
outside this emphasis [99]. Limited return on investment discourages industries
from funding trials. As such, multi-partner cooperation in repurposing is frequently
required [100].

5.5 Biases affecting drug repurposing

Drug repurposing is typically the result of retrospective studies, which can be
susceptible to time to death bias and selection bias [101]. Continuous research, which
follow patients through lifelong therapy, might be particularly subject to eternal time
bias, resulting in the fabrication of treatment benefits [102]. Most of the research
on metformin and cancer incidence has demonstrated bias, raising doubts about the
reliability of studies aimed at discovering novel candidates for repurposing. Drugs
tested initially for their original indication usually target groups that are non-healthy,
leading to selection biases. For instance, metformin’s cohort studies used patients
with diabetes, causing a selection bias [103]. This underscores the necessity for a more
organized methodology in target identification that incorporates previously discussed
techniques [101]. To mitigate biases in drug repurposing for cancer, diverse datasets,
including multi-omics data from preclinical models, patient samples, and real-world
evidence, are crucial. Additionally, reducing publication bias and promoting incon-
clusive results are essential (Figure 3) [104].

5.6 Knowledge access barrier

Obstacles to obtaining shelved compounds and their associated trial data present
significant challenges in drug repurposing [105]. Often, compounds that are aban-
doned become inaccessible, with trial data remaining unpublished or concealed as
trade secrets [106]. Gaining access to these compounds typically requires an internal
advocate within the company, which is complicated by the company’s reluctance
to share potentially valuable compounds with competitors [107]. In contrast, non-
profits and government-funded organizations face fewer commercial constraints.
Additionally, the lack of repositories for abandoned drugs and the difficulty of
digitizing paper records contribute to the problem. As experts leave and teams are dis-
banded, institutional knowledge about these compounds is lost. Mining and integrat-
ing large datasets also present significant logistical and technical challenges [108]. To
improve cancer drug repurposing, centralized repositories, data-sharing agreements,
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Figure 3.

Rezgoresenmtion of challenges in drugs repurposing. (5.1) Describe the complexity of cancer cell by highlighting the
heterogeneity, TME, pharmacodynamic and pharmacokinetic issues. (5.2) Illustrate the genetic mutation and
diversity of cancer patient population. (5.3) Subsequent challenges occur while using predictive bioinformatics
tools for cancer drug repurposing. (5.4) Patenting hurdles and profitability concerns. (5.5) Demonstrate the
selection biases of target and time biases of repurposed drug. (5.6) Researchers often face barriers like limited
funding, vestricted access to data.

and advanced data mining techniques are needed to promote transparency, facilitate
collaboration, and efficiently manage large datasets, thereby enhancing data acces-
sibility. Promoting trial digitization and supporting regulatory policies that require
clinical trial data disclosure can help decrease barriers.

5.7 Artificial intelligence in drug repurposing

Al is transforming drug repurposing by identifying new therapeutic targets, pre-
dicting drug-target interactions, and performing virtual screenings. Al can discover
new uses for approved drugs by analyzing off-target effects and combining data
from various sources, potentially speeding up treatment development for a variety
of diseases. However, challenges remain, such as the need for high-quality datasets,
interpretability issues, and potential biases in training data. High computational
requirements and experimental validation are also obstacles, highlighting the impor-
tance of carefully integrating Al into drug repurposing efforts [109, 110].
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6. Conclusion

Drug repurposing offers a cost-effective and time-efficient alternative to tradi-
tional drug development, which can take decades and involve high costs. By using
existing drugs with known safety profiles, repurposing expedites the process of
finding new treatments, particularly for cancer. This strategy has proven successful
in various cases, such as thalidomide for multiple myeloma and metformin for BC.
However, significant challenges remain, including biological complexity, clinical
trial design, and intellectual property barriers. The heterogeneity of cancer makes it
difficult to find universally effective repurposed drugs. Moreover, clinical trials for
repurposed drugs must navigate intricate regulatory frameworks, and companies may
be reluctant to invest in repurposing due to lower financial returns. Al is advancing
drug repurposing by identifying new targets and accelerating development, though
challenges like data quality and interpretability require careful integration. Overall,
while repurposing of drug presents a promising approach to expanding cancer treat-
ment options, addressing these challenges through collaboration, advanced bioinfor-
matics tools, and better trial design will be crucial to unlocking its full potential.
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Chapter 5

Computational Drug Repositioning
Method Applied to Lung Cancer

Sulekha Khute, Kareti Srinivasa Rao and Paranthaman Subash

Abstract

Lung cancer is the most common cancer affecting men and women worldwide.
Among different types of lung cancer (LC), two primary forms stand out: small-cell
lung cancer (SCLC) and non-small-cell lung cancer (NSCLC). NSCLC, the more
prevalent variety, accounts for around 85-90% of all lung cancer cases. Drug repur-
posing, also known as drug repositioning, is the investigation of using existing drugs
for new therapeutic purposes. This approach can lead to the formulation of effective
treatments for diseases that might not have been adequately addressed by traditional
drug discovery methods. The importance of drug repositioning in lung cancer
research cannot be overstated. Traditional drug discovery is often a lengthy and
costly process, requiring years of research and substantial investment. In contrast,
repurposing existing medications can enhance the pre-clinical journey of developing
new drugs. High-performance computing capabilities enable the efficient processing
of these extensive datasets, which may include biological, biomedical, and electronic
health-related information. This data-driven approach has dramatically accelerated
the development of computational methods for drug repositioning. The strategy of
drug repositioning offers a promising pathway for researchers, significantly shorten-
ing the timeline and reducing the costs associated with new drug development.

Keywords: lung cancer, ligand, drug repositioning, targets, in silico

1. Introduction

Over 1.3 million instances of lung cancer (LC) are reported each year, making it
one of the most prevalent and deadliest cancer-related deaths globally [1]. LC isa
largely incurable illness. LC is responsible for 25% of cancer-related fatalities and 14%
of new cancer cases worldwide [1, 2]. LC claims more lives in the United States than
the combined fatality toll from the other four primary forms of cancer. Two types
of LCs are there, which is illustrated in Figure 1. LC is very varied and may grow in
several places along the bronchial tree, which can result in a broad range of symptoms
[3]. Survival chances for LC may be increased by early identification via screening
programs like low-dose CT scans. There are two types of lung cancer: SCLC, which is
more difficult to treat than NSCLC [3]. Immunotherapy, radiation therapy, chemo-
therapy, targeted therapy, and surgery are among the available treatment options.
85% of LC cases are NSCLC, which may include subtypes such as giant cell carci-
noma, squamous cell carcinoma, and adenocarcinoma [4].
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Figure 1.
Types of lung cancer.

NSCLC, or non-small-cell lung cancer, is a prevalent subtype seen in the outer
lungs, with adenocarcinoma being the most common. Squamous cell carcinoma, an
uncommon and aggressive form, is found in the bronchial tube lining. SCLS, a deadly,
aggressive variety, accounts for 10-15% of all cases and is commonly detected at an
advanced stage, making therapy problematic and resulting in reduced survival rates
[5]. Early identification and individualized treatment methods are critical for improv-
ing results. The National Cancer Institute has devised numerous ways for detecting
and diagnosing LC stages, with treatment choices differing depending on the patient’s
stage, susceptibility, health status, and molecular profile. The most effective medica-
tions for LC are still platinum-based chemotherapeutics like cisplatin, which are usu-
ally used in combination with other treatments, despite advancements in diagnostic
technology and innovative chemotherapeutics [6].

Immunotherapy is a potential therapeutic option for LC, particularly in advanced
instances. Targeted medicines targeting certain genetic mutations have shown
promise in improving results. For non-small-cell lung cancer, cisplatin and other
platinum-core medications are the first line of therapy. Premetrexed, gemcitabine,
docetaxel, and paclitaxel are other chemotherapeutic agents [7-9]. Tyrosine kinase
inhibitors (TKIs) are approved as first-line therapy for genetically alterations-related
LC [10]. If first-line drugs fail, second-line therapies, including GCB, DTX, and
pemetrexed, are commonly utilized [11]. Immunotherapy drugs including pembro-
lizumab and nivolumab have exhibited promise in treating non-small-cell LC, with
individualized treatment options advised for patients with particular genetic abnor-
malities. Despite breakthroughs in cancer biology and innovative therapies, overall
survival rates remain dismal [12, 13]. Treatments for LC are connected to a delayed
development process, excessive price, regulatory obstacles, and high failure rates
[13, 14]. Collaboration between academics and pharmaceutical corporations is vital
for generating more effective and accessible therapies. A new drug generally takes
13 years and costs $1.8 billion to create [15].

The pharmaceutical industry and research have showed a strong interest in
the process of drug repositioning. This is mostly due to its ability to discover fresh
applications for already authorized pharmaceuticals and to accelerate the develop-
ment of new ones. Drug repositioning is a preferable alternative to standard de novo
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drug development strategies because it is more time and cost efficient [16, 17].
Repositioning, also known as drug repurposing, drug reprofiling, drug redirection,
drug retasking, or therapeutic switching, is the process of discovering new applica-
tions for already approved medications. The global coronavirus illness (COVID-19)
pandemic, which started in China, has made the pharmaceutical repositioning
strategy increasingly crucial. The rapid emergence of the pandemic and its capacity to
spread to a significant number of individuals (with a reproduction number RO larger
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Chemical structures of the drug to be repurposed for LC.
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than 1 in the absence of social distance and other preventive measures) have created

a pressing need to discover novel medications to address this illness. The progress of
medication and vaccine research for COVID-19 is constantly evolving, with frequent
updates on the current state of these efforts [18]. Traditional drug development is
hindered by its sluggish pace, which is not suitable for the urgent need to create novel
therapies and treatments. As a result, the quicker repositioning strategy has gained
significant attention owing to its potential to identify compounds that may effectively
address the consequences of viral infections [19-21].

In general, typical drug repositioning studies seek to discover parallels between
medication effects and modes of action (MoA) [22]. These studies also seek to discover
new applications for current medications by screening them against novel targets [23].
They consider common characteristics, such as adverse effects and chemical structures,
across pharmaceutical compounds [24]. In addition, they search for links between
drugs and ailments [25]. High-performance computers and the rapid accumulation
of vast volumes of biological and electronic health data, such as publicly accessible
databases, online health communities, and microarray gene expression profiles, have
made it simpler to move pharmaceuticals around in computers. These techniques
usually include network analysis, data mining, and machine learning [26]. An essential
component of modern medication repositioning research is examining the correlation
between various biological entities. The biological entities include several elements,
such as medications, illnesses, genes, and adverse drug reactions (ADRs), among oth-
ers. Chemical structures of the drug to be repurposed for LC are illustrated in Figure 2.

2. Drug repositioning strategies

The basics of drug repositioning are essentially twofold. First, since many diseases
are linked, drugs used to treat one ailment may have an effect on others. Second, since
medicines are inherently misleading, they may be related to a wide range of targets
and pathways [27]. Thus, drug repositioning research may be classified into two types
depending on the data source: (i) drug-based strategies, in which the discovery is
based on drug-related data, and (ii) disease-based strategies, in which the discovery is
based on information regarding illnesses.

3. Drug-based strategies

Drug-based approaches rely on drug-related data as the basis for forecasting
therapeutic potentials and new uses for pharmaceuticals that have already received
approval, including chemical, molecular, biological, pharmacological, and genetic
data. When there is a great need to understand more about how pharmacological
characteristics may affect drug repositioning or when a substantial quantity of drug-
related data are available, drug-based techniques are used [28]. Most of the research
in this category supports the premise that medication R2 is a good candidate to treat
illness D if drug R1 is utilized to cure disease D, and both treatments have comparable
profiles and modes of action. The two primary strategies that embody this category
are the chemical structure and molecular information approach [29-31] and the
genome strategy [32].

Drugs with comparable effects and mechanisms of action may be automatically
identified utilizing the gene expression profile similarity developed by lorio et al. [22].
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The authors began by creating a drug network in which medicines are represented by
nodes and edges demonstrate similarities between two drugs. Following that, they
searched for drug communities using graph techniques. Drugs work similarly in all of
these classes. As aresult, Huand Agarwal [33] explored drug variations in individu-
als and sickness gene expression using a negative correlation to build a disease-drug
network that might predict potential uses for already-approved pharmaceuticals.
Sirota et al. [34] identified fresh therapeutic repositioning opportunities by undertak-
ing a thorough, systematic examination of gene expression patterns associated with a
variety of disorders and treatments.

4. Disease-based strategies

Disease-based techniques rely on disease-related data, such as information on
phenotypic features, side effects, and indications, to anticipate therapeutic potentials
and innovative uses for already available medications. When there is a lack of drug-
related data or when it is wanted to investigate how pharmacological elements may
aid efforts to reposition drugs to target a certain sickness, disease-based strategies are

used [25, 35, 36].

5. Phenome strategy

The phenome, defined as the entire set of phenotypic trait data, has emerged as
a novel approach to linking medications with clinical outcomes for drug reposition-
ing because it characterizes the physiological consequences of a drug’s unintentional
effects and biological activities. Furthermore, there may be a close relationship
between the phenotypic presentation of a drug’ side effects and the phenotypic
manifestation of a disease, implying that the two illnesses may have same underlying
processes [25].

According to research, unanticipated activities generated by pharmaceutical
off-targets and clinical side effects might profile human phenotypic features, poten-
tially leading to the identification of innovative therapeutic applications for these
treatments in the future. Because there is a strong relationship between the binding
patterns of targeted components and side-effect similarities, Campillos et al. [35]
created a measure of side-effect similarity and experimentally demonstrated that it
reveals potential therapeutic uses for already-approved drugs. According to Yang and
Agarwal [37], clinical side effects may be exploited to construct a drug’s phenotypic
profile and identify new disease indications. To identify medication-disease correla-
tions, a dataset on drug side effects was combined with a dataset on drug-disease
connections. The next step was to construct a disease indicator prediction model
using side effects as characteristics.

The premise upon which Ye et al’s [38] drug-drug similarity network was built
was that drugs with similar side effects would also have similar therapeutic uses.
New medicinal indications were discovered beside the previously known ones. Using
adverse effect data, Bisgin et al. [39] built a model to predict new therapeutic indica-
tions for existing drugs. It is important to note that using phenotypic characteristic
data to forecast novel therapeutic indications requires a thorough understanding of
molecular processes. While the majority of phenotypic-based research uses informa-
tion from medication labels and clinical trials, Nugent et al. [40] analyzed social
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media side-effect data to find new therapeutic indications in addition to previously
known indications.

Data on phenotypic features may be combined with information from other
sources, such as the genome, to discover new uses for pharmaceuticals and treatment
choices. Hoehndorf et al. [41] used phenotypic similarities to create genotype-disease
correlations, which were then merged with genotype-disease relationship data to
predict new drug-disease linkages. Using such a model, an integrated method for
identifying drug-disease links for illnesses with no known biological etiology might be
developed. Gottlieb et al. [42] created a model that uses a range of drug-drug similarity
markers, such as phenome-based similarity, to predict novel drug-drug interactions
and the severity associated with each. Drug-drug interactions, including a few sur-
prising ones, were found by Sridhar et al. [36] using a range of drug-drug similarity
criteria, such as phenotypic similarities with previously known drug-drug interactions.

5.1 Computational drug repositioning models: Validation

When compared to the conventional de novo drug discovery and development
strategy, computational drug repositioning studies ideally save time and money by
optimizing the pre-clinical stage of generating new treatments and finding new
applications for previously approved medications. After validating and assessing their
results, researchers offer a group of potential drugs for repositioning. Nevertheless,
there is a chance that certain validation models will not be reliable and accurate or
that validation/evaluation models will not match the suggested computational models
in all circumstances. Therefore, understanding and selecting appropriate validation
models are essential to the effectiveness of the computational models that have been
suggested. Furthermore, because of a number of considerations, including high cost,
high toxicity, low bioavailability, and the fact that certain pharmaceuticals have been
discontinued or are not favored by doctors or biologists, choosing the appropriate
group of drug repositioning candidates for validation is also essential. To advance the
work being done in this area, it is crucial that all parties involved in the medication
repositioning process be fully committed to it.

Practical validation and evaluation processes vary from study to study and may
be dependent, at least in part, on the expected objectives. These models are classified
into many areas, including electronic health data, leave-one-out and cross-validation,
case studies, benchmarking against previous models, iz vitro and in vivo trials, and
interaction with domain experts. Despite numerous well-known limitations, iz vitro
and in vivo experiments have proven pharmaceutical repositioning prospects. In vitro
and in vivo validation models refer to investigations that take place in a controlled
environment without the use of a live creature (such as cellular biology studies
conducted outside of organisms or cells) and in a whole living body (such as animal
research and clinical trials), respectively. Albendazole was recognised by Lim et al.
[43] as a pharmacological repositioning candidate with anti-cancer characteristics.

In order to evaluate the potential efficacy of repositioned pharmaceuticals, Rakshit
etal. [44] developed the On-Target Ratio (OTR), which is the ratio of the number of
drug targets in their proposed disease-specific gene network to the total number of
interactions with the same medication in the DrugBank database. Additionally, Ozsoy
etal. [45] compared their results to those of ClinicalTrials.gov, a worldwide database
of clinical studies funded by both public and commercial sources. In addition, the
authors compared their model to the most sophisticated models and performed a
leave-one-out test.
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The efficiency of the models was assessed using Yang and Zhao [46] cross-
referencing model for medical literature, which is based on scientific publications
from PubMed. In order to ensure the accuracy of their suggested model, the authors
also spoke with medical specialists on their results. The physicians reported that
the repositioning drug candidates found using the recommended method offered a
substantial advantage in terms of screening and lowering the number of medications
that might be utilized for the approved indications. Zeng et al. [47] validated their
proposed deep learning model, which searches for probable drug-disease correlations,
using two case studies and an electronic health record validation model. Notably,
as literature mining methods have advanced, literature-based validation models
have become more popular in recent research. Furthermore, K-fold cross-validation
is often used in machine learning research to train models and correct excessively
optimistic model performance forecasts. This problem may potentially be resolved if
more testing data that differ from the training set are supplied.

5.2 A computational method for repurposing drugs

Many different kinds of drugs have been repurposed, and there are also many
different ways to achieve so. The computational technique, also known as “in silico
drug repurposing,” comprises the collection and analysis of a wide range of data from
several sources, mostly databases that include details on electronic health records
(EHRs), chemical structure, gene expression, and proteomics [48]. This method uses a
variety of approaches and data to find and investigate possible drugs for repurposing.

Network-based medication repurposing is the first computational approach
method that makes use of genotyping technological advancements by employing
genome-wide association studies (GWAS) to identify genetic variations that impact
prevalent illnesses [49]. New targets that are shared by multiple disease phenotypes
are uncovered by GWAS, albeit they may not be therapeutic. Researchers may find
druggable genes upstream or downstream of the target gene by employing network-
based approaches [50, 51]. Drugs that have been repurposed using this technique
include iloperidone, an antipsychotic used to treat schizophrenia, to treat hyperten-
sion [52], and vismodegib, an inhibitor of the Hedgehog signaling pathway, to treat
Gorlin syndrome [53]. One such example is the random walk propagation approach,
which adds genes that are neighbors in a gene-gene or protein-protein network to the
list of genes linked with illness. Medications like methotrexate for Crohn’ disease, cis-
platin for breast cancer, donepezil for Parkinson’s disease, and gabapentin for anxiety
disorders were given another lease of life by the application of this approach [54].

Profile-based medication repurposing is an additional computational approach
alternative that involves comparing the profile of one medication with that of another
drug, ailment, or clinical characteristic [55]. One example is comparing the expres-
sion profile linked to the disease with the differential gene expression in a cell or
tissue before and after therapy [56, 57]. Assume, for example, that a medicine has
been found to block the transcription of a specific gene associated to the causation
of a disease. If so, the medicine has the power to reverse the sickness and ought to be
investigated for a new usage [56, 57]. An alternative profile-based strategy that may
identify unique drug-target correlations studies the chemical structures of various
drugs [58]. Molecular docking, which compares multiple ligands to a receptor, may be
used to achieve this. Utilizing a computer docking technique, it was revealed that the
antiparasitic medication mebendazole has the structural potential to block vascular
endothelial growth factor receptor 2 (VEGFR2) [59].
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6. Pros and cons of repurposing drugs

Time and money are the two key benefits of medication repurposing in cancer
treatment. Research has shown that the typical duration between the submission of
an exploratory drug application and the first new drug application for innovative
antineoplastics is 8.3 years, whereas for repurposed medications, it is between 3 and
4 years [60, 61]. Because the repurposed drug’s pharmacokinetics and pharmacody-
namics are already known, a phase I clinical trial may not always be necessary, leading
to an improved timetable. Cost is an additional benefit of medication repurposing.
A reused medicine costs $300 million to commercialize, whereas a fresh drug needs
$2-3 billion to create [62].

However, there are drawbacks to repurposing pharmaceuticals. For instance,
repurposing a proven drug for a novel purpose has a significant chance of failure
since the new course may not work out as intended. Furthermore, in order to guar-
antee their safety in the new population, certain repurposed medications may go
through comparable time- and money-consuming procedures to those of innovative
treatments [62].

7. Failures in drug repositioning

Repositioning drugs is not always successful. In a phase III study for gastric cancer,
bevacizumab, a kinase inhibitor that has been repurposed to treat several other
cancers, failed to show effectiveness [63]. Sunitinib, a multi-kinase inhibitor, was
approved to treat GISTs, pancreatic neuroendocrine tumors, and renal cell carci-
nomas, among other diseases [64]. However, clinical studies for colorectal, breast,
prostate, and NSCLC were unsuccessful. Since generic kinase-targeting drugs, such
as sunitinib, are not successful in treating all cancers, more targeted strategies are
needed. Although the two drugs had previously been authorized for the treatment
of depression and opioid addiction, respectively, the FDA rejected the combination
of bupropion and naltrexone in February 2011 because of possible cardiovascular
side effects. In obese people, this mixture seems to work in concert to control energy
expenditure and appetite. Therefore, even if a medicine has been moved and complies
with clinical safety standards, it may still have unfavorable side effects. It is important
to consider a drug’s initial usage while relocating it. For example, the required doses
of cytotoxic chemotherapy may harm healthy cells; therefore, it may not be the ideal
option for treating hypertension [65]. Public libraries and algorithms for identifying
different medications or biological markers are becoming more and more available,
yet obstacles in the form of data management and omics-data integration continue
to exist. Therefore, biologists, physicians, and other scientists without a background
in computing may easily use web-based technologies. Web-based resources facilitate
the interpretation of disease processes by researchers and make it easier to target the
pharmacological features of medications for new uses. For web-based technologies
that have been thoroughly examined lately, drug-associated entities including side
effects, mechanisms of action, and drug-target or drug-drug interactions capture
important data [66]. In this work, we gathered a few instances of drugs that have been
repurposed for LC (as shown in Table 1) and web-based tools (as shown in Table 2)
and used data unique to LC using web-based tools to repurpose medications.
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S.no Drug

Original indication

Mechanism for LC

Refs.

1 Albendazole

Anthelmintic

It has been found to inhibit the expression of
HIF-1a and VEGF in NSCLC cells.

[67, 68]

2. Atenolol

Antihypertensive

Anticancer activity in lung cancer cell lines A549
and H1299, most effective in inhibiting colony
formation and cell death.

3. Atorvastatin

Lowers cholesterol

Lung cancer treatment in patients with
advanced NSCLC treated with PD-1 inhibitors.

[70,71]

4. Atovaquone

Treatment of Pneumonia
and Malaria

Exhibits stronger anti-cancer effects due to
its regulation of pyruvate, glutamine, and
TCA cycle across immune cells in tumour
microenvironment.

[70,72]

5. Celecoxib

Treat osteoarthritis and
Menstrual symptoms.

Celecoxib induces apoptosis in lung cancer
cells through caspase cascades and DNA
fragmentation, with DR5 expression playing
a significant role. Combination with celecoxib
enhances apoptosis.

[73,74]

6. Indomethacin

Reduce fever, pain and
stiffness.

Indomethacin affects polyamine metabolism in
NSCLC cells, enhancing the effect of polyamine
synthesis inhibitors like MDL72527 or SAMA486,
by downregulating MRP1 and inducing
apoptosis.

[75-78]

7. Itraconazole

Antifungal

Itraconazole, a drug that inhibits the hedgehog
pathway and angiogenesis, has shown promising
results in clinical trials for lung cancer
treatment.

[79-81]

8. Levamisole

Treat parasitic worm
infections

Levamisole inhibits JNK activity in lung cancer,
promoting DR4-independent apoptosis via
TRAIL. It reduces cell growth, promotes cell
cycle arrest, and enhances DR4-independent
death.

[82, 83]

9. Lopinavir

Antiretroviral

Lovidin/ritonavir, a dual protease inhibitor,
induces genotoxic stress on lung cells, altering
gene expression and activating the p53 DNA
damage response, potentially acting as an anti-
cancer agent.

(84]

10. Lovastatin

Treat high blood

cholesterol

Lovastatin effectively regulates cancer cell
proliferation, apoptosis, and drug resistance,
including lung cancer, by inhibiting cell
proliferation, regulating signalling pathways,
and sensitizing cells to ionizing radiation.

(85]

11. Metformin

Antidiabetic

Metformin, a medication with potential
antitumor effects in NSCLC has been extensively
studied in clinical trials for its potential use in
cancer treatment.

[86, 87]

12. Mebendazole

Anthelmintic

Mebendazole induces apoptosis and inhibits
migration in NSCLC by increasing p53
protein stability through STAT3 signalling
downregulation, potentially treating NSCLC
through the ROS-JAK2-STAT3 pathway.

[88, 89]
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S.no

Drug

Original indication

Mechanism for LC

Refs.

13.

Minocycline

Treat bacterial infections

Minocycline has been found to inhibit cancer
cell proliferation, including lung cancer cells,

in vitro and in vivo. Its molecular mechanism

of cytotoxicity in lung cancer cells is unclear.
Minocycline's good penetration into lung tissues
may accelerate protein degradation, providing a
new cancer therapy mechanism.

[90,91]

14.

Pioglitazone

Thiazolidinediones

Pioglitazone may inhibit lung cancer cell

glycolysis, potentially influencing cancer
pathogenesis by downregulating specific

proteins and affecting the TGFp pathway,
potentially affecting EMT and metastasis
spread.

15.

Pitavastatin

Blood cholesterol
lowering medication

Pitavastatin has shown potential anticancer
properties against cervical cancer cells, triple-
negative breast cancer cells, oral cancer cells,
lung cancer cells, and angiogenesis. It targets
molecular pathways involved in lung cancer
pathogenesis, potentially promoting clinical use
in the future.

[71,93]

16.

Propranolol

Treat high blood pressure

Propranolol and betaxolol are active
adrenoblockers against lung cancer cell lines
A549 and H1299, inhibiting colony formation at
90% of EC50 value.

17.

Niclosamide

Anthelmintics

Niclosamide, a potent inhibitor of the AMPK/
AKT/mTOR pathway, effectively suppresses
tumor growth and induces autophagy in human
lung cancer cells, making it a potential anti-
NSCLC therapy candidate.

18.

Sertraline

Antidepressant

Sertraline, a cancer-sensitizing agent,

has been shown to reduce tumor growth

in lung cancer cell lines and interact with
erlotinib, demonstrating anticancer activity
through apoptosis, autophagy, and stem cell
downregulation.

19.

Simvastatin

Treat high blood pressure

Simvastatin, an anticancer agent, inhibits
proliferation and migration in non-small
cell lung cancer, promotes apoptosis, and
upregulates BIM expression, potentially
improving lung cancer patient survival.

20.

Telmisartan

Treat high blood
pressure, heart failure,
and diabetic kidney
disease.

Telmisartan, a new drug for treating NSCLC,
inhibits PI3K/AKT signaling, preventing cell
migration, and increases death receptor 5
expression, making TRAIL more effective in
lung cancer treatment.

[96,97]

Table 1.

List of drugs which are repurposed for LC.
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S.No Name Description Link Ref

1 BalestraWeb BalestraWeb is a tool that uses latent factor models http://balestra.csb. [98]
to predict drug-target interactions. The tool pitt.edu/
generates predictions with high confidence levels,
with some interactions having a predicted score
above 90%.

2. canSAR It is a knowledge-base that integrates http://cansar.icr. [99]
multidisciplinary data and machine learning for acuk
cancer drug discovery.

3. STITCH Dispersed throughout the literature and various http://stitch.embl. [100]
databases are details on biological pathways, drug- de/
target relationships, and binding affinities.

4. repoDB A database containing details about medicines that http://apps. [101]
have been approved and those that have not, along chiragjpgroup.org/
with their recommended uses. repoDB/

5. DT-Web Using accessible clinical transcriptome datasets, https://alpha.dmi. [102]
DRUGSURY calculates medication effectiveness in unict.it/dtweb/
patients with particular cancer subtypes.

Table 2.

List of web-based tools for drug repositioning that ave openly available.

8. Conclusions

This study utilized gene co-expression network analysis to identify potential drugs
for NSCLC treatment. The bioinformatics task involves systematically identifying
potential repositioning candidates using vast amounts of data generated by various
techniques and domains. The study proposes crucial steps for an iz silico drug repur-
posing pipeline to improve success rates. Drug repositioning is essential for improving
pre-clinical drug development since it cuts costs and time when compared to con-
ventional approaches. The development of computational drug repositioning meth-
odologies has been expedited by the increasing availability of large-scale biological,
biomedical, and electronic health-related data as well as high-performance computer
capabilities. Finding novel therapeutic opportunities and cutting costs in comparison
to conventional de novo drug development approaches depend on this procedure.
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Abstract

Niclosamide (NIC) is a salicylanilide that was developed for treatment of tapeworms
and other parasitic infections. The mechanism of action is primarily to inhibit oxidative
phosphorylation. However, more recently, additional signaling pathways and targets
have been identified. Pre-clinical studies have demonstrated that NIC has potential
effects in treating infectious diseases, diabetic kidney disease, cardiovascular diseases,
and cancer. This chapter summarizes the pharmacology and recent pre-clinical and
clinical studies of NIC. Further studies are needed to determine whether NIC can be
repurposed to treat acute myeloid leukemia, prostate cancer, SARS-CoV-2, hepatitis E
virus, diabetic kidney disease, hepatitis virus, rheumatoid arthritis, and heart failure.

Keywords: Niclosamide, tapeworms, oxidative phosphorylation, pre-clinical studies,
cancer, acute myeloid leukemia

1. Introduction

NIC (5-chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide) is a salicylanilide
marketed under the brand name Yomesan® from Europe as an oral anthelmintic drug to
treat parasitic infections. It was originally discovered at Bayer in 1953 and later developed
as a molluscicide to kill snails, an intermediate host of schistosomiasis. Mechanistically,
NIC uncouples oxidative phosphorylation in the cell mitochondria, perturbing the
production of adenosine triphosphate, resulting in impaired parasitic motility [1-3].
NIC was approved by the US FDA for use in humans to treat tapeworm infections in
1982. Albeit voluntarily withdrawn by Bayer from the US market in 1996 due to limited
profitability, it is currently included within the World Health Organizations list of
essential medicines and marketed as an anti-helminthic in many other countries [4].
Even though its widespread use has been limited due to low aqueous solubility and poor
systemic bioavailability, pre-clinical studies have evidenced multiple cellular targets
of NIC, making it a desirable agent for drug repurposing [3]. Consequently, it is being
investigated for indications ranging from viral and bacterial infections and inflamma-
tory airway diseases to metabolic diseases and cancers. Additionally, in order to capital-
ize on the vast pharmacological potential of NIC, several new formulations are being
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trialed at the pre-clinical and clinical stages with an aim to overcome its low solubility
and bioavailability. This chapter aims to highlight the ongoing efforts to repurpose NIC
for a multitude of indications using the parent and newer formulations.

2. Clinical pharmacology

NIC is a derivative of salicylic acid, a salicylanilide belonging to a large group of
lipophilic, weakly acidic molecules (Figure 1) [5].

A significant portion of NIC’ therapeutic efficacy is derived from its inhibition of
oxidative phosphorylation. It is a weakly acidic lipophilic protonophore that translocates
protons across the mitochondrial membrane, resulting in mitochondrial uncoupling
and futile cycles of glucose and fatty acid oxidation. Its action as a mild mitochondrial
uncoupler is sufficient to kill tapeworms residing in the gastrointestinal tract. It has dem-
onstrated an excellent safety profile in humans as transient mild mitochondrial uncou-
pling is tolerable in normal cells [6]. In addition to this classic mode of action, recent
scientific literature has illuminated a myriad of pathways through which NIC can exert
its effects. Pre-clinical studies have reported NIC-driven modulation of Wingless-related
integration site (Wnt)/(beta-catenin) p-catenin, mammalian target of rapamycin com-
plex 1 (mTORC1), Signal transducer and activator of transcription 3 (STAT3), Nuclear
factor kappa B (NF-kB), cyclic AMP Response Element Binding Protein (CREB), and
Neurogenic locus notch homolog protein 1 (Notch 1) signaling pathways [3].

The lipophilic characteristic of the drug restricts its aqueous solubility and
systemic bioavailability. The solubility of NIC has been reported in the range of
0.2-19 mg/L, whereas the solubility of its ethanolamine salt (NEN) ranges from 145
to 372 mg/L [7]. Oral NIC, marketed as a chewable tablet, is only partially absorbed
from the intestinal tract with a bioavailability of 5.5-10%. It is rapidly eliminated by
the kidneys with no cumulative toxic effects [5]. The plasma half-life of NIC is short
at about 6 hours [8], and therefore when systemic exposure is needed, twice daily
or thrice daily administration will be indicated. Distribution studies in rodents with
oral doses of 40 mg/kg NIC ethanolamine, (i.e., ~34 mg/kg NIC) and 50 mg/kg NIC
demonstrate that tissue levels are highest in excretory organs (intestines, liver, and
kidney) and low to negligible levels are achieved in other tissues (such as the brain,
heart, and lungs) [5]. The adult dose of NIC as an anthelmintic is 2 grams (g). The
serum concentration of NIC after a single oral dose of 2 g leads to maximal serum
concentrations of 0.25-6.0 mcg/mL [7]. NIC is a safe drug when orally administered,
but injection (intraperitoneally and intravenously) of the drug can lead to adverse
effects (hypopnea, sedation, and convulsions) [8].

To date, a limited number of studies have analyzed the metabolic profile
of NIC. Some published reports have noted a possible involvement of uridine
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Figure 1.

NIC (5-chloro-N-(2-chloro-4-nitrophenyl) -2-hydroxybenzamide).
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5'-diphospho-glucuronosyltransferase1A1 (UGT1A1), a Phase II polymorphic
enzyme, in the metabolism and/or bio-transformation of this agent. One of these
studies also associated NIC disposition with cytochrome P450 1A2-mediated hydrox-
ylation [8]. The effect of NIC on Phase I or Phase II enzymes (i.e., induction or
inhibition) has not yet been completely elucidated and is actively being investigated.
A study by Hamdoun, et al., observed that NIC inhibited glutathione synthetase
(GS) [9]. Consequently, this could attenuate the production of glutathione (GSH),

a cofactor required for Phase II metabolism of drugs such as busulfan, cisplatin, and
acetaminophen. Interestingly, GSH is also known to be involved in the development
of drug resistance via its antioxidant property of scavenging reactive oxygen spe-
cies (ROS). Through its inhibition of GSH, NIC could exhibit a therapeutic role in
multidrug-resistant cancers, including leukemia.

3. Potential applications of NIC: pre-clinical data

Several studies have examined the role of NIC as a potential therapeutic option
for microbial infections. The COVID-19 pandemic provided an impetus to unlock its
antiviral potential against the SARS-CoV-2 virus based on data from cellular experi-
ments and its relatively favorable adverse effect profile. NIC is presumed to mediate
its therapeutic activity in this setting through inhibition of TransMEMbraine Protein
16 (TMEM16), a calcium-activated chloride channel protein found to mediate viral
spike-induced syncytia formation in SARS-CoV-2 infections, induction of autophagy,
and its protonophoric activity. The latter two have been purported to play a role in
preventing viral replication by interfering with viral entry and egress via endosomal
neutralization [5, 10]. A pre-clinical study by Vazquez-Rodriguez et al. highlighted
the antibacterial efficacy of NIC against biofilm-associated microbes, Staphylococcus
aureus and Staphylococcus epidermidis in catheter-related bloodstream infections
(CRBSIs) [11]. A time-kill study by Rajamuthiah demonstrated that NIC is bacterio-
static [12]. NIC encapsulated in a nanoparticle was shown to prevent Candida albicans
(C. albicans) hyphenation and early biofilm growth and disengaged fully grown bio-
films of drug-resistant C. albicans and Candida auris from their growth surface, thus
highlighting its role as a potential antifungal agent as well. Here, NIC was postulated
to inhibit Ndul, a C. albicans protein essential for mitochondrial respiration [13].

Inflammatory airway diseases, such as asthma, cystic fibrosis (CF), and chronic
obstructive pulmonary disease (COPD), are characterized by mucus hypersecretion
and airway plugging. The TMEM16A protein has been detected in mucus-producing
club/goblet cells and airway smooth muscle as well where it contributes to mucus
hypersecretion and bronchoconstriction. This has paved the way for examining NIC
as a potential treatment of inflammatory airway disease [14].

NIC may also play a therapeutic role in the treatment of chronic inflammatory
autoimmune diseases such as rheumatoid arthritis (RA), given its observed anti-
inflammatory effect in pre-clinical studies. In their in-vitro and mouse model study,
Liang and colleagues observed that NIC attenuated the secretion of several interleu-
kins including IL-1p, IL-6, IL-8, IL-7A, and interferon-y (INF-y) from tumor necrosis
factor-a (TNF-a) stimulated RA fibroblast-like synoviocytes (FLS) in a dose-depen-
dent manner. NIC also inhibited TNF-a-induced extracellular signal-regulated kinase
(ERK) and c-Jun N-terminal kinase (JNK) phosphorylation, kinases reported to have
an important role in chronic synovitis in RA. The group reported a reduction in the
severity of collagen-induced arthritis (CIA) in their NIC-treated mouse model as well.
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Based on their findings, they further postulated that the mechanism of the inhibitory
effect of NIC on TNF-a-induced interleukins might be mediated by nuclear factor
kappa B (NF-kB) signaling pathway [15]. Another group evaluated the anti-rheuma-
toid activity of oral NIC in collagen-induced arthritic rats. In this study, diclofenac, a
common RA non-steroidal anti-inflammatory drug, served as a comparator group to
two different dose levels of NIC (50 mg/kg and 100 mg/kg). A significant reduction
in inflammatory markers of TNF-a and IL-1f and the resultant decline in arthritic
symptoms was noted in the higher dose NIC group. These observations were generally
comparable to the diclofenac group [16].

The therapeutic potential of NIC is also being explored in the realm of metabolic
disorders. Preliminary studies have indicated that NIC ethanolamine salt (NEN)
could help with regulating insulin resistance in Type II Diabetes via increased lipid
oxidation through mitochondrial uncoupling [17]. It was recently discovered that
multiple genes of the renin-angiotensin-aldosterone system (RAAS) are direct down-
stream targets of the Wnt/p-catenin pathway. NIC has been reported to be a potent
inhibitor of Wnt/B-catenin. Additionally, pre-clinical studies showed that NIC could
improve diabetes and diabetic kidney disease (DKD) through inhibition of the mam-
malian target of rapamycin (mTOR) signaling pathway that is implicated in diabetes
and DKD progression [18].

NIC has also been reported to potentially prevent or slow the progression of renal
fibrosis. The phosphate form of NIC reduced proteinuria, glomerulosclerotic lesions,
and interstitial fibrosis in a murine model of adriamycin nephrology, primarily
through inhibition of Transforming Growth Factor (TGF)-beta-induced expression
of homeodomain-interacting protein kinase 2 [19]. Renal ischemia and reperfusion
injury could be protected by NIC by altering the expression levels of autophagy-asso-
ciated proteins in rat kidneys [20]. End-stage renal disease caused by inflammation
and fibrosis mediated by STAT3 and protein tyrosine phosphatase-1B could also be
potentially decreased with NIC [21]. Therefore, NIC is a potential drug for a variety
of renal diseases.

Another virus that has been identified to be responsive to NIC is hepatitis. The
Hepatitis E virus causes acute hepatitis in immunocompromised individuals. NIC
inhibits hepatitis E through inhibition of NFkB signaling pathways. This inhibition
is independent of STAT3 [22]. Thus, NIC could potentially be repurposed to treat
hepatitis infections. Future clinical trials are necessary to demonstrate the efficacy of
NIC in patients with Hepatitis E and other viral infections [23].

Because of its effects on mitochondrial activity, NIC has been proposed as a
potential treatment for heart failure. Pre-clinical studies have demonstrated that
NIC increases mitochondrial respiration and adenosine triphosphate production in
cardiomyocytes and improves heart failure in mice by decreasing inflammation [24].
NIC has also been demonstrated to decrease artery constriction [25]. Another study
reported that NIC treatment augmented the endothelium-dependent relaxation of
the thoracic aorta in diabetic rats [26]. Therefore, there are several potential trials to
study the effects of NIC in cardiovascular disease.

In numerous pre-clinical studies, NIC has been shown to attenuate malignant cell
growth by targeting a variety of oncogenic pathways. As a result, it has been identi-
fied as a potential anticancer agent that exerts cytotoxic and cytostatic activity against
a wide range of cancer types including leukemia, breast cancer, prostate cancer,
colorectal cancer, hepatocellular carcinoma, renal cell carcinoma, and glioblastoma.
In colorectal cancer cells, NIC was observed to decrease the expression of dishev-
eled segment polarity protein-2 (Dvl-2) and proto-oncogene p-catenin, as well as to
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prevent the association between f-catenin and T-cell factor (TCF) [27-31]. In prostate
cancer, NIC has been found to target androgen receptor (AR) variant 7 (AR-V7) and
inhibit STAT3 phosphorylation via IL-6 to attenuate prostate cancer growth [32].
Targeting of NOTCH, mTOR, and NF-kB signaling cascades by NIC in other cancer
groups has also demonstrated pre-clinical response with some evidence that it may
improve immunotherapy by modulating pathways such as Programmed Cell Death
Protein (PD-1)/Programmed Cell Death Ligand 1 (PDL-1) [5, 33]. In acute myelog-
enous leukemia (AML), NIC has been shown to induce caspase-dependent apoptosis
by inhibiting the NF-kp and increasing ROS levels [34]. In pediatric leukemia, NIC
was found to inhibit CREB function and CREB-mediated gene expression in cells [35].

4. NIC and acute myeloid leukemia

Acute myeloid leukemia (AML) is a malignancy of the bone marrow character-
ized by the aberrant proliferation of immature myeloid cells. The accumulation of
genomic and epigenetic abnormalities drives the dysregulation of self-renewal and
uncontrolled growth. The overall 5-year survival rate is ~30%, but older patients have
poorer outcomes with a much lower 5-year survival rate at less than 10% [36, 37].
Standard of care is induction therapy known as the “7 + 3 regimen” consisting of
7 days of cytarabine and 3 days of an anthracycline such as daunorubicin. However,
this intensive therapy can lead to significant toxicities and morbidity.

The rapid growth of cancer cells requires massive amounts of metabolites and
energy, and this demand is fulfilled by dysregulated metabolic signatures. One classic
example is the Warburg effect, which occurs in many types of cancers including
leukemia. A century ago, the German physician Otto Warburg discovered that cancer
cells can upregulate glycolysis instead of oxidative phosphorylation to produce the
energy required for rapid proliferation. Immature myeloid blasts are produced by a
small, quiescent population of leukemic stem cells (LSCs), which are more resistant
to standard induction chemotherapy than dividing blast cells [38]. While leukemic
blasts utilize the Warburg effect and upregulate glycolysis to proliferate, LSCs rely on
oxidative phosphorylation to maintain their quiescence. High oxidative phosphoryla-
tion contributes to chemotherapy resistance in LSCs and AML blasts [39]. Therefore,
inhibition of oxidative phosphorylation has the potential to target LSCs and re-sensi-
tize myeloid blasts to conventional chemotherapy. Thus, the targeting of dysregulated
metabolic signatures in AML is a potential avenue for novel therapies.

The antineoplastic mechanism of NIC has not been fully elucidated in acute
myeloid leukemia (AML) but some studies have found that the ability of NIC to
uncouple oxidative phosphorylation in helminths can also occur in AML cells. In adre-
nocortical carcinoma cells, treatment with NIC decreases the oxygen consumption
rate and extracellular acidification rate, which is indicative of electron transport chain
uncoupling [40]. A reduction in mitochondrial membrane potential occurs within
3 hours of NIC treatment. In stem-like ovarian cancer cells, NIC downregulates
genes involved in oxidative phosphorylation and increases the production of reactive
oxygen species (ROS) [41]. NIC also induces fragmentation of mitochondria and
leads to autophagy and apoptosis in HeLa cells [42]. NIC was also previously reported
to inhibit Notch signaling and tumor necrosis factor-mediated NF-xB-dependent
gene transcription in AML [34]. AML cells treated with NIC have increased ROS
production. These findings highlight NIC as a potential therapy for a wide range of
malignancies through inhibition of several signaling pathways.
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4.1 CREB as a target for AML

The cyclic AMP response element binding protein (CREB) is a leucine zipper
transcription factor that regulates several cellular functions including metabolism,
cell cycle, and cell survival in both hematopoietic and neuronal cells. CREB is overex-
pressed AML cells compared to healthy bone marrow stem cells and this was associ-
ated with a worse prognosis [43].

Overexpression of CREB is a driver of abnormal proliferation and survival in
AML. AML cells have a 2- to 3-fold increase in CREB protein and messenger ribo-
nucleic acid (mRNA) when compared to healthy and non-leukemic controls, and
CREB overexpression is associated with a worse prognosis [44]. Myeloid leukemia
cell lines transfected to overexpress CREB have an elevated growth rate and an
increase in the number of cells in the S phase of the cell cycle. Transgenic mice with
CREB overexpressed in the myeloid lineage develop myeloproliferative syndrome
and have more robust self-renewal of the bone marrow progenitors in methylcel-
lulose colony assays, independent of growth factors. Conversely, CREB knockdown
significantly reduces the viability and inhibits the growth of AML cells. In mouse
transduction/transplantation experiments, knockdown of CREB in healthy mouse
hematopoietic stem and progenitor cells results in normal long-term engraftment
with little effects on short-term engraftment [43]. Therefore, CREB overexpression
contributes to the proliferative phenotype of AML blasts, and CREB is a potential
therapeutic target for AML.

CREB is activated by phosphorylation on serine 133 by several kinases including
PP90 ribosomal S6 kinase, mitogen-activated protein kinase kinase (MEKK), protein
kinase A, and calmodulin kinases [45]. Upon phosphorylation, the kinase-inducible
domain (KID) of CREB is conformationally folded to interact with the kinase-induc-
ible acceptor domain (KIX) of the co-activator CREB binding protein (CBP). This
CREB/CBP complex then binds to DNA at consensus sites known as the conserved
cAMP-responsive elements (CREs) to mediate transcription of its target genes. There
are several genes containing CRE motifs involved in cellular processes including
metabolism, glucose homeostasis, cell proliferation, survival, cell cycle, and differ-
entiation. The development of small molecules to inhibit CREB activity via KIX:KID
interaction revealed NIC as a potent CREB inhibitor.

4.2 CREB inhibitors

(See Figure 2)
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Figure 2.
CREB inhibitors. Three previously published structures of compounds that inhibit CREB are shown, including
(A) KGso1 [46], (B) XX-650-23 [47], and (C) NIC [35].
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4.2.1 KG-501

An NMR-based library screen consisting of over 760 compounds for KIX binding
identified the first potent CREB inhibitor, napthol-AS-E-phosphate (Figure 2A) [46].
KG-501 directly interacts with the KIX region of CBP at key residues in the KIX:KID
interface between residues R600 and V608 with a K; of ~90 uM. Transcription of
endogenous CREB target genes such as nuclear receptor subfamily 4 group A member
2 (NR4A2), c-fos, and Regulator of G-protein signaling 2 (RGS2) is reduced at 10 pM
of KG-501. KG-501 also inhibits CBP binding to other transcription factors with
similar structures including NF-xB and Myb.

Further studies revealed that KG-501 is not stable in culture media and has low
cell permeability. KG-501 served as a proof-of-concept that blocking the KIX:KID
interaction can effectively disrupt CREB-mediated gene transcription. The structure
provided a backbone for the development of more potent inhibitors with improved
specificity to CREB.

4.2.2 XX-650-23

Investigation of the structure-activity relationship (SAR) between KG-501 and
the KIX domain identified key components for binding and led to the development
of small molecule XX-650-23 (Figure 2B) [47]. This molecule inhibits KIX:KID
binding with a 50% inhibitory concentration (IC50) of 3.20 + 0.43 uM, as measured
by split Renilla luciferase complementation assay, and inhibits CREB-mediated
transcription in a dose-dependent manner. RNA-seq analysis found no significant
change in the target genes of other transcription factors that bind to CPB such as
myeloblastosis viral oncogene homolog (Myb), v-rel avian reticuloendotheliosis
viral oncogene homolog A (RelA), -rel avian reticuloendotheliosis viral oncogene
homolog B (RelB), Forkhead box O3 (Foxo3), and Forkhead box O1 (Foxol), indi-
cating that XX-650-23 specifically inhibits CBP binding only to CREB. Treatment of
AML cell lines and human AML patient samples with XX-650-23 potently reduces
cell viability with no significant toxicity to normal human hematopoietic cells up to
10 pM. XX-650-23 induces apoptosis of AML cells through activation of the intrin-
sic apoptosis pathway and reduction of the CREB-regulated anti-apoptotic blocks
programmed cell death (BCL2) family protein levels. Regulators of the cell cycle,
such as cyclins and replication factor C2 (RFC2), are downregulated upon XX-650-
23 treatment, causing AML cells to undergo cell cycle arrest at the G1/S cell cycle
transition. In AML cell line and AML patient-derived xenograft mouse models,
mice treated with XX-650-23 had a reduction in leukemia cell engraftment, reduced
disease burden, and significantly greater median survival. However, due to physical
properties such as low solubility and a short half-life in mice, XX-650-23 is not a
suitable candidate for clinical applications. Additional compounds were developed
to optimize XX-650-23 through SAR [48].

4.2.3 NIC as a CREB inhibitor in AML
A search for FDA-approved structural analog of XX-650-23 led to the identifica-
tion of NIC (Figure 2C) as a candidate for CREB inhibition [35, 48]. NIC shares

a similar chemical structure with XX-650-23 including a salicylamide core and
electron-withdrawing groups para to the phenol hydroxyl group and anilide. Using
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a Renilla luciferase complementation assay, NIC was found to interact with the
KIX:KID domain more potently than XX-650-23.

Treatment of AML cell lines and patient samples with NIC reduces cell viability
in a dose-dependent manner with IC50 values of 0.28-0.51 pM [35]. NIC induces
apoptosis in the LSC population and inhibits colony formation of AML blasts in
methylcellulose culture with an IC50 of 19.8 nM [48]. NIC does not exhibit toxicity to
colony formation of healthy bone marrow up to 10 pM, indicating a wide therapeutic
window. Immunocompromised mice injected with AML cell lines [34] and AML
patient samples [35] demonstrated that NIC decreases engraftment of leukemia
cells and leukemic burden, and increases the median survival of mice compared to
vehicle. Sequential treatment of AML cells with NIC and cytarabine or daunorubicin
also results in a synergistic cytotoxic effect, indicating that pretreatment of NIC can
potentially enhance sensitivity to conventional chemotherapy.

NIC inhibits CREB-mediated transcription in AML and induces apoptosis.
CREB knockdown in AML cell lines protects cells from the cytotoxic effect of
NIC and shifts the dose-response curve to the right, indicating that one potential
mechanism of NIC is CREB inhibition. CREB-mediated transcription is decreased
by NIC treatment with an IC50 of 1.24 pM in AML cell lines. Similar to XX-650-23,
NIC induces cell cycle arrest at the G1 phase by reducing CREB-mediated transcrip-
tion of replication factor C subunit 3 (RFC3) and DNA polymerase delta subunit
(POLDY).

These pre-clinical findings have supported the development of a Phase 1 clinical
trial to evaluate the effects of NIC in combination with cytarabine in AML patients.

5. Clinical trials
5.1 Cancer

The therapeutic potential of NIC and its novel formulations in cancer has
been investigated/explored in early-phase clinical trials for adults with metastatic
prostate and colorectal cancer. In addition, it is being explored in pediatrics for
relapsed AML.

A recent Phase 1b clinical trial of NIC in combination with abiraterone and pred-
nisone in men with castration-resistant prostate cancer (CRPC) reported the safety
and clinical activity of NIC use in this patient population. The primary objective of
the trial was to identify a maximum tolerated dose (MTD) and recommended phase
2 dose (RP2D) of a novel reformulated orally bioavailable, NIC (PDMX1001). All
patients enrolled in the trial were treated with abiraterone acetate 1000 mg by mouth
(PO) daily and prednisone 5 mg PO twice a day (bid), starting the same day when
NIC was started for 28 days. The first dose level (DL 0) was dosed at 400 mg PO BID
of NIC with targeted escalation to dose level 4 dose of 1600 mg PO TID. Overall, nine
patients with metastatic CRPC (mCRPC) were accrued in the trial with treatment
cycles ranging from 1 cycle to over 42 cycles (median 6 cycles). The recommended
Phase II dose of NIC/PDMX1001 was 1200 mg orally three times daily (DL 3). Trough
and peak NIC concentrations exceeded the therapeutic threshold of>0.2 microgram
per microliter. The combination was found to be well tolerated with the most frequent
adverse effect of diarrhea. Grade 3 toxicities observed included abdominal pain,
fatigue, hypoalbuminemia, and anorexia. For Grade 1-2 events, diarrhea, fatigue,
headache, and anorexia were the most common [49].
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Another Phase 1 trial studied NIC in combination with enzalutamide in men
with castration-resistant prostate cancer [50]. The primary objective was to assess
safety. NIC was given three times daily (TID) at the following dose levels: 500, 1000,
or 1500 mg. There were no dose-limiting toxicities (DLTs) in three patients on the
500 mg TID cohort; however, both (N = 2) subjects on the 1000 mg TID cohort
experienced DLTs (prolonged grade 3 nausea, vomiting, diarrhea; and colitis). The
maximum plasma concentration ranged from 35.7 to 182 ng/mL and was not consis-
tently above the minimum effective concentration in pre-clinical studies. The study
was closed as plasma concentrations at the maximum tolerated dose (500 mg TID)
were not consistently above the expected therapeutic threshold.

The Phase IT NIKOLO trial investigated the safety and efficacy of orally applied
NIC in patients with metachronous or synchronous metastases of colorectal cancer
progressing after therapy. The primary objective of the study was progression-free
survival (PFS) after 4 months. All patients received 2 grams PO daily of NIC until
progression or unacceptable toxicity. The study is ongoing, but no drug-related toxici-
ties have been reported so far [28].

A Phase 1 trial of NIC in pediatric and young adult patients with relapsed or
refractory AML is ongoing. The primary objective of the study is to identify and
evaluate safety for the recommended phase 2 dose (RP2D) of NIC in combination
with cytarabine for relapsed and/or refractory acute myeloid leukemia (AML). NIC
will be administered orally twice daily for 14 days (Days 1 to 14) starting at Level 1
(500 mg/m*/day divided PO BID) in a 28-day cycle. Depending upon observed dose
limiting toxicities (DLT), the dose will get escalated up to dose level 3 (1200 mg/
m?*/day divided BID). Each dose level will be followed by backbone chemotherapy:
Cytarabine 2000 mg/m” IV daily over 4 hours on Days 15-19 [51].

5.2 Metabolic disorders

A randomized clinical trial explored the efficacy of NIC as an adjuvant therapy
in diabetic kidney disease. The study subjects were randomized to either NIC plus
Ramipril or just Ramipril for 6 months. The primary outcomes included changes in
urinary albumin to creatinine ratio (UACR), serum creatinine, and estimated glomer-
ular filtration rate (eGFR). The secondary outcomes were measurements of urinary
matrix metalloproteinase-7 (MMP-7), 8-hydroxy-2’-deoxyguanosine (8-OHdG),
and podocalyxin (PCX). Patients in the NIC arm received ramipril plus NIC 1 g once
daily, and patients in the control arm received ramipril only for 6 months. Overall, 41
patients were recruited for each arm, with 30 patients completing the study on each
arm of the trial. The addition of NIC to patients with diabetic kidney disease receiving
an angiotensin-converting enzyme inhibitor significantly reduces albumin excretion.
The NIC arm showed a 24.2% decrease in baseline albumin to creatinine excretion
(95% CI, —30 to —18.3%), in contrast to the control arm, which showed an 11.1%
increase in baseline UACR (95% CI, 4 to 18.2%). In addition, patients who received
NIC preserved their serum creatinine and eGFR compared to the control arm. A
significant reduction in MMP-7 and PCX levels, markers of diabetic nephropathy, was
observed in the NIC arm [18].

5.3 COVID trials

A Phase 2 randomized clinical trial explored the efficacy of NIC vs. placebo in
patients testing positive for SARS-CoV-2 who were either asymptomatic or with
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mild to moderate COVID-19. The primary efficacy endpoint was the proportion of
participants with viral clearance in respiratory samples at day three based on the
intention-to-treat (ITT) sample. Secondary endpoints included the proportion of
participants with viral clearance in fecal samples at day 14, change in respiratory viral
shedding (on days 1, 3, 7, 10, and 14), progression to severe COVID disease, and time
to resolution of symptoms reported on day 1. The safety endpoint was defined as the
incidence of any adverse event. Patients (73 participants) were randomly assigned

to receive either NIC 2 gram (tablet) by mouth daily for 7 days or placebo using the
same dosing schedule. NIC was well tolerated without any significant side effects. The
efficacy endpoints of oropharyngeal clearance or symptom duration shortening did
not significantly differ between the two groups [52].

PROTECT-V, a multicenter randomized controlled trial, aimed to study pre-
exposure prophylactic effects of intranasal NIC, nasal and inhaled ciclesonide, or
intravenous sotrovimab compared to the matched placebo control groups against
SARS-CoV-2 infection for 36 weeks (total 1653 patients) in vulnerable patient
populations (organ transplant patients, patients with oncological/hematological
diagnoses, immune deficiency or autoimmune diseases requiring immunosuppres-
sion or on dialysis). The primary outcomes for the study were confirmed SARS-
CoV-2 and one or more COVID-19 symptoms including respiratory, constitutional,
or gastrointestinal. The secondary outcomes included (1) time to confirmed SARS-
CoV-2 infection, (2) safety and all-cause mortality, and (3) severity of COVID-19
disease. For the NIC arm, the drug was administered as 1% NIC ethanolamine solu-
tion and a total daily dose of 5.6 mg NIC ethanolamine salt (4.7 mg free NIC acid)
to maximize delivery of the drug to the nasal and upper respiratory tract epithelia.
The study did not meet its primary endpoint as no difference was detected between
the risk of infection in the NIC and placebo groups. No major safety signals were
reported [53].

5.4 Rheumatoid disease

The therapeutic efficacy of NIC in patients was explored in a randomized, double-
blind, placebo-controlled trial comparing orally administered NIC (1000 mg once
daily) to placebo (lactose) with adjuvant etanercept. All enrolled patients (n = 110)
had been on etanercept for more than 3 months prior to enrollment with continued
high or moderate active RA. The study assessed the clinical efficacy of NIC using sev-
eral RA disease activity indices (DAS28, SDAI, CDAI, HAQ-DI). RA markers includ-
ing changes in erythrocyte sedimentation rate (ESR), C-reactive protein (CRP),
levels of IL-1p, IL-6, TNF-a, intercellular adhesion molecule-1 (ICAM-1), vascular
adhesion molecule (VCAM-1), and E-selectin were assessed as well. The treatment
duration was 60 days. The trial noted significant improvement in RA disease indices
in the NIC group with etanercept compared to the placebo with etanercept group.
NIC significantly lowered E-selectin, ICAM1, and VCAM1 compared to baseline
values. Interestingly, however, unlike the group’s aforementioned pre-clinical study,
a significant reduction in other inflammatory markers like TNF-2f and IL-1f was not
noted [54].

6. Niclosamide repurposing clinical trials summary

(see Table1)
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7. Newer formulations

The recent pace of scientific inquiry into novel clinical applications of NIC has
surprisingly not been tempered by the limited bioavailability of the agent. This
repurposing interest has spurred the scientific community to explore alternative
formulations of NIC to comprehensively study and harness its therapeutic potential.
Efforts are underway to design oral formulations of NIC with improved solubility and
bioavailability compared to the ones currently available, in addition to non-oral for-
mulations, which can yield targeted levels of drug exposure with limited or minimal
off-target adverse effects.

In pharmaceutics, various techniques are used for the enhancement of the solu-
bility of poorly soluble drugs which include physical and chemical modifications
of drugs and other methods like particle size reduction, crystal engineering, salt
formation, solid dispersion, use of surfactant, complexation, etc. [55] An applica-
tion of some of these methods is evident in the development of an amorphous solid
dispersion (ASD) of NIC in an enteric-coated tablet form by Jara and colleagues. The
enteric-coated tablets were found to protect the formulation from acidic conditions
and prevent polymer gelling. The formulation generated amorphous nanoparticles
during dissolution, increasing the drug’s solubility from 6.6 mcg/mL to 481 mcg/

mL (~70 fold in simulated intestinal fluid) and its bioavailability by 2.6 fold in rats.
The study also noted a relatively higher plasma concentration (~150 ng/mL) of NIC
when administered at a dose of 75 mg/kg as enteric-coated ASD tablets to beagle dogs
compared to that previously reported in the literature for 100 mg/kg solubilized NIC
[56]. Further in vivo and clinical studies are planned for this novel oral formulation.
Another group recently published data on their lipid-based self-micro-emulsifying
drug delivery system for NIC (Nic-SMEDDS) [57]. SMEDDS formulation system
consists of the drug dissolved or suspended in an oil phase along with a surfactant
and a co-surfactant or solubilizer [58]. It creates a greatly enhanced interfacial area,
which allows for the easy partition of the drug from the oil phase into the aqueous
phase. Yi and colleagues reported a higher Cmax with Nic-SMEDDS (495.3ng/mL)
compared to NIC (273ng/mL) and NIC ethanolamine salt (NEN) (346.7ng/mL)
following an oral gavage of 40mg/kg dose molecular weight equivalent to NEN. Anti-
tumor efficacy in their hepatocellular carcinoma PDX mouse model was also superior
for Nic-SMEEDS (100 mg/kg BID) compared to NEN (200 mg/kg once daily) as
evidenced by increased levels of Caspase 3 protein and reduced Ki-67 levels. Further
pre-clinical and clinical studies utilizing this formulation in other disease models
should be explored.

Until now, although alternative more potent and bioavailable oral formulations of
NIC, such as O-Alkylamino tethered derivatives, have been reported, their use in the
clinic has not been reported [59].

Given the pleiotropic pharmacology of NIC, formulations better suited to the
treatment site of interest are also in development. One such example is the intranasal
NIC spray, allowing for its local delivery to the site of infection for COVID 19 and
other respiratory infections. Union Therapeutics completed Phase 1 testing of their
intranasal spray in healthy volunteers, and it was subsequently selected for the
PROTECT-V study discussed above [53]. Another group has published research on
extraction of NIC from the commercially available NIC tablets and formulating it
into throat and nasal sprays as potential therapies for COVID19 and other respiratory
viruses including Influenza and Respiratory Syncytial Virus (RSV) [60]. Further
testing of this formulation in the clinical realm is currently pending. Besides, throat
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and nasal sprays, a topical formulation of niclosamide has also been explored. A
randomized Phase 2 trial by Weiss and colleagues reported on the use of topical NIC
(AT X 201) where it reduced Staphylococcus aureus colonization in patients with mild
to moderate atopic dermatitis [61].

Intravenous administration of NIC is limited by its low solubility and need for
high administration concentration. Re-formulation efforts that can improve its
pharmacologic properties including improved solubility and slow release may help
overcome these barriers to clinical use. One such approach has been to package NIC
in a nanoparticle formulation. A study by Gan and colleagues observed that the
intravenously administered nanoparticle formulation of NIC improved both the
solubility of the drug and demonstrated in vivo activity for inhibiting and reversing
established pulmonary fibrosis [62]. Another group tested intravenous delivery of
NIC stearate prodrug therapeutic (NSPT), a nanoparticle formulation of NIC in the
lung metastatic mouse model of osteosarcoma [63]. They reported reductions in the
metastatic burden as well as improved survival in mice. In addition, the concentra-
tions achieved in the mice after IV NSPT were higher than those achieved after oral
dosing of NIC in the phase 1 clinical trial in patients with prostate cancer (dose
0.5 g or1g/day) and phase II clinical trial in patients with metastatic colorectal
cancer (mCRC) (dose 2 g/day). For example, the median Cy,,x of oral NIC was 0.665
mcg/mL (~2 pmol/L) after a 2 g oral dose in patients with mCRC compared to ~70
mcg/mL (~ 210 pmol/L) after NSPT 50 mg/kg (27 mg/kg NIC equivalent) IV dose
in mice. Further examination of the safety and efficacy of this IV formulation in
animal models and clinical trials is planned.

In recent decades, liposomes have become a key player in the armamentarium of
drug formulations. Their therapeutic potential as carriers of drug payloads coupled
with a design allowing for delivery of pharmaceuticals to the target site renders
them an especially attractive drug formulation for oncologic indications. Their pas-
sive (Enhanced Permeability and Retention (EPR) exploiting the leaky nature of
tumor-associated blood vessels) and/or active targeting (conjugating to targeting
moieties) properties could potentially minimize off-target effects [64]. Hatamipour
and colleagues published their experience using NIC nano-liposomes in an experi-
mental model of colon carcinoma. They noted that nano-liposomal NIC showed
a higher growth inhibitory activity against the colon carcinoma cells compared to
free NIC [65].

Further studies assessing the safety and efficacy signals of this formulation in
other disease models are required. With promising results, nano-liposomal encap-
sulation of NIC could serve as a catalyst in the quest for successfully repurposing
NIC. Additionally, more cost effective NIC nano-formulations using FDA-approved
excipients are also being tested in the pre-clinical setting along with delivery systems
utilizing pegylated NIC [56].

8. NIC drug combinations

Another active area of interest seeks to selectively pair NIC with other drugs in
order to potentiate the effect of the combined regimen. This is especially evident
in the field of oncology with the goal of maximizing therapeutic efficacy using
synergizing or additive drug agents while minimizing adverse effects. Luo F. and
colleagues reported findings on their pre-clinical study of combining NIC with PD-1/
PDL-1 immune checkpoint inhibitors in NSCLC cell lines and mouse models [66].
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The group observed that NIC enhanced the cancer cell lysis mediated by T cells in the
presence of PD-L1 blockade. The mice treated with NIC and PD-L1 antibody showed
significant delay in tumor growth and increased survival, which were associated with
the increase of tumor infiltrating T cells and granzyme B release. An enhancement of
PD-L1 antibody by NIC was observed in the inhibition of non-small cell lung cancer
(NSCLC) growth in vitro and in vivo, which was involved in the blockage of p-STAT3
binding to the promoter of PD-L1 and finally downregulation of PD-L1 expression.
Given its inhibitory effect on the STAT3 pathway, NIC may also help attenuate drug
resistance to epidermal growth factor inhibitor receptor inhibitors (EGFRi) induced
by activation of STAT3 by EGFRIi [67]. This was demonstrated in findings by Li and
colleagues where NIC in combination with erlotinib potently repressed erlotinib-
resistant lung cancer xenografts in association with increased apoptosis in tumor
tissues, suggesting that NIC could restore sensitivity to erlotinib [68]. Chae H and
colleagues reported NIC synergizing with acute myeloid leukemia (AML) first-line
chemotherapy drug cytarabine by inhibiting the CREB-dependent pathway and
NF-xB pathway and increasing reactive oxygen species (ROS) levels [35]. This com-
bination is currently being investigated in a pediatric AML clinical trial by Sakamoto
etal. [51]. Due to the extensive network of signaling pathways targeted by NIC, many
other chemotherapeutic agents and targeted therapies could synergize with NIC [67].
An optimization of NIC formulation allowing for enhanced bioavailability would
greatly assist in accelerating this area of research.

9. Conclusions

NIC has demonstrated significant potential as a multi-target therapeutic agent
in pre-clinical high-throughput bioassays and mouse model studies. As highlighted
in this chapter, a limiting factor toward fully harnessing the therapeutic potential
of NIC has been the achievement of drug exposures needed for effect outside the
gastrointestinal tract due to its poor oral bioavailability and limited ability to be
given intravenously. This limitation has led to the exploration of newer formula-
tions of NIC with optimized pharmaceutics and improved pharmacokinetics of the
agent. However, additional studies of these newer formulations are required to better
elucidate the safety of NIC at systemic exposures required for effects outside the gas-
trointestinal tract. The potential applicability would need to be carefully calibrated
against adverse effects potentially resulting from its multi-receptor targeting. A
further refinement of the aforementioned formulation designs and/or coupling them
with a more targeted approach could position NIC as a promising therapeutic agent,
particularly with regard to oncologic indications. One such measure could be a drug
antibody conjugate, which would link the specificity of a monoclonal antibody to
NIC’s cytotoxic payload. Additionally, a drug-monoclonal antibody conjugate fash-
ioned as a liposomal nanoparticle designed to deploy both passive (EPR) and active
targeting strategies for a tumor-specific targeting could potentially be an even more
effective approach. A deeper exploration of NIC pharmacology, molecular modeling,
and signaling targets is necessitated to transform the underutilized potential of this
agent into a viable therapeutic.

Although several clinical trials have been conducted for cancer (AML, prostate,
colorectal), COVID, diabetic nephropathy, and rheumatoid arthritis, the exact dose,
frequency, and indications have yet to be determined. Niclosamide is generally well-
tolerated. Nevertheless, in the clinical trial with prostate cancer in elderly men, the
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optimal phase 2 dose was not obtainable at the highest doses due to toxicity and poor
oral availability. Furthermore, the plasma concentrations at the maximum tolerated
dose were not consistently above the desired therapeutic threshold [50]. While this
may be true for the other ongoing clinical trials, the studies are too early to make any
conclusions. In summary, there are many potential indications for repurposing NIC
based on pre-clinical studies, however, additional information is needed to determine
which disease would be ideal for future clinical trials.
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Chapter7

Unlocking Brigatinib’s Potential:
A Remarkable Case of Drug
Repurposing in NF2-SWN

Annette Bakker, D. Wade Clapp, James Gusella,
Jaishri Blakeley, Scott Plotkin and Marc Ferrver

Abstract

Synodos for NF2 is a collaborative research initiative aimed at accelerating the
development of treatments for NF2-related schwannomatosis, a complex and rare
genetic disorder. Leveraging resources like the National Center for Advancing
Translational Sciences drug screening platform with the MIPE oncology collection,
the team identified Brigatinib, an unexpected hit, as a potential therapeutic agent.
Through subsequent proteomics analysis, Focal Adhesion Kinase was identified
as the primary target of Brigatinib, revealing a novel mechanism of action for the
drug in NF2-related schwannomatosis. This discovery led to the development of the
Innovative Trial for Understanding the Impact of Targeted Therapies in NF2-Related
Schwannomatosis platform-basket trial, which rapidly translated these findings into
a clinical trial framework. Preliminary results from this trial have shown promising
efficacy, marking a significant step forward in NF2-related schwannomatosis treat-
ment. The collaborative efforts of Synodos and the innovative platform trial approach
are paving the way for more efficient drug discovery and development in NF2-related
schwannomatosis, offering new hope for patients with this challenging disorder.

Keywords: Brigatinib, NF2-related schwannomatosis, platform-basket trial,
drug repurposing, synodos collaborative

1. Introduction
1.1 NF2-related Schwannomatosis

NF2-related schwannomatosis (NF2-SWN) is a rare genetic disorder with a preva-
lence of 1in 55,000 individuals globally [1]. First described in the early twentieth
century, NF2-SWN is a progressive multi-organ disorder characterized by the forma-
tion of multiple benign tumors along the nerves, affecting the central and peripheral
nervous systems. The hallmark tumor of the disease is the development of bilateral
vestibular schwannomas, tumors that occur on the 8th cranial nerve. The tumors
often lead to hearing loss and balance issues. In addition to vestibular schwannomas,
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individuals with NF2-SWN may develop other types of tumors, such as meningiomas,
ependymomas, and non-vestibular schwannomas [2, 3].

NF2-SWN is caused by germline pathogenic variants in the NF2 gene located on
chromosome 22 [4]. This gene encodes the tumor suppressor protein Merlin (moe-
sin—ezrin-radixin-like), a crucial regulator of cell growth and maintenance of cellular
architecture. Loss of Merlin function in NF2-SWN disrupts normal cell signaling
pathways, leading to uncontrolled cell proliferation and benign tumor formation [5].

1.2 Complexity of the NF2 gene/Merlin downstream pathways

Merlin, a member of the Ezrin, Radixin, and Moesin (ERM) family, actsasa
tumor suppressor by inhibiting several oncogenic signaling pathways, including cell
proliferation, migration, and survival. Merlin regulates signaling pathways mostly
by direct interaction through its FERM domain and C-terminal tail. These interac-
tions occur with several binding partners involved in the same pathway, reinforcing
Merlin’s control of the pathway at several levels, for example, Hippo pathway modula-
tion occurs via Merlin’s interaction with LATS1/2, angiomotin (AMOT), E3 ubiquitin
ligase CRL4-DCAF1, and TEAD4 [6]. Therefore, targeting a pathway must take into
consideration all the levels of Merlin involvement and ensure that the downstream
elements are also influenced by the drug. In addition, signaling pathway crosstalk can
be cell type-specific, and combining targets should be adapted to the tumor type.

The intricate role of Merlin in various signaling pathways makes treating NF2-
SWN challenging. Although all tumors in NF2-SWN patients exhibit Merlin loss,
their responses to treatment can vary significantly due to differences in expression
profiles [7]. This variability may suggest that effective treatment might require a
combination of multiple therapeutic agents. However, managing such a complex
treatment regimen is particularly difficult given the chronic nature of the condition,
which necessitates long-term treatment.

1.3 Target and treatment opportunities in NF2-SWN

Research has identified two main treatment opportunities in NF2-SWN: (1) those
that will specifically affect the tumor cells and (2) those that could impact the tumor
microenvironment. Although the list of signaling pathways in NF2-SWN is constantly
growing, the main signaling pathways that are dysregulated and have led to clinical
trials in these tumors are:

* Epidermal Growth Factor Receptor (EGFR) Pathway: EGFR inhibitors, such as
lapatinib and icotinib [8], have shown promise in preclinical studies, but the
clinical response has been quite variable across the different NF2-SWN tumor

types [9].

* Akt/mTOR pathway: mTORC1 inhibitors such as Rapamycin and Everolimus
have demonstrated efficacy in the NF2-SWN preclinical models [10], but it is
unclear whether they are efficacious in a clinical setting. mTOR inhibitors have
shown a cytostatic effect resulting in tumor stasis, but unless there is inhibition
of both mTOR complexes (C1/C2), no chemotoxic effect was observed [11].
PI-3 k inhibitors such as CUDC907 have shown iz vitro [12] but unclear iz vivo
activity preclinically.
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* Hippo/YAP Pathway: Extensive preclinical work demonstrated that the Hippo
pathway activation plays an important role in NF2-SWN tumor development
[13, 14]. Some Hippo/YAP pathway inhibitors are undergoing phase 1 evaluation
(NCT04665206).

* HDAC Pathway: Some HDAC inhibitors (Panobinostat, Vorinostat, AR42) have
emerged as potential therapies for NF2-SWN. AR-42 (also known as also known
as REC-2282 or OSU-HDAC4?2) is an orally bioavailable pan-histone deacetylase
inhibitor currently in efficacy trial for meningioma [15, 16].

* VEGF Pathway: Bevacizumab is an anti-VEGF antibody that affects the tumor
microenvironment, is used in a clinical setting, and has demonstrated improved
hearing and tumor reduction in NF2-SWN patients [17].

* Integrin receptors: Merlin links actin to transmembrane proteins. Recent work has
indicated a potential role for integrin-mediated signals in NF2-SWN, leading to
pathological elevation of focal adhesion kinase [18] that in turn signals activa-
tion in the Ras-PI3K-MEK-ERk pathway as well as the hippo pathway. Brigatinib,
the drug recently found to result in a biological signature in schwannomas and
meningiomas and meningiomas is an RTK that inhibits focal adhesion kinase in a
dose-dependent fashion [18].

In recent years, research around NF2-SWN tumor microenvironment and treat-
ments that affect fibrosis and inflammation opened novel avenues for combination
therapies that affect the tumor and the microenvironment. miRNAs, such as miR-24-3p
[19] and miR21 [20], may hold new therapeutic avenues for the NF2-SWN patients.

2. Challenges in NF2-SWN treatment: Tumor heterogeneity

One of the challenges in treating NF2-SWN is the diversity of tumor types and
their variable responses to treatment. NF2-SWN encompasses a range of tumors,
including vestibular schwannomas, non-vestibular schwannomas, meningiomas, and
ependymomas, which may arise within the same patient at the same moment. Each of
these tumor types arises from different cell lineages and exhibits different biological
behaviors and responses to therapeutic interventions. The complexity of the disease
may necessitate a nuanced approach to treatment, including the need for personalized
combination therapies.

* Bilateral Vestibular Schwannomas: Vestibular schwannomas typically affect the
8th cranial (vestibulocochlear) nerve. They are generally slow-growing but
can cause significant morbidity due to their location in the brain. They may
induce hearing loss, balance issues, tinnitus, and even brain stem compression.
Treatment options include surgical resection and radiation therapy, but these
interventions carry substantial risks, including hearing and facial nerve damage.
Targeted therapies aimed at the NF2-SWN-specific signaling pathways in ves-
tibular schwannomas have shown mixed results, as referred above, emphasizing
the need for more targeted treatment options. Vestibular schwannomas are also
characterized by an important inflammatory component [21], which may affect
treatment selection.
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* Non-Vestibular Schwannomas: Although less common, these tumors can occur

along any peripheral nerve and may present with different clinical symptoms
depending on their location. Non-vestibular schwannomas tend to be more het-
erogeneous in their biological characteristics, making them challenging to treat.

* Meningiomas: Meningiomas benign tumors originating from the arachnoid cap

cells. These tumors can induce significant morbidities, including headaches,
seizures, and spinal cord compression. Although these tumors reside outside
the blood-brain barrier, treatments developed for NF2-SWN patients may also
benefit patients with sporadic NF2-negative meningioma.

* Ependymomas: Ependymomas arise from ependymal cells lining the brain’s

ventricles and the spinal cord’s central canal. In NF2-SWN patients, ependy-
momas are relatively rare but can be particularly aggressive. The treatment of
ependymomas is challenging due to their location within the spinal cord. Current
therapies, including surgery and radiation, are often associated with significant
morbidity, and there is a pressing need for more effective systemic therapies.

All tumor types could potentially be treated by surgery. Still, due to the unfavor-

able consequences of the physical intervention, there is a high unmet medical need for
effective and tolerable systemic therapies.

3. Clinical trial design

The diversity and progressive nature of the NF2-SWN tumors pose significant

challenges in the design and execution of clinical trials. Moreover, as in all rare dis-
eases, recruiting sufficient clinical trial participants (clinical trial sites and patients)
in a reasonable time makes clinical trials in NF2-SWN difficult. The NF2-SWN com-
munity has therefore developed:

* Standardized clinical trial endpoints: One of the critical challenges in NF2-SWN

clinical trials is the standardization of endpoints. Defining meaningful endpoints
that can be applied across all patients is problematic due to the diversity of tumor
types and their varying growth rates. Moreover, functional outcomes, such as
hearing preservation or improved neurological function, may be more relevant
than traditional radiographic endpoints. Still, these measures are often more
subjective and more challenging to quantify. To build global consensus around
standardized endpoints in the NF/SWN community, the Response Evaluation

in NF and schwannomatosis International Collaboration (REiNS) was created

in 2011. REiNS, comprised of clinicians doing clinical trials, regulatory experts,
patients, and industry stakeholders, is organized around nine working groups
that all volunteer their time to focus on the following topics: functional out-
comes, patient-reported outcomes, visual outcomes, neurocognitive outcomes,
imaging outcomes, disease biomarkers, cutaneous neurofibromas, gene therapy,
and patient representatives. The consensus papers for REiNS are published in
Neurology [22, 23].

* Platform-Basket Trials: The rarity of NF2-SWN makes patient recruitment
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specialty centers, and there may be geographic barriers to trial participation.
Additionally, the progressive nature of the disease means that patients often
undergo multiple treatments over time, which can complicate their eligibil-
ity for trials. Innovative trial designs, such as platform-basket trials, may

help overcome some of these challenges. Innovative Trial for Understanding
the Impact of Targeted Therapies in NF2-Related Schwannomatosis
(INTUITT-NF2, NCT04374305) is a multi-arm phase II platform-basket
signal-finding screening trial designed to test the radiographic tumor response
of multiple experimental therapies simultaneously in patients with NF2-SWN.
The Principal Investigator, Dr. Plotkin from MGH, collaborates with seven
clinical trial sites (UMiami, JHU, NYU, Mayo, UCLA, IU) to execute the trial
while accelerating patient recruitment and improving clinical trial decision-
making. The master protocol includes all NF2-SWN patients with progressive
vestibular schwannomas, non-vestibular schwannomas, meningiomas, and/
or ependymomas. The primary endpoint is radiographic response of target
tumors (selected by the treating physician); key secondary endpoints include
radiographic response in all tumors, hearing, quality of life, and toxicity.
Non-responders to a given drug sub-study will be allowed to be enrolled in a
subsequent drug sub-study.

* Ethical Considerations: Developing treatments for rare diseases like NF2-
SWN involves critical ethical considerations. Although NF2-SWN pathways
overlap with oncology pathways, and treatments may be available, patients
with NF2-SWN require long-term exposure to drugs often not optimized for
prolonged use. This necessitates balancing the exploration of novel therapies
with minimizing unnecessary risks to patients. In this context, informed
consent as well as patient engagement, is especially important, ensuring that
patients fully understand the potential risks and benefits of participating in
trials involving experimental treatments with limited long-term safety data.
The Children’s Tumor Foundation has built an extensive patient engagement
initiative (ctf.org/patientengagement).

4. Preclinical model systems
4.1 Cell line models

Cell lines derived from NF2-SWN tumors provide the highest throughput option
for studying tumor biology and drug responses. However, cell line models have
significant limitations, particularly in their ability to mimic the complex interac-
tions between tumors and their surrounding microenvironment. Furthermore, cell
lines, such as HEI193, often undergo genetic and phenotypic changes after extended
periods in culture, affecting their relevance to human disease. To address the genetic
and phenotypic drift of the commercially available cell lines, multiple groups have
generated primary schwannoma [24], meningioma cell lines, and three-dimensional
spheroid models [25] for drug screening purposes. Testing the effects of drugs on a
panel of cellular models (each with its values and limitations) is critical to assess phar-
macological responses based on targets and signaling pathways for better selection of
therapeutic assets for preclinical development toward an Investigational New Drug
(IND) application, both as single agents or combinations.
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4.2 Animal models

Murine models are the most commonly used animal models in NF2-SWN
research. The most frequently used transgenic models are the POCre Nf2flox2/flox2
[26] and the Postn-Cre; Nf2flox/flox mice [27]. The POCre mice develop both benign
and malignant Schwann cell tumors later in life (from 10 months on). The Postn-Cre
models not only show spinal, peripheral, and cranial nerve tumors, but the develop-
ment of cranial nerve VIII tumors correlates with functional impairments in hearing
and balance, as measured by auditory brainstem response and vestibular testing. The
NF2-SWN swine model, in which a premature termination codon in exon 2 of the
NF2 gene was introduced, did not result in any NF2-SWN tumors — even after 2 years
of observation (unpublished). The NF2-SWN community also developed orthotopic
NF2-SWN mouse models by injecting immortalized schwannoma cells, that were
stably transduced with fluorescent protein or luciferase reporters, in the sciatic nerve
of mice [28] or luciferase-labeled benign meningioma cells in the brain [29]. All in
vivo model systems have complementary benefits. While the orthotopic models can
give quick answers about the effect of an asset on the tumor, the Tg models have an
intact (mouse) microenvironment.

4.3 Emerging preclinical models and application to NF2-SWN

Recognizing the limited number of available/accessible preclinical models
and tissue samples and the openness of the FDA to consider NMAs (https://www.
congress.gov/bill/117th-congress/senate-bill/5002/text, https://www.science.org/
content/resource/new-path-new-drugs-finding-alternatives-to-animal-testing)
for indications with a high unmet medical need, there is currently an explosion of
new models:

* Advanced Cell Culture Systems: A range of advanced cellular systems are now
being developed to mimic human tissues and organs. These cellular models
attempt to capture interactions between different cell types and between cells
and the microenvironment and other tissues and organs. Three-dimensional
aggregates of cell lines or patient-derived tumors form spheroids-induced
[25] pluripotent stem cells (iPSC) can be used to differentiate into organoid
models [30, 31]; there are also engineered systems that are bioprinted to
include vascularized microenviroment [32, 33] or are developed in tissue chip
platforms to include dynamic flow [34]. These models offer a more physiologi-
cally relevant environment for studying tumor biology and drug responses
compared to traditional two-dimensional cell cultures, as they are expected to
reproduce many of the structural and functional characteristics of the original
tissue. The NIH is funding the development of NF2-SWN inner ear organoids,
which could provide a new model for testing therapies (NIH 2021F30 DC and
NIH 2020F30 DC).

* CRISPR-Cus9 Gene Editing: CRISPR-Cas9 technology has revolutionized the field
of preclinical modeling by enabling precise genetic modifications. This technol-
ogy will allow the researchers to create more accurate models of NF2-SWN,
including models that more closely mimic the human immune system, improv-
ing the predictive value of preclinical studies.
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5. Need for a comprehensive preclinical platform
5.1 Current translatability limitations

The development of effective therapies has been hindered by (1) the assumption
that one preclinical model can recapitulate all aspects of human disease and should
be able to predict clinical outcomes and (2) the separation of translational scientists
and clinical trialists. The construction of a comprehensive preclinical platform
(Synodos NF2), including all stakeholders (basic, translation, clinical scientists, and
the patients), with a diverse set of preclinical models — with known limitations and
alignment between the preclinical and clinical outcomes has shown to accelerate
and improve clinical outcome drastically.

5.1.1 Mixed success of mTOR inhibitors

The mTOR pathway is a central cell growth, proliferation, and survival regulator. In
NF2-SWN, mTOR inhibitors have been explored as potential treatments. However, the
success of these inhibitors has been inconsistent across different models and clinical trials.

* mTOR pathway inhibitors in preclinical models: The mTOR inhibitors, such as
everolimus and sirolimus, work by blocking the activity of mTOR C1, thereby
inhibiting tumor development in the POCre Nf2flox/flox model [35]. While
preclinical studies in NF2-SWN models showed promise, with reduced tumor
growth and improved survival in mice, the translation of these findings to the
clinic has been less successful.

* Review of clinical trials and their outcomes: Several clinical trials have investigated
the efficacy of mTOR C1 inhibitors in NF2-SWN patients. One of the most
notable studies was a phase II trial of everolimus in patients with progressive
vestibular schwannomas. While some patients experienced tumor stabilization,
the trial failed to meet its primary endpoint defined as >15% decrease in vestibu-
lar schwannoma volume [36].

* Hypotheses for why certain models succeeded and others failed: Several factors may
explain the discrepancy between preclinical results and clinical expectations
with mTOR inhibitors. In the POCre preclinical model, the delay of tumor onset
is measured, whereas the clinical trial endpoint requires tumor shrinkage. A
collaboration between the translational scientists and the clinicians is essential to
allow precise alignment between the preclinical and clinical read-out upfront to
improve clinical trial asset selection and clinical outcomes.

5.2 Development of synodos

The Synodos NF2 preclinical platform was aimed at improving the probability of
success of treatments in the clinic. The platform was established as a comprehensive,
collaborative preclinical testing system for NF2-SWN. This platform brings together
researchers, clinicians, and patients to co-design and select treatments ready for
clinical trials, utilizing diverse preclinical models and ensuring early alignment of
preclinical and clinical outcomes [37].
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* Overview of the creation and collaboration within SYNODOS: SYNODOS was

launched and funded by the Children’s Tumor Foundation (CTF) as part of a
broader effort to accelerate the development of therapies for NF2-SWN. The
global platform was assembled by the NF2-SWN community as a collaboration
between multiple research institutions, each contributing unique expertise and
resources [37]. One of the critical strengths of SYNODOS is its use of multiple
preclinical models to test potential therapies. These models include cell lines
(commercial and primary), transgenic animal, and tumor cell-derived ortho-
topic animal models, each providing unique insights into tumor biology and
drug response. By testing drugs across this range of models, SYNODOS was able
to identify which therapies are most likely to succeed in the clinic and which
ones may need further optimization. Integrated transcriptome, kinome, and
proteome data contributed to the basic understanding of the cell line and drug
behavior, and all data being transparently captured in the NFdataportal.org
offered the researchers an efficient data-sharing platform.

» Examples of successful and unsuccessful drug candidates tested on SYNODOS:

SYNODOS has tested a selection of rationally selected drug candidates with
mixed results. Some drugs showed promising activity in certain models, while
they were less effective in others, highlighting the importance of using multiple
models to capture the diversity of NF2-SWN tumors [38]. On the other hand,
SYNODOS has identified several promising candidates that have advanced to
the Takeda — CTF co-funded platform-basket clinical trial INTUITT-NF2, NCI,
etc.), such as Brigatinib, which was later shown to target the focal adhesion
kinase (FAK) pathway in NF2-SWN [39].

* NCATS drug screening platform and MIPE oncology library screen: The National
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Center for Advancing Translational Sciences (NCATS) has been pivotal in
accelerating drug discovery through its innovative screening programs. One of
its critical assets is the Mechanism Interrogation PlatE (MIPE) library of com-
pounds [40, 41], which includes FDA-approved oncology drugs, and compounds
in clinical development and investigational preclinical stage. The compounds

in the MIPE collection were annotated for their nominal target, which enables
target analysis of hits from each cell line screened. This library facilitates both
repurposing drugs for cancers as well as providing valuable pharmacological
information on targets and pathways critical for the survival of cancers that are
potential therapeutic targets. This library collection is particularly relevant for
rare diseases like NF2-SWN, where repurposing existing drugs could signifi-
cantly shorten the path to effective treatments, and oncology pathways are highly
relevant to NF2-SWN. The following steps were involved in the NF2-SWN MIPE
library screen:

o Cell line selection: All drugs were screened on NF2-negative schwannoma and
meningioma cell lines provided by members of the Synodos NF2.

o Drug screening: The MIPE library, containing over 191 FDA-approved oncology
drugs, was systematically tested on the selected cell lines using a cell viability
assay in a high-through screening plate format (1536-well per plate). High
throughput screening (HTS) in high plate density enables the test of each
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drug across a range of concentrations to determine its potency and efficacy as
cytostatic/cytotoxic drug, for each cell line. This HTS platform allowed rapid
identification of compounds that inhibit cell growth or induce cell death in
NF2-negative schwannoma and meningioma models.

o Comprehensive integrated analysis of screening data to increase success rates:
A comprehensive analysis was performed to prioritize active compounds from
the dose-response screens. Compounds were first assigned a curve response
class using a classifier algorithm developed at NCATS that enables quick
bucketing of compounds based on potency and efficacy across the different cell
lines [42]. Further analysis of the active compounds based on target enabled
pharmacological grouping of the hits from the screen. Finally, high-quality hits
from the screens were prioritized based on whether they were approved, clini-
cal, or preclinical development stage. Compiled screening data were discussed
by Synodos NF2 group members including, basic research, chemists, biologists,
and clinicians, for a final selection of promising inhibitors, which were then
taken for further validation, including kinome analysis, investigation target
engagement, and pathway regulation iz vitro, and animal model testing.

5.2.1 Promising inhibitors identified

* Brigatinib: One of the most surprising and promising hits from the NCATS MIPE
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screen was Brigatinib, a drug FDA-approved as an ALK (anaplastic lymphoma
kinase) inhibitor for lung cancer [43-45]. However, in the context of NF2-SWN,
Brigatinib’s efficacy was demonstrated to stem from its inhibition of FAK (focal
adhesion kinase), a critical enzyme involved in cell signaling, survival, and
proliferation in Merlin-deficient cells [18]. Brigatinib’s promising preclinical
results have led to its inclusion in the INTUITT-NF2 platform-basket trial. This
trial confirmed Brigatinib’s efficacy in a broader NF2-SWN patient population,
mainly in meningioma and non-vestibular schwannoma [39].

Other Drug Candidates: Sapanisertib (TAK-228) and vistusertib (AZD2014) are
both mTOR C1/C2 inhibitors that demonstrated significant activity in NF2-SWN
models in cell and animal models. Visuterstib even showed clinical efficacy [46].
Despite their promise, both sapanisertib and vistusertib were shelved by their
respective companies due to strategic shifts in focus and disappointing clinical
trial results in other cancer types. However, their efficacy in NF2-SWN models
suggests that these drugs may still have potential if revisited with appropriate
dose adjustments and in combination with other therapies. Given the unmet
need in NF2-SWN and the mechanistic rationale for targeting mTOR C1/C2

[11, 47], there is significant potential for revisiting sapanisertib and vistusertib.
Future studies could explore optimal dosing strategies, combination therapies
with FAK inhibitors like Brigatinib, or new formulations that enhance drug
delivery to tumors.

Future Opportunities: The findings from the Synodos platform underscore the
critical need for a comprehensive, integrated, and efficient preclinical testing
platforms that can better predict clinical outcomes for NF2-SWN. This section
outlines the future directions for research and collaboration in the field.
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6. Establishing an efficient preclinical testing platform

* Discussion on the future of the CTF preclinical hub: The Children’s Tumor

Foundation (CTF) is leading efforts to continuously expand its preclinical hub
dedicated to NF (including NF1, NF2-SWN, and non-NF2-SWN). This hub
provides a public-private partnership ecosystem for testing drug candidates
across various models, including patient-derived xenografts, organoids, and
advanced cell lines. CTF offers an accurate, predictive, and standardized testing
environment that can efficiently de-risk drug discovery and development for
pharmaceutical and biotech companies.

How this hub can serve as a global model for other vare diseases: While the CTF hub
is focused on NF, its structure and approach could serve as a model for other rare
diseases. The hub can help accelerate drug development in diseases with limited
patient populations and high unmet needs by providing access to high-quality
preclinical models and standardized testing protocols.

Potential collaborations with academic and industry stakeholders: The success of
the CTF preclinical hub relies on strong partnerships with academic institutions,
contract research organizations, pharmaceutical/biotech companies, and regula-
tory agencies. Collaborative efforts are aimed at streamlining the transition from
preclinical testing to clinical trials. Establishing these partnerships has shown to
be crucial for the hub’s success.

Development of target product profile: with the increasing number of preclinically
validated drug treatments, there is a need for well-established Target Product
Profiles (TPP). The main elements of TPP include each indication/manifesta-
tion, drug dosage and administration, clinical outcome, and tolerability. It may
also include regulatory and commercial considerations. TPPs set clear optimal,
acceptable, and minimal drug property expectations and will assist in making
critical decisions during the drug discovery and development process.

* Incentiviging companies: Detailed Strategies for Encouraging Pharmaceutical

Companies to reposition their shelved assets (https://www.statnews.
com/2023/06/27/drug-repurposing-repositioning-rare-diseases/). One of the
biggest challenges in rare disease drug development is the reluctance of phar-
maceutical companies to reposition shelved assets. Several strategies could be
employed to overcome this, including offering financial incentives, such as tax
credits or grants, increased Environmental Social Governance (ESG) scores,
and regulatory incentives, such as fast-track designations and extended market
exclusivity.

* Potential regulatory and financial incentives: the orphan drug Designation and
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the pediatric voucher in the United States and similar legislation in other coun-
tries provide a framework for incentivizing drug development in rare diseases.
Expanding these programs to include specific incentives for companies repurpos-
ing shelved drugs could help bring more treatments to patients with NF2-SWN.

Transparent decision-making: There needs to be more discussion on the Need for
Open-Access Data and Collaborative Decision-Making in Rare Disease Research.
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Transparent decision-making and open-access data have been shown to be essen-
tial for advancing research in rare diseases like NF2-SWN (www.nfdataportal.
org). By making data from preclinical studies, clinical trials, and real-world
evidence available to the broader research community, stakeholders can better
identify promising therapies and avoid duplication of effort.

Examples of Successful Transparent Decision-Making in Other Fields: The
COVID-19 pandemic highlighted the importance of transparency and collaboration
in accelerating drug development. Initiatives like the Open Science COVID-19 Data
Portal and the ACT Accelerator (https://wwwwho.int/initiatives/act-accelerator)
showcased how sharing data and resources can lead to faster and more effective
solutions. Applying these principles to rare disease research could similarly expedite
progress toward rare disease treatments.

7. Conclusion

In conclusion, the Synodos preclinical screening platform and the INTUITT-NF2
platform-basket trial have laid a strong foundation for future drug development
efforts in NF2-SWN. By establishing a robust preclinical testing platform, incentiv-
izing pharmaceutical companies to release shelved assets, and promoting transparent
decision-making, the field is poised to make significant strides toward finding effec-
tive treatments for this challenging disease.
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Abstract

Smart hydrogels are extensively used in the medical field due to their flexible
behavior with respect to external stimuli. This chapter includes advancements in
smart hydrogels for biomedical applications and computational approaches that
can be used to prepare smart hydrogel. Numerous polymers, having the ability to
form a cross-linking network structure, swell and retain the water when exposed
to a physiological environment, are used to manufacture the hydrogels. However,
hydrogels exhibit numerous benefits but have various drawbacks such as low tensile
strength, limited drug loading capacity, limited long-term stability, limited mechani-
cal strength. Hence, to overcome these limitations, researchers have the opinion to
redesign the hydrogel into stimuli-responsive hydrogel (smart hydrogel), having
significant characteristics with respect to the external environment such as pH,
temperature, light. Researchers use various techniques and design strategies such
as polymerization techniques and cross-linking techniques for the production of
hydrogels. Some in silico approaches such as molecular dynamic (MD) simulation,
computational chemistry simulation, bioinformatics and biomolecular modeling,
polymer simulation package, have been recently explored by various researchers in
order to optimize this delivery system. These tools can expedite the process of selec-
tion and production of smart hydrogels for various biomedical applications.

Keywords: smart hydrogel, external stimuli, computational techniques, stimuli
responsive, bioinformatics, biomolecular modeling

1. Introduction

Nowadays, hydrogels are commonly used as a targeted drug delivery vehicle due to
its potential applications in the fields of medicine, tissue engineering, wound healing,
biosensors, inflammation relief, soft robotic components, etc. Basically, hydrogels
are networks of hydrophilic polymeric chains having significant potential of swelling
when exposed to a physiological environment and capable of retaining large amounts
of water within its cross-linked structure. Because of the large volume of water
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retained within its structure, it shows the property of flexibility which imitates the
natural tissue of the body [1, 2].

The hydrogels have numerous benefits such as the release of drugs at a controlled
rate, biodegradability, nontoxic nature, and significant biocompatibility and hydro-
philicity [3]. The physical and structural integrity of hydrogels is mainly due to the
property of chemical cross-linkage and physical interactions within the molecular
structure of the hydrogel network [4]. Despite its various benefits, they have certain
limitations in the field of drug delivery which are described in Figure 1.

These limitations can be overcome by redesigning the hydrogels into smart hydro-
gels for more efficient targeted drug delivery. The development of smart biomaterials
has attained great attention in recent years because of their increased applications in
the field of personalized medications for improved treatment regimes [5, 6].

Stimuli-responsive hydrogels are composed of smart polymers that have the ability
to change their physical and mechanical properties in their network structure when
exposed to stimuli such as pH, temperature, light, electric field, magnetic field, and
biological stimuli (enzyme, antigens, DNA, etc.) and initiate the release of drug
[2, 7]. Hydrogels are flexible in the route of administration, have the ability to protect
the drug from the environment, are highly biocompatible, and have the ability to
protect the drug from the environment [8].

In order to formulate smart hydrogels recently, the in-silico studies have been per-
formed for optimal designing. Some key aspects of in-silico studies such as molecular
dynamics (MD) simulations have been explored for investigating the interaction
between particular atoms and hydrogels network [9], for predicting the equilibrium
swelling ratio, rate of swelling, and how all these properties can be altered under
different circumstances. Diffusion simulations are another way to study the solute
diffusion inside the hydrogel network [10]. Dug release modeling (computational
modeling) can be used to simulate the drug release from stimuli-responsive hydrogels
in order to predict the release kinetics, drug distribution within the hydrogel network
[11]. To understand the biocompatibility and bioactivity of hydrogel materials in the
areas of tissue engineering and regenerative medicines simulations that investigate
the interaction between hydrogels and biological components such as proteins, tissues
and cells are required [12].

Alinejad and researchers had formulated a system for doxorubicin (DOX) through
smart polymers coated grapheme (G) having the ability to control the release of drug

Low tensile

strength

Limited control
over
degradation

Limited drug
loading

capacity

Figure 1.
Limitations of hydrogel.
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and water-soluble characteristics. The molecular dynamics (MD) simulations and
density functional theory (DFT) calculations have been used to predict the signifi-
cant combination between G-DOX and polyethyleneimine. After completion of the
study, results showed that the binding energy of DOX on graphene in the presence
of polyethyleneimine (PPEI) significantly increased by about 20% when exposed

to neutral conditions, while in the acidic environment, the drug absorption became
weaker and immediately removed from the system and G-DOX complex could come
in contact with cancer cells [12].

2. Types of smart hydrogels

There are numerous types of smart hydrogels e.g., on the basis origin of poly-
mers (natural, synthetic, or mixture of both), cross-linking techniques (physical
cross-linking, chemical cross-linking, hybrid i.e., chemical/physical cross-linking),
methods of preparation (irradiation method, free radical method, solution casting
method, interpenetrating method) and stimuli responsive behavior (biochemical
stimuli hydrogels, physically stimuli hydrogels, chemically stimuli hydrogels), etc.

[7, 13]. Figure 2 depicts the types of smart hydrogels. Table 1 summarizes a few
examples of delivery systems that are representatives of smart hydrogels.

Aycan and Almedar developed chitosan-based pH-responsive hydrogel for con-
trolled release of amoxicillin which had been modified with bone ash. These hydro-
gels were fabricated by the process of photopolymerization and are composed of poly
(ethylene glycol) diacrylate (PEGDA) and chitosan-grafted-glycidyl methacrylate
(CTS-g-GMA) under the exposure of UV light. Amoxycillin was used as the model
drug in this study. After evaluating the parameters of the resulting formulation, it
was elucidated that the hydrogels exhibited improved mechanical characteristics and
therefore, performed as a novel drug carrier for treating gastric ulcers [32].

Hu and co-researchers developed ion-responsive, Ca**-based superabsorbent
hydrogels as the cementing material for better compressive strength and self-healing
properties. The swelling behavior was found to be inversely related to the concentration
of calcium as the concentration of calcium increased from 0.014 to 0.2 mol/L the swell-
ing was found to decrease from 15 to 5 g/g. However, an increase in the concentration of
calcium decreased the compressive strength of the cement material from 28.49 MPa to
17.8% MPa due to air more entrapment. The study further revealed that Ca-Alg released

PHYSICAL STIMULI
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Temperature H
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Figure 2.
Representation of swelling of smart hydrogels under the external stimuli.
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the Ca”" ions to facilitate the precipitation capacity of calcium silicate hydrates, which
was responsible for a more efficient healing process [33].

3. Techniques for preparation of smart hydrogels

The researchers have worked hard to produce smart hydrogels by changing their
physicochemical characteristics as they respond to various physical, chemical, and
biological stimuli [34]. The hydrophilic polymeric network has to be cross-linked
in some way to create the hydrogel having an elastic structure. Therefore, hydrogels
can be produced by any technique (e.g., copolymerization/cross-linking free radi-
cal polymerization) that generates the cross-linked polymer. Generating the main
chain free radical in the presence of ionizing radiation that may be rejoined together
in order to produce cross-linked junctions and electrostatic interaction, crystallite
formation or entanglements and all of these are physical processes to produce cross-
linked polymeric structure [35, 36].

3.1 Polymerization techniques

In polymerization, monomers are chemically combined to create a large cross-
linked chain or network of moleculesi.e., polymer. The manufacturing of hydrogels
could be obtained either through a single-step polymerization process that simultane-
ously involves the cross-linking along with polymerization of monomers having poly-
functional characteristics or through multistep process that involves the aggregation
of polymers having the ability to react and cross-linking either independently or by
reaction using appropriate cross-linkers [37].

3.1.1 Chain growth polymerization technique

Chemically cross-linked hydrogels are manufactured by the process of chain
growth polymerization through the mechanism of free radicals. Three stages of the
polymerization process that are used for the preparation of hydrogel are initiation,
propagation, and termination. In the process of free radical polymerization, the
monomers having hydrophilic double-bond carbon are involved [38]. The free radical
polymerization techniques used to prepare hydrogels are:

3.1.1.1 Bulk polymerization

Due to its simple mechanism, bulk polymerization is commonly used for the prepara-
tion of hydrogels. In this technique, the liquid monomers and monomer-soluble initia-
tors undergo polymerization along with a small number of cross-linkers. Radiation,
ultraviolet light, and/or chemical catalysts, act as the initiators for the polymerization
process. The conversion rate of the bulk polymerization process can be regulated through
an appropriate concentration of initiators. The strategy to control the conversion rate of
bulk polymerization is to interrupt the polymerization reaction. However, it is not suit-
able for large-scale production. Therefore, suspension, solution, emulsion techniques of
the polymerization process can be extensively used for the manufacturing of hydrogels.
Figure 3 enumerates various techniques used for preparation of hydrogels.
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Figure 3.
Descriptive representation of various techniques for preparation of hydrogels.

There are various polymerization techniques such as solution polymerization,
suspension polymerization, and grafting polymerization that have been used in the
preparation of smart hydrogels from a cross-linked network of synthetic polymers
such as polylactic acid, polyvinyl pyrrolidone (PVP), polyethylene oxide (PEO),
polyacrylic acid, or some natural polymers such as carrageenan, pectin, hyaluronic
acid, Alginic acid and chondroitin sulfate [39]. A common method of preparation of
hydrogels is described in Figure 4.

3.1.1.2 Solution polymerization

To manufacture hydrogel, in the process of solution polymerization, the monomer
(ionic or neutral in nature) along with solvent (such as water-ethanol mixture, water,
and benzyl alcohol) and cross-linkers are combined together [38].
3.1.1.3 Suspension polymerization

In the suspension polymerization technique, the droplets are produced in the

range of 0.1-5 mm diameter by constantly stirring of solution containing low
hydrophilic-lipophilic equilibrium and monomers that are insoluble in order to
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Figure 4.
Representation of the method of preparation of hydrogels.

prepare hydrogels. The carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA),
and methylcellulose (MC) are the colloidal agents having protective in nature, and are
used to prevent the coalescence of droplets in the process of suspension polymeriza-
tion. This technique also known as ‘inverse-suspension polymerization technique is
most commonly used for the preparation of hydrogels [40].

3.1.1.4 Emulsion polymerization

In this technique, the initiators (water-soluble), cross-linkers, surfactants, and
monomers (slightly soluble in water and entirely hydrophobic in nature) are involved
in manufacturing the hydrogel [41]. A droplet size of 0.1-3 pm can be obtained by
this technique which is smaller than the droplets that are produced from the process
of suspension polymerization [34].

3.1.1.5 Graft polymerization

Bulk polymerization produces the hydrogel having poor mechanical character-
istics. So, the graft polymerization technique is used to significantly increase the
mechanical characteristics of the hydrogel by surface-coated hydrogel onto the
stronger support. This technique produces free radicals on a more enduring support
surface, monomers undergo the polymerization process instantaneously and lead
to the formation of a monomer chain which is attached to the support surface by a
covalent bond. Numerous kinds of polymeric support can be used to produce hydro-
gels through graft polymerization [42].

3.1.2 Step growth polymerization technique

In this technique, the monomers that have various functional groups which
might create the links via covalent bonds can initiate the single-step polymerization
process that can be used in the production of hydrogels. Due to the homogenous and
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Polymerization Types Benefits Drawbacks Reference
technique
Chain growth Bulk High degree of Costly, limited [1, 43, 44]
polymerization polymerization polymerization and mechanical
rate of conversion characteristics
Solution Carried out at room Sophisticated technique, [34, 38, 45]
polymerization temperature, heat mono/poly- disparity
transfer can be due to uncontrolled
controlled in a better hydrolytic and thermal
way, synthesizing cleavage
the superabsorbent
hydrogel composed of
cellulose, solvent acts
as a heat sinker.
Suspension A more frequently Thermodynamically [2, 46, 47]
polymerization used technique; unstable, suspending
microspheres agents are required
(droplets) or powder
are obtained through
this technique due to
lack of grinding.
Emulsion Significant heat Limited solvent [48-50]
polymerization transfer, rate of compatibility, high
reaction can be easily energy consumption
controlled, high
product purity
Graft Enhance the Required high energy [51-53]
polymerization mechanical radicals to initiate the
properties, improve reaction which leads
the adhesion of to chain scission,
polymers challenges on scale-up
production
Step-growth High thermal stability, Slow rate of reaction, [54-56]

polymerization lower level of limited control over
residual monomers, molecular weight
accommodate vide distribution
range of polymers
Table 2.

Summary of different polymeric techniques used for hydrogel production.

cooperative features of the polymeric network, the light-degradable hydrogels having

significant mechanical properties such as ductileness, shear strain, integrity, and

tensile strength are prepared through the process of step-growth polymerization [38].
Table 2 summarizes different research investigations involving different tech-

niques for hydrogel formation.

3.2 Cross-linking techniques

In cross-linking, two or more molecules combine chemically through a covalent
bond in order to create a 3D network structure. Cross-linking techniques are widely
used to manufacture smart hydrogels because these techniques prevent the hydrophilic
portion of hydrogels from disintegrating in an aqueous medium that is necessary to
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Type Benefits Drawbacks Reference
Physical Non-destructive due to the Limited mechanical strength, [57-59]
cross- absence of chemical reaction, dependency on specific stimuli, and
linking cost-effective, biocompatible, limited cross-linking density control.

easily fabricated, potential for in Slower response time as compared to

situ formulation chemical cross-linking
Chemical High mechanical strength, Difficulty in achieving homogeneity, [59-61]
cross- long-term stability, long-lasting high susceptibility of toxicity, challenge
linking response, prevents undesirable to precisely controlling the kinetics of

reaction due to substrate stimulus responsiveness, Difficulty

specificity in terminating the reaction, Extreme

reaction time

Hybrid Enhanced swelling/deswelling Patent and intellectual property issue [62-64]
Cross- kinetics reduced toxicity, high because of high reaction time, and
linking compatibility with biologically complexity in designing and optimizing

active components, versatile to the hydrogels because of the hybrid

stimuli-responsive cross-linking of polymers

Table 3.

Descriptive representation of benefits and drawbacks of cross-linking techniques.
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Figure 5.

e,

Covalent interaction

Mechanism of cross-linking techniques for preparation of hydrogels.

manufacture the hydrogel with high mechanical properties. Table 3 explains the advan-
tages and limitations of cross-linking techniques [65]. Different types of cross-linking
techniques depending upon the mechanism of cross-linking are described in Figure 5.

4. In-silico approaches for synthesis of stimuli-responsive hydrogels

Applying the computational technique to design and optimize the molecular
structure and composition of materials of hydrogels is an integral part of in-silico
approaches for designing stimuli-responsive hydrogels [66]. Before manufacturing
the hydrogels in laboratories, these approaches may help the researchers to esti-
mate the physicochemical characteristics and functionality of hydrogels. There are
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numerous in-silico techniques as well as tools that can be used to create the stimuli-
responsive hydrogels.

4.1 Molecular dynamics (MD) simulation

In recent years, molecular dynamics simulations have proved to be significant
in molecular biology and the development of drugs. The movement of every atom
within a protein or other biomolecular system over time can be predicted by molecu-
lar dynamics simulation on the basis of interatomic interactions [67]. CHARMM,
AMBER, NAMD, and GROMACS are simulation tools that are most extensively used
to predict the conformational changes in bimolecular process, ligand binding, loca-
tion of atoms in biomolecules, and protein folding [68].

Rezaeisada and co-investigators have performed MD simulations to find out the
interaction between curcumin and nano-micelle made up of PNIPAAm-b-PEG copo-
lymers in order to create the smart drug delivery system. Drug entrapment efficiency,
interatomic interactions, and behavior of polymers with curcumin in an aqueous
medium were investigated by using the GROMACS software. After conducting the
study, the results showed that the phase change temperature for PNIPAAm-b-PEG
was found to be in the range of 300-305 k, whereas with 9% polymer and at 310 k the
optimum diameter of developed micelles is equivalent to 4.36 nm. The solubility of
the drug increased by 88% in the presence of polymer [69].

4.2 Computational chemistry simulation

In computational chemistry simulation, helps or assists in finding or screening the
functional monomers that have appropriate composition, structure, and reference

Simulation technique Software tool Applications References
Molecular dynamics GROMACS Simulation of the motion of molecules in [10, 12, 71]
(IMD) Simulations hydrogels
LAMMPS Open source MD simulator for modeling [9,72,73]
complex hydrogel systems
NAMD Simulation programs designed for high- [72,74,75]
performance molecular dynamics
Monte Carlo CHARMM Include Monte Carlo simulations for [72,76]
Simulations studying hydrogel systems
ABF-MC Specifically designed in order to study [60, 75]
(Adaptive Biasing the free energy landscapes of complex
Force Monte systems
Carlo)
Finite Element COMSOL Used to model the mechanical behavior of [77,78]
Analysis (FEA) metaphysics hydrogels and their response to external
stimuli
ANSYS Extensively used for quantum calculations [25,79]

and for prediction of molecular
characteristics of hydrogels (polymer
network, cross-linking swelling behavior,
and stimuli-responsive moieties)
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Simulation technique Software tool Applications References
Polymer simulation ESPReeSo Specialized software in order to simulate [80, 81]
packages the complex fluids and polymers

Phyton Software having multipurpose [36, 82]

programming language that is used in
polymer simulation by writing the custom
analysis script

Material studio Software for polymer simulation, used to [83, 84]

study the behavior and characteristics of

polymers
Bioinformatics and AutoDock Vina Used in molecular docking studies in [66, 85, 86]
biomolecular modeling order to predict how molecules interact

with hydrogel network
Computational GAMESS or To calculate the electronic and structural [87, 88]
chemistry simulations Gaussian properties of individual monomers and

polymers for hydrogel production

Density Functional NanoDCAL and DFT calculations provide the electronic [12]
Theory (DFT) RESCU structure, bonding, and reactivity of
components that are used in hydrogel
production
Table 4.

Summary of various in-silico simulation techniques along with software tools and applications.

compounds by using computer-like research tools [70]. There are many computational
simulation software that can be used to serve this purpose are summarized in Table 4.

4.3 Monte Carlo simulations

Monte Carlo simulation is a group of computer-determined stochastic sampling-
based techniques that can be used to approximate the difficulties that arise in math-
ematical concepts and modeling for statistical purposes [89].

4.4 Polymer simulations packages

Computer-based programs are used by scientists in order to find out the distinctive
features and molecular behavior of polymer material. There are various tools that are
included in this simulation package such as Material Studio, ESPReeSo, phyton, etc.

The choice of software depends on the complexity of hydrogel systems, materials
used for production of stimuli-responsive hydrogels, and the aim of specific research.
Researchers may also use these tools in combination in order to gain a significant
understanding of the stimuli responsive behavior of hydrogels.

5. Simulation tools

Simulation tools are software programs or computational models that are used
to simulate biological, chemical, or physical processes in a computer-based environ-
ment. These tools enable researchers to predict the behavior of complex systems with-
out the need for costly and time-consuming experimentation. Some commonly used
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SIMULATION TOOLS

CLASSICAL
SIMULATION TOOLS

Materials Studio Materials Studio QSAR

Amorphous Cell

Materials Studio QSAR

Materials Studio Blends Plus

Materials Studio Materials Studio Synthia

Conformers

Materials Studio
COMPASS

Materials Studio Forcite
Plus

Materials Studio GULP

Materials Studio Sorption

Materials Studio
Adsorption Locator

Figure 6.
Types of simulation tools.
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in silico simulation tools across various fields are described in Figure 6 [90]. Figure 7
is a brief representation of the procedure used for the MD simulation of materials.

6. Applications of stimuli responsive hydrogels

Smart stimuli-responsive hydrogel polymers have distinctive features such as
biocompatibility, hydrophilicity, swelling/deswelling character, and biodegradability
which contribute to their ability to be used for different kinds of biomedical appli-
cations which include tissue engineering, biosensors, actuators and targeted drug
delivery [91, 92]. The hydrogels that acquire self-healing, high mechanical strength,
and high flexibility can be manufactured by surface functionalization, by adding
the functional material and modifying the functional group. Table 5 describes the
biomedical applications of different polymers [79].

Class of smart hydrogel Smart hydrogel polymers Application area References
Temperature responsive * Poly(N-isopropylacrylamide) Microfluidic actuators, [93, 94]
(PNIPAAm), Skin wound healing,
* Methylacrylate gelatin Tf;lrgeted drfug delivery
(GelMA), Blosensor.s or smart
compression
* Polyacrylamide (PAAM)
* Poly(N-isopropylacrylamide)
(PNIPAAm)
* Poly(N-isopropylacrylamide)
(PNIPAAm)-Hydrophobically
* Associated polyacrylamide
(HAPAM) hydrogel
(HAPAM-PNIPAAM)
Coumarin-loaded Light * Polyacrylamide (PAAM) Controlled and targeted [95, 96]
responsive hydrogel + Poly(N,N-dimethylacrylamide delivery of (;rugs for the
(PDMA) treaFmen.t of cancer,
Engineering of neural
* Poly(N-isopropylacrylamide) tissue,
(PNIPAAM) For numerous
biomedical applications
Electric responsive * Poly(3,4- Biosensors, targeted [97-100]
hydrogels ethylenedioxythiophene) drug delivery, tissue
(PEDOT) conductive engineering, used in
cosmetics to release
* polymer layer, . :
skincare responsive
* Carboxymethyl chitosan formulation, used in
(CMCH) wound healing
¢ Chitosan (CH)
Magnetic responsive * N-isopropylacrylamide 3D printing, micro [101-103]

hydrogels

(NIPAAM)

Methylacrylate gelatin
(GelMA)

Polyacrylamide (PAAM)
Polyethylene glycol (PEG)

actuators,

Used for delivery of
biomolecules, food
supplements, cosmetics
products, controlled
release of drugs, asa
container for catalyst
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Class of smart hydrogel Smart hydrogel polymers Application area References
Ultrasound responsive * Poly(acrylamidoglycolic acid) Used in cancer therapy, [104, 105]
hydrogels (PAGA) Used in in-vitro cell
* Polyethylene Glycol (PEG) culFure, used asa coa"cmg
on implants and medical
devices
Strain/pressure * Carboxy Meyhylcellulose Used in strain sensors [106, 107]
responsive hydrogels (CMQ), and wearable biosensors
* Polyacrylamide (PAAM)
* Poly(acrylamide-co-
Lauryl Methacrylate)
(P(AAM-co-LMA))
Glucose-responsive * Poly(N-vinylpyrrolidone-co- For targeted delivery [108-110]
hydrogels dimethylamino)ethyl acrylate- of 3D cells, proteins,
co-3-(acrylamido) PBA and biocompatible
* Phenylboronic acid-grafted substances, serfze.d
o as glucose-sensitive
y-Polyglutamic acid .
(PBA-PGA) components in
diagnostic assays and
Sensors
Enzyme responsive * -Polypeptides (PLys-b-(PHIS- Used in tissue [111, 112]
hydrogels co-PBLG)-PLys-b-(PHIS-co- engineering, tumor
PBLG)-b-Plys) microenvironment, and
« Chitosan (CH) in 3D cell culture
* Hyaluronic Acid (HA)
* Gelatin
Antigens/antibody- * Polyacrylamide (PAAM) As sensing elements in [113-115]
responsive hydrogels .« N-(9- biosensors, applied in
fluorenylmethoxycarbonyl) tissue e“g‘“eerlng 2.11'1d
: ) regenerative medicines,
* L, L -diphenylalanine used for antibody
(Fmoc-FF) immobilization
pH-responsive hydrogels * Poly(acrylamidoglycolic acid) Used in tissue cartilage [116-119]
(PAGA) engineering, used
* Poly(acrylamidoglycolic acid) 1fn detec.tmg devlcles
(PAGA) or env1ronmentf;1
] pollutants and disease
* pre-gel hydrogel solution indicators in drinking
80 mol% acrylamide, 8 mol% water
3-acrylamidophenylboronic
acid, 10 mol% N-[3-
(dimethylamino) propyl]
methacrylamide, 2 mol% N,
NO-Methylenebisacrylamide
Ionic strengthand redox- ~ * Ethylene glycol dimethacrylate Used in diagnostic [111, 120,
responsive hydrogels (EGDMA) assay, targeted drug 121]

Polyethylene Glycol (PEG)
Chitosan (CH)

Gelatin

delivery, biosensors,
tissue engineering, and
regenerative medicines.
In cell sorting and
isolation

Tables.

Summary of recently developed smart hydrogels employed for biomedical applications.
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Smart hydrogels are a major breakthrough in biomedical use because they can react to
outside influences, providing better functionality compared to conventional hydrogels.
Smart hydrogels have been developed to react to different external triggers like pH, tem-
perature, light, ionic strength, electric fields, and magnetic fields [122]. These responsive
hydrogels can experience reversible chemical or physical alterations, enabling precise
drug release, focused therapy and improved tissue engineering uses. For instance, hydro-
gels sensitive to temperature can release drugs based on the body’s temperature changes,
ensuring a steady and controlled release pattern [42]. Hydrogels composed of polymers
like poly(N-isopropylacrylamide) (PNIPAM), chitosan, and hyaluronic acid can mimic
the properties of biological membranes, acting as scaffolds for cell growth and tissue
regeneration. These polymers form cross-linked network structures that swell and retain
water when exposed to physiological conditions, creating a supportive environment for
cells. However, traditional hydrogels face limitations such as low tensile strength, limited
drug loading capacity, and restricted long-term stability [123]. In order to optimize the
hydrogel with respect to stimuli, 7% silico tools and software have been used. Material
studio software has been using to select suitable polymers in different ratios for the
preparation of smart hydrogels with desirable mechanical characteristics [124].

Recently many reviews have been compiled to comprehend the significance of
hydrogels in tissue engineering, biomedical applications, ocular drug delivery systems,
and also in biomimetic formulations. Recent reports have shown that hydrogel wound
dressings might be an effective strategy for treating diabetic wounds due to their excel-
lent hydrophilicity, good drug loading ability, and sustained drug release properties. Due
to the intricacy of diabetic wounds, antibiotics, and other medications are frequently
combined with hydrogel dressings in clinical practice, although the hostile environment
easily hinders these medications [125]. Smart biological hydrogels show great promise as
topical drug delivery systems for oral mucosal lesions, offering sustained drug release,
increased therapeutic efficacy, and minimized systemic complications. The potential
benefits of biological polymer-based hydrogels make them an exciting area of research
for oral mucosal lesion treatment as well as for ocular delivery [126, 127].

7. Conclusion

Due to high bioavailability, response to specific stimuli and resemblance to actual
body tissues, smart/stimuli-responsive hydrogels have demonstrated considerable
promise in medicinal areas, biomedical applications especially in the delivery of drugs
at the target site, and tissue engineering [2]. Stimuli-responsive hydrogels have the
ability to deliver hydrophilic as well as hydrophobic drugs regulate the kinetics of drug
release and significantly protect the drugs that are sensitive to specific conditions [128].

Production of stimuli responsive hydrogel for innovative drug delivery systems
is challenging and requires expertise from the different kinds of production areas
[129]. Recently researchers have started using iz silico tools for rational designing
of hydrogel by predicting and optimizing their performance and physicochemical
characteristics [10].

8. Future perspective

In the area of smart hydrogel, in silico software might play a potential role in the
rational design of smart hydrogel. Enhanced machine learning algorithms can predict
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the properties and behavior of new polymers more accurately, allowing for faster and
more efficient screening of potential candidates. In addition, polymer designs can be
optimized for specific applications e.g., for improving drug loading capacity, release
profiles, and biocompatibility. Future research would definitely focus on integrating
multi-scale modeling, from the molecular level to the macroscopic level, to provide

a more comprehensive understanding of polymer behavior in biological systems. In
silico tools can be used to design tailor-made polymer according to individual patient’s
needs, considering factors like genetics, disease state, and personal preferences. In
silico tools can also predict the biocompatibility of new polymers, reducing the need
for extensive in vivo testing and accelerating the development of safe materials.
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