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ABSTRACT

Better understand the unexplored parts of the drugs you know than the
drugs unidentified. Drug repurposing is a promising, fast and cost-effective
method that can overcome traditional de novo drug discovery and develop-
ment challenges of targeting various diseases and disorders. Drug repur
posing, the process of identifying new uses for the existing or candidate
drugs is an effective strategy for drug discovery in various diseases.
Identifying new drugs and new target is significant in today’s world with a
new disease emerging every day. With increase in number of the emerging
viral infections day by day, the targeted therapies for those are not discovered
in parallel. The drug repurposing approach has given many promising drug
candidates for various viral infectious diseases like Ebola, ZIKA, dengue,
influenza, HIV, HSV, CMV infections and various other infectious diseases.
The emergence of resistance to existing antiviral drugs and re-emerging
viral infections are the biggest challenges in the antiviral drug discovery.
The drug repurposing approach is an assuring strategy in finding new

INTRODUCTION

Viruses are a family of large group of pathogens which causes severe in-
fectious diseases. In past 30 years, many antiviral agents which targets viral
proteins or host factors have been developed successfully. The chronic
viral infectious diseases, such as human immunodeficiency virus (HIV),
influenza virus and hepatitis C virus (HCV); the re-emergence of many
new infections, like picorna viruses and coronaviruses; and, also resis-
tance developed to the available antiviral drugs are the main reasons for
increased demand for new antiviral agents. The growing knowledge in
understanding the molecular mechanisms of the infection has provided
great insight for the discovery of new antiviral agents which will target
different viral proteins or host factors. The need for new antiviral drugs
in treatment of chronic infectious diseases and the emerging more effi-
cient new viruses acts as motivation for research to find more new targets
and mechanisms for the development of new antivirals.!

From 2012 to 2017, only 12 new antiviral drugs have been approved by
the Food and Drug Administration (FDA) in the USA, of which 8 are
for the treatment of hepatitis C virus (HCV)-related pathologies and 2
are combinations of anti-human immunodeficiency virus (HIV) drugs
(www.fda.gov). At the same time, the governments and the World Health
Organization (WHO) faces the global threat of many emerging and
re-emerging viruses, which are responsible for alarming out breaks in
recent years. These infectious diseases still lack specific treatment, such
as Zika virus (ZIKV), Ebola virus (EBOV) and Middle East respiratory
syndrome corona virus (MERS-CoV) and many other emerging viruses.>

DRUG RESISTANCE

Drug resistance is defined as a reduced susceptibility to a drug in a labo-
ratory culture system and is expressed as an altered IC, or IC, (drug
concentration required to inhibit viral growth by 50% or 90% respectively).

potential antiviral agents within a short span of time to overcome the chal-
lenges in antiviral therapy. In this review, we describe the most promising
results of the drug repurposing approach in the treatment of various infec-
tious diseases.
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The Human Immunodeficiency Virus (HIV) has developed resistance
to nearly all the classes of antiretroviral drugs which includes the non-
nucleoside reverse transcriptase inhibitors, the protease inhibitors and
the nucleoside analogue reverse transcriptase inhibitors.> The Herpes
simplex virus infections has also been reported to have developed re-
sistance against nucleoside analogue like acyclovir primarily among im-
mune compromised patients and particularly allogeneic bone marrow
transplant patients.* The CMV resistant to many of the antiviral agents
is a well-documented complication in case of long-term therapy with
those Antiviral agents. This problem has been observed mostly in immune
compromised patients with AIDS and CMV retinitis, in whom drug-
resistant CMV infections have been associated with clinical progression
and therapeutic failure.’

DRUG REPURPOSING

The process of finding new uses outside the scope of the original medical
indication for existing drugs is also known as redirecting, repurposing,
repositioning and re-profiling. The problem in productivity and world-
wide pressure on increasing prices and the growing number of regulatory
hurdles one has to pass through has compelled many drug developers to
find new uses and new targets as more improvised version of the already
existing drugs.® The Traditional drug discovery pathway is complex, ex-
pensive and time consuming processes. The drug repurposing approach
significantly reduces the time and cost for the drug discovery for infec-
tious diseases. The emergence of resistant viruses and the untoward side
effectslimits the efficacy of the developed drugs targeting the viral proteins
and host factors.” The drug repurposing approach which is the process of
finding new indications for existing FDA-approved drugs, is a promising
alternative to accelerate the process of drug development for infectious
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Figure 1: Repurposing of existing drugs can be pursued by these strategies. If
the molecule has a previous known antiviral activity against other viruses can
be hypothesized and tested based on similarity of the target or dependence
on common pathways. In the absence of previously identified antiviral activ-
ity, the repurposed molecule can either act against the same target or show
poly- pharmacology or interfere with a different function (cellular or viral).2

Figure 2: Drug discovery and repositioning pathways.”

diseases and many other diseases and disorders (Figure 1).® Drug repur-
posing is very important to fight the battle against the rapidly spreading
infectious diseases, such as HIV, influenza, hepatitis C virus, Ebola virus,
dengue and many other deadly diseases.’

Beyond the undeniable economic advantage, the drugs developed by DR
approach can quickly enter the clinical trials especially for the diseases
which lack specific treatment. Drug repurposing approach serves as a
constant source of knowledge in understanding the virus biology and the
molecular mechanisms which have been left unexplored. The existing
drug molecules with previously unexplored antiviral properties serve as
a tool to uncover various viral molecular mechanisms and pathogenesis.
Although there are few pitfalls in the drug repurposing approach like
difficulty in target identification since the drug may show poly-pharma-
cology, the effective concentration being higher than the levels which
can be achieved in human plasma and hurdles with intellectual property
rights, the drug repuposing is still a better approach due to its potential
in reducing time and cost of research (Figure 2), its ability to skip
preclinical trials and the formulation units would be already setup for
large scale production.

There are various drugs which were primarily developed for a disease or
disorder, whose antiviral properties are explored to overcome the global
threat of emerging and re-emerging viral infectious diseases. Table 1

118

shows the list of drugs which were repurposed for particular disease
along with its original indication for which it was developed.

REPURPOSING IN ZIKA VIRUS INFECTION

Zika virus (ZIKV) is a mosquito-borne flavivirus, which is associated
with severe birth defects and Guillain-Barré syndrome. ZIKA virus
infection lack specific antiviral drug or any vaccines for its treatment.
The list of FDA approved drugs was screened randomly or a particu-

Table 1: Approved and Candidate Drugs with Repurposing Potential as

Antiviral Agents.

Compound Status/indication Virus
A
Mycophenolic acid . pproved/ ZIKV
immunomodulator
Daptomycin Approved/antibacterial ZIKV
Niclosamide Approved/antiparasitic ZIKV
Azithromycin Approved/antibacterial ZIKV
Novobiocin Al? p rovec.i/ ZIKV
antibacterial
Nanchangmycin Investigational ZIKV
Hippeastrine ..
e Investigational ZIKV
Sofosbuvir Approved/antiviral ZIKV
Ribavirin Approved/antiviral ZIKV
Chloroquine Approved/antimalarial ~ ZIKV, MERS- and SARS-CoV
X Approved/treatment of
Memantine ZIKV
Alzheimer’s disease
Prochlorperazine Approved/antiemetic DENV
Chlorcyclizine AP Proveq/ HCV
antihistamine
Manidipine Approved/ JEV, ZIKV, HCMV
antihypertensive
Favipiravir Approved/antiviral EBOV
GS-5734 Investigational/ MERS- and SARS-CoV
antiviral
Imatinib Approved/anticancer MERS- and SARS-CoV
A
Chlorpromazine P proved/. MERS- and SARS-CoV
antipsychotic
Chlarithromycin/ AI,J prove(.1/
antibacterial,
Naproxen Influenza

+ Oseltamivir

anti-inflammatory
(+antiviral)

Influenza, Rotavirus,

Nitazoxanide Approved/antiparasitic Norovirus
Raltegravir Approved/antiviral Herpesvirus
Lopinavir/

ritonavir Approved/antiviral MERS-CoV
+interferon b-1b
Lopinavir/ritonavir Approved/antiviral HPV
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lar class of compounds was screened based on its activity.? Barrows and
colleagues screened a library of 774 FDA-approved drugs for its poten-
tial in blocking or inhibiting the infection of human HuH-7 hepatocyte
cells by a newly isolated ZIKV strain. Their study identified nearly 24
potential drugs with anti-ZIKV activities, such as ivermectin, myco-
phenolic acid (MPA) and daptomycin.” The immunosuppressants drug
mycophenolic acid and the antibiotic, daptomycin were the promising
inhibitors of ZIKA virus replication." Xu et al. Screened around 6000
compounds by high-throughput screening approach which included
FDA approved drugs, molecules in clinical trials and pharmacologically
active compounds. They identified over 100 compounds that inhibited
ZIKV-induced caspase 3 activity in SNB-19 cells.”” In another study,
nanchangmycin, a polyether of bacterial origin, blocked ZIKV infection
in different cell lines and in ex vivo midbrain neuron- glia mixed cultures
from embryonic mice."”* Chloroquine, a commonly used anti-inflammatory,
antimalarial agent show antiviral activity against a number of viruses.
This candidate also exhibits antiviral activity against ZIKV in Vero, hu-
man brain micro vascular endothelial and in neural stem cells. Chlo-
roquine reduces virus production, the number of infected cells and
cell death promoted by ZIKV infection without any cytotoxic effect.
Sofosbuvir (C,,H,;FN,O.P) has an antiviral activity against ZIKV.** Ni-
closamide and Azithromycin are the most commonly used drugs used in
ZIKV treatment in pregnant women and their effective concentration is
easily achievable in human plasma. A natural compound Hippeastrine
hydrobromide is reported to be a potent inhibitor of ZIKV infection and
microcephaly- related effects. Combining drug-target network analysis
and functional validation will help in identifying new genes and pathways
to develop new antiviral drug molecules for ZIKV infection. Developing
new high-throughput, drug-repurposing assays and leveraging existing
functional genomics tools against viral replication pathways, is a promising
path in the discovery of effective antiviral therapies against ZIKV and
other infectious agents.

REPURPOSING IN EBOLA VIRUS INFECTION

Ebola virus is a filo virus responsible for several outbreaks since its dis-
covery in the late 1970s, but the last one, in 2014-2016, was the most
alarming due to its size and spread. Due to the urgent need for an effec-
tive Ebola virus treatment, there were additional efforts to study existing
drugs as potential anti EVD therapeutic agents which is called as drug
repurposing or drug repositioning. The study of favipiravir against Ebola
virus has shown good results both in vitro and in vivo."” The ability of
Chloroquine to inhibit the Ebola virus has shown promising outcomes
in different in vitro studies with various cell lines.'® Toremiphene and
clomiphene are widely available selective estrogen reuptake modulators
approved for the treatment of breast cancer and infertility, respectively.
These drugs were found to have antiviral activity by inhibiting the Ebola
virus entry in vitro by more than 90%."” Amiodarone is a well-established
and commonly used multi-ion channel blocker, for the treatment of
atrial fibrillation and ventricular tachycardia arrhythmias. It has been
reported as a potent inhibitor of the Ebola virus in various cell lines."®
Among several drugs investigated for anti-Ebola virus activity in vitro
and in vivo, Azithromycin was found to be potent in vitro inhibitor of
the Ebola virus.” A targeted drug combination approach resulted in the
identification of several combinations of drugs which can act synergistically
in blocking the Ebola virus entry.

REPURPOSING IN HIV, CMV, HSV AND HCV
INFECTION

HIV/AIDS is one of the worst pandemics in history. According to the
World Health Organization, 26 million people have died since 1981 -
1.6 million in 2012 alone.” In several studies the HIV-1 replication was
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found to be inhibited by Chloroquine and its hydroxyl analogue hydroxyl
Chloroquine.” HCMYV is one of the best examples of host adaptation
and of the ability of viruses to subvert, completely, cellular physiological
processes in the infected cell. Different DR campaigns identified several
approved or investigational drugs with an anti-HCMV mechanism which
is different from the existing drugs such as statins, cardiac glycosides, the
anti-parasitic drugs emetine and nitazoxanide, kinase inhibitors and the
anti-hypertensive drug manidipine. This drug pharmacologically modi-
fies host proteins; the anti-HCMV activity most likely relies on the in-
terference of the drugs with host pathways that are taken away by the
virus.”>* The topical treatment with ciclopirox olamine reduces the rep-
lication of HSV-1. Zhao et al. reported that the HDAC multi potent in-
hibitor, suberoylanilide hydroxamic acid which is used for the treatment
of cancer reduced the HCV replication in OR6 cells.” Several drugs have
shown antiviral activities against HCV and can be repurposed for the
clinical treatment of HCV, such as erlotinib and dasatinib (anticancer
drugs), ezetimibe (cholesterol drug) and ferroquine (antimalarial). The
two most potent series of H1- antihistamines, Cyclizine and phenothi-
azine were found to have anti-HCV activity.®

REPURPOSING IN INFLUENZA AND DENGUE

Influenza virus belongs to the family Orthomyxoviridae and is a pathogen
of global public health importance as it causes pandemic disease
outbreaks. DR campaigns identified some drugs which are already
approved or under clinical evaluation with anti-influenza activity such
as BAY 81-8781, dapivirine, naproxen and the antibiotic clarithromycin.
A three drug combination of Clarithromycin and naproxen along with
oseltamivir showed efficacy in the treatment of severe influenza.”
Nalidixic acid and dorzolamide showed efficacy against oseltamivir-
resistant influenza by an in silico screening specifically targeting mutant
viral neuraminidase and,” the most advanced example of DR is the case
of the antiparasitic drug nitazoxanide, currently being repurposed for
the treatment of influenza.®® The kinase inhibitors namely dinaciclib,
flavopiridol and PIK-75 were reported to be highly effective against the
H7NO9 virus with less toxicity. These drugs were also found to be effective
against representative strains from the two circulating IAV subtypes, the
pdmHIN1 and H3N2.*

Dengue is a mosquito-borne viral disease caused by four antigenically
distinct serotypes of Dengue Virus (DENV), namely DENV1-4. Dengue is
currently the most important arthropod-born viral disease in the world.
With the rapid spreading of DENV and the long time required for bringing
a new drug on the market, the repurposing of existing seems to be an
attractive approach for a rapid therapeutic intervention.** Nelfinavir and
other viral protease inhibitors like Lopinavir and Ritonavir were repur-
posed against Dengue virus infection by computer aided drug design.**
As a result of many studies involving Chloroquine in many drug reposi-
tioning studies for the dengue virus infection, it was proved to be able to
inhibit Dengue Virus Type 2 replication in Vero cells at a dose of 5 pg/ml
by plaque assay and qRT-PCR.* Castanospermine is a natural alkaloid
is active in vitro against influenza virus, cytomegalovirus, HIV-1 and
DENV-1 and in vivo against Herpes Simplex Virus and Rauscher
Murine Leukemia Virus.** Dasatinib, Bortezomib and AZDO053
(Chemotherapeutic agents), prochlorperazine (Antipsychotic drug),
ivermectin, Suramin, Nitazoxanide A(Antiparasitic drugs), dexameth-
asone, Prednisolone (Steroids), Geneticin, Narasin and Minocycline
(Antibiotics) were found to be effective against DENV.*

DRUG REPURPOSING FOR OTHER INFECTIOUS
DISEASES

Middle Eastern respiratory syndrome-coronavirus (MERS-CoV) is an
emerging virus threat and no specific antiviral agent or vaccine has been
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approved for treating the infected patients. Imatinib mesylate, Toremi-
fene and dasatinib inhibit MERS-CoV and SARS-CoV, while nilotinib
inhibits only SARS-CoV.”” The dopamine receptor antagonist chlor-
promazine and the antimalarial drug Chloroquine were reported to be
effective against MERS-and SARS-CoV.

Rift Valley fever virus (RVFV) is a zoonotic arthropod borne emerging
infectious disease endemic to sub-Saharan Africa that has recently spread
to parts of the Arabian Peninsula. Sorafenib, an orally active multi-kinase
inhibitor proved to be most effective against RVFV which was primarily
used in the treatment of hepatocellular and renal carcinoma.*

CONCLUSION

With the ever-increasing hurdles in the pharma industry, drug repur-
posing is the best solution for reducing the risks in the pipeline of new
drug discovery. Indeed the economic advantage is remarkable generat-
ing up to $20 billion in annual sales. Lack of specific therapies with antivi-
ral agent or vaccines is becoming a major medical threat. Repurposing
or repositioning the existing FDA approved drugs will serve the need.
Understanding the potential of the drug repurposing approach which
targets host functions is a time and cost-effective route to develop broad
spectrum antivirals. The drug repurposing has already given very positive
outcomes with the drugs which are repurposed successfully and also
this approach can open new pathways to overcome the challenges with
emerging viral threats and antiviral resistance. This strategy already ex-
hibited the feasibility in the development of new anticancer drugs (Such
as the antifungal drug itraconazole and its ‘second life’ as an anticancer
drug), but in antiviral drug discovery there are still only a few success-
ful examples (Against influenza, EBOV and MERS-CoV). The drug re-
purposing approach has given promising candidates in treating various
infectious diseases and can be further explored to overcome the drug
discovery bottleneck for emerging and re-emerging viral infectious dis-
eases.
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