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A B S T R A C T

There are currently no emergency treatments for pandemics, yet drug repositioning has emerged as the foremost
treatment development strategy for COVID-19, with an aim to identify successful antiviral therapeutics from safe,
non-antiviral candidates. These therapeutics include antibiotics such as azithromycin and the antiparasitic nita-
zoxanide, both of which exhibit antiviral activity. Broad-spectrum therapeutics (BSTs) are a class of antimicrobials
active against multiple pathogen types. Establishment of a developmental framework for BSTs will markedly
improve global preparedness for future health emergencies.
1. Introduction

The discovery of the first antibiotic in 1928 was concomitantly a real-
isation that small molecule drugs could kill bacteria. In the decades since,
the discovery of antifungal, antiparasitic, and antiviral agents expanded
upon thisprincipleand the20thcentury sawthedevelopmentof avastarray
of small molecule antimicrobials, each specific for a given pathogen or
pathogen class. In 2020, however, this paradigm was challenged by the
SARS-CoV-2 pandemic, for which a plethora of antibiotics and antipara-
sitics were deployed against a viral disease. For the first time on a global
scale, smallmoleculedrugswereusedoutsideof their original antimicrobial
classification and the lack of therapeutics suitable for global health emer-
gencies became evident (Pushpakom et al., 2019; Harrison, 2020).

We introduce the term broad-spectrum therapeutic (BST) to describe
a class of antimicrobials active against multiple pathogen types. This
term is derived from the Strategic Plan for Biodefense Research by the
U.S. Department of Health and Human Services (HHS) and the National
Institute of Allergy and Infectious Diseases (NIAID), which states that
‘anti-infectives with broad-spectrum activity directed at common,
invariable, and essential components of different classes of microbes
could potentially be effective against both traditional and non-traditional
threats’ (Biodefense Strategic Plan, 2002; Biodefense Strategic Plan,
2007; NIH Funds Development of New Broad-Spectrum Therapeutics,
2015). The BST classification increases the speed at which potential
emergency treatments are identified by removing the need to consolidate
repositioning histories of antimicrobials after a health emergency has
occurred; yet it also solidifies the importance of drug repositioning as a
formidable mode of discovering new antimicrobial indications for
existing therapeutics (Table 1) (Meyerhoff, 1999; Tan et al., 2011;
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Simarro et al., 2012; Smorenburg et al., 2000; Ben Salah et al., 2013;
Yarchoan et al., 1986). Indeed, we use drug repositioning as the foun-
dation for both a developmental framework for BSTs and a unified tax-
onomy against which BSTs can be characterised and stratified.

2. Repositioning

Thus far, no BST has been established through de novo discovery.
Drug repositioning, on the other hand, can lead to BSTs that already
assert a clinical history of application for different infection types. Drug
repositioning is a strategy for identifying new uses for approved or
investigational drugs that are outside the scope of the original medical
indication, and it has gained considerable momentum in the last decade:
a third of drug approvals correspond to repositioning studies and such
therapeutics generate 25% of the annual revenue for the pharmaceutical
industry (Murteira et al., 2013; Naylor et al., 2015a). Public and
non-profit organisations have released specific programmes to promote
drug repositioning initiatives such as the Discovering New Therapeutic
Uses for Existing Molecules initiative by the NIH National Center for
Advancing Translational Sciences (Allison, 2012). Furthermore, a myriad
of small repositioning-focused pharmaceutical companies have been
created over the last two decades (Naylor et al., 2015b). Since new in-
dications are built upon previous knowledge, such as pharmaceutical,
manufacturing, and distribution data, both the drug development time-
line and economic costs are substantially reduced (Dovrolis et al., 2017;
Zhang et al., 2016; Brown and Patel, 2017; Zhou et al., 2020; Smith,
2011). Finally, repositioned candidates are already proven to be suffi-
ciently safe in preclinical models and in early-stage trials, and are thus
less likely to fail from a safety point of view in subsequent efficacy trials.
3 December 2020
s article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

mailto:info@meetual.me
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2020.100011&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2020.100011
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2020.100011


Table 1
Examples of drugs repositioned to a new antimicrobial classification.

Therapeutic Original
class

Repositioned
class

Approval year

Amphotericin
B

Antifungal Antiparasitic 1997 (Meyerhoff, 1999)

Doxycycline Antibiotic Antimalarial Off-label (Tan et al., 2011)
Eflornithine Antitumour Antiparasitic 1990 (Simarro et al., 2012)
Miltefosine Antitumour Antiparasitic 2014 (Smorenburg et al.,

2000)
Paromomycin Antibiotic Antiparasitic 1994 (Ben Salah et al.,

2013)
Zidovudine Anticancer Antiviral 1987 (Yarchoan et al.,

1986)

Table 2
Drug repositioning evidence level (DREL) assessment of repositioning
studies. BSTs are DREL 4 for diseases pertaining to two or more antimicrobial
classes.

Drug repositioning
evidence level

Quality of scientific evidence

0 No evidence; includes in silico predictions without
confirmation

1 In vitro studies with limited value for predicting in vivo/
human situation

2 Animal studies with hypothetical relevance in humans
3 Incomplete studies in humans at the appropriate dose e.g.

proof of concept; few cases from medical records; some
clinical effects observed

4 Well-documented clinical end points observed for
repositioned drug at doses within safety limits
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There are, however, several key limitations of drug repositioning. As
drugs are approved after observing clear benefits within defined safety
margins, the clinical utility of finding novel drug-target interactions is
hindered by two key pharmacological factors: dosage measurements
between new drug-target interactions and the ability to deliver the drug
to particular targets at disease focal regions may vary relative to pre-
established and approved dose ranges (Business Insights reports,
2011). As sufficient interactions must be made between the target and
the drug (or its associated metabolites) within as minimal timeframe as
possible, both factors encroach on the therapeutic's safety profile for the
disease. Therefore, only at the clinical level can appropriate dosage levels
and a working safety profile be established. If the novel potency falls
outside of the established dosage range, phase I clinical trials must be
initiated, effectively stripping drug repositioning's strategic advantage
over de novo drug discovery. That being said, it is conceivable that a
candidate can be repositioned through the implementation of delivery
devices or reformulations to provide drug exposure to the targeted tissue
whilst limiting exposure to other tissues (Datamonitor reports, 2012).

Next, there are notable intellectual property and economic challenges
pertaining to drug repositioning (Sleigh and Barton, 2010). A minority of
national legislations impede obtaining a patent for second or additional
medical uses, though it is possible to protect a repositioned medical use
in most major pharmaceutical markets. Moreover, many potential repo-
sitioning uses are either reported in PubChem or other online databases
via publications (which range from peer-reviewed literature to blogs), or
explored in clinical practice as off-label, non-registered uses (Verbaan-
derd et al., 2020). Though not endorsed by controlled clinical trials, the
data is available publicly and affects therapeutic patentability. The Eu-
ropean Union currently provides 8 years of data protection in addition to
2 years of market exclusivity; if a second indication is developed during
the 8-year exclusivity period, an additional year of patent protection may
be granted. The United States similarly grants an initial period of 5 years
which may be expanded by 3 years for a new use (Breckenridge and
Jacob, 2019). Finally, since drug repositioning is in itself a novel field in
academia, one prevailing limitation is the lack of experts in the legal
issues pertaining to it (Simsek et al., 2018).

This year saw drug repositioning emerging as the foremost treatment
development strategy for the COVID-19 pandemic, which in turn has
highlighted its importance as a general strategy for future global health
emergencies. Repositioning studies that reclassify existing therapeutics as
BSTs offer a pipeline of emergency-use therapeutics that can be readily
accessed and reviewed during the onset of a future pandemic. Such a
strategy obviates the need to search for repositioned candidates after the
emergence of a pandemic and instead fosters the development of a class of
treatments specifically in anticipation of infectious threats, thereby saving
time in clinical trials, resources for vaccine development, and lives.

3. Reclassification

Reclassification is a simple method by which to consolidate successful
repositioning studies. Due to the variability of repositioning studies, an
2

evidence-based assessment is required in order to appropriately reclassify
an antimicrobial as a BST. One such assessment has been propounded
that distinguishes five drug repositioning evidence level (DREL) stages
according to the amount and quality of evidence available (Table 2). The
advantage of this particular system is its parallelism with classification
schemes used for quantifying drug-drug interactions (Jansman et al.,
2011). As quality of evidence increases from in vitro investigations to
animal and human clinical trials, a higher DREL number is assigned
accordingly. The DREL assessment was borne out of unsubstantiated
claims for some repositioning projects and a lack of experimental evi-
dence or corroboration with the literature (Oprea and Overington, 2015);
such a scheme can simplify the evaluative process of repositioning
studies and may succeed also in tempering heightened expectations for
cures, particularly in the midst of a pandemic. A BST can thus be defined
alternatively as a DREL 4 therapeutic for multiple diseases pertaining to
more than one pathogen class.

As the prototypical BST, the antibiotic azithromycin provides a useful
framework with which to understand how repositioning studies can lead
to therapeutic reclassification (Firth and Prathapan, 2020). Clinical trials
of azithromycin for malaria with or without other medications stretch as
far back as 1998 (Andersen et al., 1998; Taylor et al., 2003), com-
plementing a myriad of in vitro studies which confirm a lysosomotropic
profile akin to that of the antimalarial chloroquine (Wilson et al., 2015;
Tyteca et al., 2002). Indeed, according to the aforementioned reposi-
tioning classification system, azithromycin is a DREL 4 antimalarial.
However, the lack of formal reclassification precluded its immediate
consideration as a treatment for the current pandemic, and resulted
instead in its unsuccessful combinatorial use with hydroxychloroquine,
until the University of Oxford's RECOVERY trial initiated a large-scale,
randomised azithromycin monotherapy arm several months later
(Oliver and Hinks, 2020). In a pandemic, and indeed in general, multi--
target agents are preferred over combination therapies due to more
predictable pharmacokinetics, lower probabilities of drug interactions,
and higher patient compliance. At the time of writing, several papers
have now consolidated repositioning studies probing azithromycin's
antiviral properties and over 80 corresponding randomised trials have
been initiated (Sultana et al., 2020; Bleyzac et al., 2020). The azi-
thromycin case study demonstrates that a lack of a formal reclassification
system impedes the speed at which therapeutics are considered for
pandemics, even in the face of decades' worth of repositioning studies.
This raises an important corollary argument, that similar BSTs remain
uncharacterised due either to a lack of repositioning studies or of
consolidation of such studies.

Fortunately, characterisation of such BSTs is a self-perpetuating
process; indeed, identification of azithromycin as a BST has spotlighted
the broader antiviral pharmacology of macrolides, and similar successful
studies of the broad-spectrum properties of nitazoxanide have permitted
this therapeutic to be used as a scaffold for the design of de novo thia-
zolides (Fig. 1) (Rossignol and Cavier, 1976; Rossignol andMaisonneuve,
1984; Murphy and Friedmann, 1985; Dubreuil et al., 1996; Romero



Fig. 1. Repositioning history of nitazoxanide.
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Cabello et al., 1997; Yamamoto et al., 1999; White, 2004; Rossignol et al.,
2006a, 2009a; Rossignol and Keeffe, 2008; Clerici et al., 2011; Rossignol
and October 2014; Liu et al., 2020). BSTs such as azithromycin and
nitazoxanide, due to a proven record of licensing and repositioning for a
multitude of diseases, accordingly exhibit low cytotoxicity under both
infectious and non-infectious conditions, thereby constituting potentially
effective yet relatively safe emergency treatments for pandemics. A lit-
mus test for the pharmacological effectiveness of BSTs is to evaluate their
purported potency across various pandemics in history. With the clinical
demonstration of its treatment of acute uncomplicated influenza almost a
3

decade ago, nitazoxanide may have indeed proven an effective BST for
the last century's Spanish Flu pandemic, highlighting the applicability of
BSTs as a general emergency treatment class (Haffizulla et al., 2014).

In order to delineate a comprehensive clinical and pharmacological
profile for a given therapeutic, repositioning studies must range from in
silico and in vitro screening to large-scale, randomised clinical trials. It is
thus important to note that pharmacological studies in particular are not
limited to direct inhibition of pathogens but also encompass modulation
of the host immunological profile with or without the presence of in-
fectious agents. Host-targeted antiviral (HTA) properties, for example,



Fig. 2. Stages of broad-spectrum therapeutic (BST) development. Key parameters with which to evaluate emergency repositioned therapeutic candidates for
pandemics are: A) Repositioning history. Candidates targeted for clinical studies can be prioritised according to their repositioning history and evidence (DREL); a
longer history positively correlates with a safer and more widely used therapeutic and a large body of repositioning evidence is indicative of a broad-spectrum
pharmacology (e.g. ivermectin and niclosamide). If an evaluation of a candidate's repositioning history reveals that it is DREL 4 for two or more antimicrobial classes,
the candidate may directly enter PMS as a BST. B) Pharmacology. Evaluation of host-directed and pathogen-directed antimicrobial properties for both lead candidate
and related compounds e.g. antiviral lysosomotropic properties of azithromycin and the wider macrolide class. C) Toxicological assessment, including the potential for
antimicrobial resistance (AMR). Both pharmacological and toxicological information can be obtained from pre-existing in silico, in vitro, and preclinical studies of both
the lead candidate and chemically similar compounds. D) Financial appraisal. Emergency therapeutics must be affordable by national healthcare systems in developing
countries. E) Availability. Emergency therapeutics must be globally distributed to ensure sufficient deployment during a pandemic. Certain national legislations may
impede obtaining a patent for further medical uses and can hinder candidate availability in certain regions. An ideal candidate would be included in the World Health
Organization's List of Essential Medicines and available in all national healthcare systems. Both affordability and global availability may change after BST charac-
terisation during post-marketing surveillance (PMS) and should be continually monitored. Overall, in addition to reduced cost and resources, drug repositioning
usually takes 10–12 years compared to 15–20 for de novo drug development, which requires additional compound screening, preclinical studies, and phase I clinical
trials. Successful deployment of BSTs for pandemics or bioterrorist attacks can iteratively refine and identify new use cases.
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have been enumerated in macrolides in the form of inducing type I and
type III interferon signalling, as is the case for azithromycin; and down-
regulating ICAM-1, a major receptor for both Haemophilus and rhinovirus
(RV) for clarithromycin (Firth and Prathapan, 2020). HTA properties of
macrolides, which are primarily used as antibacterials, are a pharmaco-
logical idiosyncrasy gleaned from repositioning studies, and have already
proven crucial to informing the repositioning of antibiotics for
COVID-19. Interestingly, both azithromycin and nitazoxanide exhibit
immunomodulatory properties, a prospective hallmark of BSTs. Thus,
reclassification of therapeutics to BSTs and downstream application for
future global health emergencies requires both a holistic understanding
of their pharmacology in addition to their clinical effectiveness against
the appropriate pathogen class.

Overall, reclassification to a BST is merely the final step to success-
fully reposition an antimicrobial against a new pathogen class. It is
important to state, however, that this does not revise repositioning
studies to a teleological practice for BST characterisation, but rather
emphasises the importance of formally recognising when such studies
reach a critical juncture towards reconceptualising an antimicrobial.
4

4. Regulation

Though currently only described in U.S. federal documents, BSTs
have an important role in mitigating health threats on an international
scale. As such, there is an incentive to globally regulate future BSTs,
delineate guidelines for their use, and continually monitor potential
adverse drug reactions (ADRs). The development of an international
streamlined regulatory process as well as the establishment of a global
pre-competitive knowledge transfer system for regulatory and scientific
drug information have been among many ideas long proposed to over-
come the ‘valley of death’ between academic classification of reposi-
tioned therapeutics and their clinical application; both are indeed
essential for the regulation of emergency therapeutics (Oprea et al.,
2011).

Post-marketing surveillance (PMS) is the practice of monitoring the
safety of a therapeutic after it has been released on the market and is an
imperative stage of pharmacovigilance (Huang et al., 2014). PMS can
further refine, or confirm or deny, the safety of a given BST after it has
been used in the general population by large numbers of people with a
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wide variety of medical conditions (Vlahovic and Mentzer, 2011). A
plethora of approaches is used to monitor drug and device safety,
including spontaneous reporting databases, prescription event moni-
toring, electronic health records, patient registries, and record linkage
between health databases (McNeil et al., 2010). These data are mined
and reviewed to highlight potential safety concerns.

The monitoring of ADRs is an integral component of PMS. The World
Health Organization (WHO) defines an ADR as ‘a response to a drug that
is noxious and unintended and occurs at doses normally used in man for
the prophylaxis, diagnosis or therapy of disease, or for modification of
physiological function’ (Lindquist and Edwards, 2001). With regard to
long-term use of drugs or the intake of drugs at wider timeframe in-
tervals, follow-ups are crucial for the detection of ADRs. However, a
limited number of participants undergo long-term trials, and ADRs have
been observed in the order of 1 in 10,000 or fewer drug exposures (Hazell
and Shakir, 2006). Ultimately, the shortcomings of premarketing trials
and PMS throw into sharp relief the need to conduct investigative studies
in perpetuity after a successful New Drug Application (NDA) and/or BST
classification. Nevertheless, PMS practices have evolved significantly
over the years, shifting from reactive approaches to risk prevention and
improved communicative measures (Avery et al., 2011).

Due to their application for global health emergencies, BSTs are
unique in their greater need for global regulation compared to other
repositioned therapeutics. The WHO's Model List of Essential Medicines
contains the drugs considered to be the safest and most effective to meet
the most important needs of a health system. It is frequently used to
develop healthcare infrastructures and has been a template adopted by
over 150 nations (Persaud et al., 2019). Inclusion of a list of emergency
treatments to be deployed in the event of a pandemic or global bio-
terrorist attack would ensure that national health systems around the
world are appropriately primed for infectious threats, needing only to
await clearance from the WHO before BST administration. In the interest
of adequately supplying health systems around the world with emer-
gency treatments, the WHO should also monitor both the global distri-
bution and cost of BSTs: two factors which have proven decisive for the
therapeutic candidates in the current pandemic (Ledford, 2020).

Finally, many BSTs are subject to the age-old limitation of antimi-
crobial resistance (AMR) and, in the context of a global health emer-
gency, must be used within a short-term time frame until a vaccine or
long-term treatment solution is found (Antimicrobial resistance, 2020).
Antibiotic overuse has been a major concern during the course of the
current pandemic and the prospect of AMR strengthens the mandate for
global oversight in order to prevent overuse or misuse of BSTs (Sir-
ijatuphat et al., 2018). Different global agencies such as the Global
Antimicrobial Resistance Surveillance System under the WHO, Global
Health Security Agenda (GHSA), and the Antimicrobial Resistance Action
Package have made significant efforts to tackle AMR on an international
scale (Belay et al., 2017). Ultimately, regulation of BSTs follows from the
regulation of repositioned therapeutics but must include additional sur-
veillance on an international scale.

5. Discussion

The potential of BSTs is yet to be realised. As the discovery of antibiotics
has advanced our understanding of bacterial infection, so the discovery of
BSTsmayunearth infectionmechanismsconservedacross pathogenclasses.
Certainly, identification of cellular and nuclear signalling pathways tar-
geted byBSTs, such as azithromycin’smodulation of antiviral responses via
IFNβ activation and nitazoxanide’s inhibition of autophagy via ING1
upregulation, will instigate and iteratively improve BST drug-disease
interaction networks, further contributing to a shift away from the ‘single
drug-single target’ paradigm and towards a polypharmacological one in
which therapeutics engagemultiple targetswithin the interactome.Withan
increasing number of repositioning studies conducted worldwide, particu-
larly with the onset of the COVID-19 pandemic, it is foreseeable that new
BSTswill be identified.ClassifyingBSTsagainstdifferent pathogenic classes
5

requires a unified taxonomy, which may be derived from the DREL system:
four antimicrobial types (antibiotics, antifungals, antiparasitics, and anti-
virals) can yield fourDREL numbers. Thus, a BST that is used clinically as an
antimalarial and an antiviral but has not been studied as an antibiotic or
antifungal is a 0:0:4:4 BST; the order of the DREL numbers here are: anti-
biotic¼ 0, antifungal¼ 0, antiparasitic¼ 4, antiviral¼ 4. According to this
system, azithromycin is a 4:0:4:2 BST and nitazoxanide a 4:0:4:4 BST.With
an accumulating arsenal of BSTs, a concomitant taxonomic structure can
direct future repositioning studies, facilitate comparative therapeutic in-
vestigations, and inform clinical and emergency treatment application.

The herein discussed BST developmental framework via drug repo-
sitioning is derived from the therapeutic development strategy for the
current pandemic, and is accompanied by a series of benefits and limi-
tations; its affordability, efficiency, and safety are palliated by prevailing
legal limitations and the growing risk of AMR, and henceforward there
remains a considerable need to globally regulate BSTs with respect to
their IP, PMS, availability, and administration (Fig. 2). Overcoming such
limitations, however, will herald a significant step towards bridging the
antiquated gap between academic classification of therapeutics and their
downstream clinical application.

6. Conclusion

The pandemic has challenged our perception of therapeutics. No
longer do they asseverate static, well-defined pharmacological profiles
for commensurate diseases, but rather harbour interminable reposition-
ing potential that is realised only through in silico/in vitro screening,
clinical investigation, and now: reclassification. The inauguration of the
BST as a formal antimicrobial class is both a milestone and a symbol for
the growing acknowledgement of antibiotics, antifungals, antivirals, and
antiparasitics that exhibit clinically effective pharmacological activity
against pathogen types tangential to their original classification. In the
future, an increasing armamentarium of BSTs will enable the identifi-
cation of conserved chemical and pharmacological properties, which in
turn will facilitate the longer-term development of a pipeline for de novo
BSTs, as first envisioned by the U.S. Strategic Plan for Biodefense
Research. As stated therein, the development of broad-spectrum thera-
peutics, tempered by the desiderata of antimicrobial stewardship and
administrative oversight, ‘will provide enormous benefits to biomedical
research and usher in 21st century medicine for future generations’.

Credit author statement

All authors contributed equally to the work.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank our colleagues at the Department of Biochemistry and
Trinity College, University of Oxford; our sincerest gratitude to Arijit
Chakravarty and Kieron Howe.

References

Allison, M., 2012. NCATS launches drug repurposing program. Nat. Biotechnol. 30 (7),
571–572.

Andersen, S.L., Oloo, A.J., Gordon, D.M., et al., 1998. Successful double-blinded, ran-
domized, placebo-controlled field trial of azithromycin and doxycycline as
prophylaxis for malaria in western Kenya. Clin. Infect. Dis. 26 (1), 146e150. https://
doi.org/10.1086/516281.

Antimicrobial resistance in the age of COVID-19. Nat Microbiol 5 (6), 2020 Jun, 779.
https://doi.org/10.1038/s41564-020-0739-4. PMID: 32433531.

http://refhub.elsevier.com/S2590-2571(20)30011-0/sref1
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref1
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref1
https://doi.org/10.1086/516281
https://doi.org/10.1086/516281
https://doi.org/10.1038/s41564-020-0739-4


A. Firth, P. Prathapan Current Research in Pharmacology and Drug Discovery 2 (2021) 100011
Avery, A., Anderson, C., Bond, C., et al., 2011. Evaluation of patient reporting of adverse
drug reactions to the UK's ‘Yellow Card scheme’: literature review, descriptive and
qualitative analyses, and questionnaire surveys. Health Technol. Assess. 15, 1–234.

Belay, E.D., Kile, J.C., Hall, A.J., et al., 2017. Zoonotic disease programs for enhancing
global health security. Emerg. Infect. Dis. 23 (13).

Ben Salah, A., et al., 2013. Topical paromomycin with or without gentamicin for
cutaneous leishmaniasis. N. Engl. J. Med. 368, 524–532.

Biodefense Strategic Plan, 2002. NIH: National Institute of Allergy and Infectious
Diseases. www.niaid.nih.gov.

Biodefense Strategic Plan, 2007. NIH: National Institute of Allergy and Infectious
Diseases. www.niaid.nih.gov.

Bleyzac, N., Goutelle, S., Bourguignon, L., Tod, M., 2020. Azithromycin for COVID-19:
more than just an antimicrobial? Clin. Drug Invest. 40 (8), 683–686. https://doi.org/
10.1007/s40261-020-00933-3.

Breckenridge, A., Jacob, R., 2019. Overcoming the legal and regulatory barriers to drug
repurposing. Nat. Rev. Drug Discov. 18, 1–2.

Brown, A.S., Patel, C.J., 2017. Sci Data 4. https://doi.org/10.1038/sdata.2017.29.
Business Insights reports, 2011. Successful Strategies for Drug Repositioning: Low-Risk

Approaches to Indication Expansion and Lifecycle Extension for Established
Molecules. Business Insights, London (UK), p. 101. Report No.: BI00050–002.

Clerici, M., Trabattoni, D., Pacei, M., Biasin, M., Rossignol, J.F., 2011. The anti-infective
nitazoxanide shows strong immumodulating effects [abstract]. J. Immunol. 186,
155.21.

Datamonitor reports, 2012. Lifecycle Management Strategies: Reformulation: Success
Hinges on Delivering Significant Improvement in Disease Outcome. Datamonitor,
USA (NY), p. 30. Report No.: HC00246–001.

Dovrolis, N., et al., 2017. Drug Discov. Today 22 (5), 805–813. https://doi.org/10.1016/
j.drudis.2017.03.009.

Dubreuil, L., Houcke, I., Mouton, Y., Rossignol, J.F., 1996 Oct. In vitro evaluation of
activities of nitazoxanide and tizoxanide against anaerobes and aerobic organisms.
Antimicrob. Agents Chemother. 40 (10), 2266–2270. https://doi.org/10.1128/
AAC.40.10.2266. PMID: 8891127; PMCID: PMC163516.

Firth, A., Prathapan, P., 2020. Azithromycin: the first broad-spectrum therapeutic. Eur. J.
Med. Chem. 207, 112739. https://doi.org/10.1016/j.ejmech.2020.112739.

Haffizulla, J., Hartman, A., Hoppers, M., Resnick, H., Samudrala, S., Ginocchio, C.,
Bardin, M., Rossignol, J.F., Us Nitazoxanide Influenza Clinical Study Group, 2014 Jul.
Effect of nitazoxanide in adults and adolescents with acute uncomplicated influenza:
a double-blind, randomised, placebo-controlled, phase 2b/3 trial. Lancet Infect. Dis.
14 (7), 609–618. https://doi.org/10.1016/S1473-3099(14)70717-0. Epub 2014 May
19. PMID: 24852376; PMCID: PMC7164783.

Harrison, C., 2020 Apr. Coronavirus puts drug repurposing on the fast track. Nat.
Biotechnol. 38 (4), 379–381. https://doi.org/10.1038/d41587-020-00003-1.

Hazell, L., Shakir, S.A., 2006. Under-reporting of adverse drug reactions : a systematic
review. Drug Saf. 29 (5), 385–396. https://doi.org/10.2165/00002018-200629050-
00003. PMID: 16689555.

Huang, Y.L., Moon, J., Segal, J.B., 2014. A comparison of active adverse event
surveillance systems worldwide. Drug Saf. 37, 581–596.

Jansman, F.G.A., Reyners, A.K.L., van Roon, E.N., et al., 2011. Consensus-based
evaluation of clinical significance and management of anticancer drug interactions.
Clin. Therapeut. 33, 305–314.

Ledford, H., 2020 May. Dozens of coronavirus drugs are in development - what happens
next? Nature 581 (7808), 247–248. https://doi.org/10.1038/d41586-020-01367-9.
PMID: 32409766.

Lindquist, M., Edwards, I.R., 2001. The WHO programme for international drug
monitoring, its database, and the technical support of the uppsala monitoring center.
J. Rheumatol. 28, 1180–1187.

Liu, Cynthia, Zhou, Qiongqiong, Li, Yingzhu, Garner, Linda V., Watkins, Steve P.,
Carter, Linda J., Smoot, Jeffrey, Gregg, Anne C., Daniels, Angela D., Jervey, Susan,
Albaiu, Dana, 2020. Research and development on therapeutic agents and vaccines
for COVID-19 and related human coronavirus diseases. ACS Cent. Sci. 6 (3), 315–331.
https://doi.org/10.1021/acscentsci.0c00272. PMC 7094090. PMID 32226821.

McNeil, J.J., Piccenna, L., Ronaldson, K., et al., 2010. The value of patient-centred
registries in phase IV drug surveillance. Pharm Med 24, 281–288. https://doi.org/
10.1007/BF03256826.

Meyerhoff, A., 1999. U. S. Food and Drug Administration approval of AmBisome
(liposomal amphotericin B) for treatment of visceral leishmaniasis. Clin. Infect. Dis.
28, 42–48 discussion 49–51.

Murphy, J.R., Friedmann, J.C., 1985 Apr. Pre-clinical toxicology of nitazoxanide–a new
antiparasitic compound. J. Appl. Toxicol. 5 (2), 49–52. https://doi.org/10.1002/
jat.2550050202. PMID: 3889119.

Murteira, S., Ghezaiel, Z., Karray, S., Lamure, M., 2013 Aug 6. Drug reformulations and
repositioning in pharmaceutical industry and its impact on market access:
reassessment of nomenclature. J Mark Access Health Pol. 1. https://doi.org/
10.3402/jmahp.v1i0.21131.

Naylor, S., Kauppi, D.M., Schonfeld, J.P., 2015a. Therapeutic drug repurposing,
repositioning and rescue part II: business review. Drug Discov. World 16 (2), 57–72.

Naylor, S., Kauppi, D.M., Schonfeld, J.P., 2015b. Therapeutic drug repurposing,
repositioning and rescue: part III: market exclusivity using intellec- tual property and
regulatory pathways. Drug Discov. World 16 (3), 62–69.

NIH Funds Development of New Broad-Spectrum Therapeutics, 2015. National Institutes
of Health. www.nih.gov.

Oliver, M.E., Hinks, T.S.C., 2020. Azithromycin in viral infections. Rev. Med. Virol.,
e2163

Oprea, Tudor I., Overington, John P., 2015. Computational and practical aspects of drug
repositioning. Assay Drug Dev. Technol. 13 (6), 299–306. https://doi.org/10.1089/
adt.2015.29011.tiodrrr.
6

Oprea, Tudor I., et al., 2011. Drug repurposing from an academic perspective. Drug
Discov. Today Ther. Strat. 8 (3–4), 61–69. https://doi.org/10.1016/
j.ddstr.2011.10.002.

Persaud, N., Jiang, M., Shaikh, R., et al., 2019. Comparison of essential medicines lists in
137 countries. Bull. World Health Organ. 97 (6), 394–404C. https://doi.org/
10.2471/BLT.18.222448.

Pushpakom, S., Iorio, F., Eyers, P.A., Escott, K.J., Hopper, S., Wells, A., Doig, A.,
Guilliams, T., Latimer, J., McNamee, C., Norris, A., Sanseau, P., Cavalla, D.,
Pirmohamed, M., 2019 Jan. Drug repurposing: progress, challenges and
recommendations. Nat. Rev. Drug Discov. 18 (1), 41–58. https://doi.org/10.1038/
nrd.2018.168.

Romero Cabello, R., Guerrero, L.R., Munoz Garcia, M., Geyne Cruz, A., 1997.
Nitazoxanide for the treatment of intestinal protozoan and helminthic infections in
Mexico. Trans. R. Soc. Trop. Med. Hyg. 91, 701–703.

Rossignol, J.F., Cavier, R., April 13, 1976. New Derivatives of 2-Benzamido 5-
Nitrothiazoles. United States Patent No 3,950,351, 2-benzamido 5-nitrothiazoles.
Chemical Abstract. 1975; 83: 28216n.

Rossignol, J.F., Keeffe, E.B., 2008. Thiazolides: a new class of drugs for the treatment of
hepatitis B and C. Future Microbiol. 3, 539–554.

Rossignol, J.F., Maisonneuve, H., 1984. Nitazoxanide in the treatment of taenia saginata
and hymenolepis nana. Am. J. Trop. Med. Hyg. 33, 511–512.

Rossignol, J.F., October, 2014. Nitazoxanide: a first-in-class broad-spectrum antiviral
agent. Antivir. Res. 110, 94–103. https://doi.org/10.1016/j.antiviral.2014.07.014.
PMC 7113776. PMID 25108173.

Rossignol, J.F., Abou Zekry, M., Hussein, Abeer, Santoro, M.G., 2006. Effect of
nitazoxanide in treating severe rotavirus diarrhea: a randomized, double-blind,
placebo-controlled trial. Lancet 368, 124–129.

Rossignol, J.F., La Frazia, S., Chiappa, L., Ciucci, A., Santoro, M.G., 2009. Thiazolides, a
new class of anti-influenza molecules targeting viral hemagglutinin at post-
translational level. J. Biol. Chem. 284, 29798–29808.

Simarro, P.P., Franco, J., Diarra, A., Postigo, J.A., Jannin, J., 2012. Update on field use of
the available drugs for the chemotherapy of human African trypanosomiasis.
Parasitology 139, 842–846.

Simsek, M., Meijer, B., van Bodegraven, A.A., de Boer, N.K.H., Mulder, C.J.J., 2018 Jan.
Finding hidden treasures in old drugs: the challenges and importance of licensing
generics. Drug Discov. Today 23 (1), 17–21. https://doi.org/10.1016/
j.drudis.2017.08.008. Epub 2017 Sep 1. PMID: 28867540.

Sirijatuphat, R., Sripanidkulchai, K., Boonyasiri, A., et al., 2018. Implementation of global
antimicrobial resistance surveillance system (GLASS) in patients with bacteremia.
PloS One 13 (1), e0190132.

Sleigh, S.H., Barton, C.L., 2010. Repurposing strategies for therapeutics. Pharm Med 24,
151–159.

Smith, R.B., 2011. Repositioned drugs: integrating intellectual property and regulatory
strategies. Drug Discov. Today Ther. Strat. (8), 131–137.

Smorenburg, C.H., et al., 2000. Phase II study of miltefosine 6% solution as topical
treatment of skin metastases in breast cancer patients. Colloq. Inse. 11, 825–828.

Sultana, J., Cutroneo, P.M., Crisafulli, S., et al., 2020. Azithromycin in COVID-19 patients:
pharmacological mechanism, clinical evidence and prescribing guidelines. Drug Saf.
43, 691–698. https://doi.org/10.1007/s40264-020-00976-7.

Tan, K.R., et al., 2011. Doxycycline for malaria chemoprophylaxis and treatment: report
from the CDC expert meeting on malaria chemoprophylaxis. Am. J. Trop. Med. Hyg.
84, 517–531.

Taylor, W., Richie, T., Fryauff, D., Ohrt, C., Picarima, H., Tang, D., Murphy, G.,
Widjaja, H., Braitman, D., Tjitra, E., Ganjar, A., Jones, T., Basri, H., Berman, J., 2003.
Tolerability of azithromycin as malaria prophylaxis in adults in northeast papua,
Indonesia. Antimicrob. Agents Chemother. 47 (7), 2199e2203.

Tyteca, Van Der Smissen, P., Mettlen, M., et al., 2002. Azithromycin, a lysosomo- tropic
antibiotic, has distinct effects on fluid-phase and receptor-mediated endocytosis, but
does not impair phagocytosis in J774 macrophages. Exp. Cell Res. 281 (1), 86e100.
https://doi.org/10.1006/excr.2002.5613.

Verbaanderd, Ciska, et al., 31 Jan. 2020. On-label or off-label? Overcoming regulatory
and financial barriers to bring repurposed medicines to cancer patients. Front.
Pharmacol. 10 (1664) https://doi.org/10.3389/fphar.2019.01664.

Vlahovic, V., Mentzer, D., 2011. Postmarketing surveillance. Handb. Exp. Pharmacol.
205, 339–351.

White, C.A., 2004. Nitazoxanide: a new broad spectrum antiparasitic agent. Expert Rev.
Anti Infect. Ther. 2 (1), 43–49. https://doi.org/10.1586/14787210.2.1.43. PMID
15482170.

Wilson, D., Goodman, C., Sleebs, B., Iiss, G., de Jong, N., Angrisano, F., Langer, C.,
Baum, J., Crabb, B., Gilson, P., McFadden, G., Beeson, J., 2015. Macrolides rapidly
inhibit red blood cell invasion by the human malaria parasite, Plasmodium falcipa-
rum. BMC Biol. 13 (1).

Yamamoto, Y., Hakki, A., Friedman, H., Okubo, S., Shimamura, T., Hoffman, P.S.,
Rossignol, J., 1999 Jul-Aug. Nitazoxanide, a nitrothiazolide antiparasitic drug, is an
anti-Helicobacter pylori agent with anti-vacuolating toxin activity. Chemotherapy 45
(4), 303–312. https://doi.org/10.1159/000007200. PMID: 10394014.

Yarchoan, R., et al., 1986. Administration of 3’-azido-3’-deoxythymidine, an inhibitor of
HTLV-III/LAV replication, to patients with AIDS or AIDS-related complex. Lancet 1,
575–580.

Zhang, M., et al., 2016. PloS One 11 (12). https://doi.org/10.1371/
journal.pone.0168812.

Zhou, Y., Wang, F., Tang, J., Nussinov, R., Cheng, F., 2020 Sep 18. Lancet Digit Health.
https://doi.org/10.1016/S2589-7500(20)30192-8.

http://refhub.elsevier.com/S2590-2571(20)30011-0/sref4
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref4
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref4
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref4
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref5
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref5
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref6
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref6
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref6
http://www.niaid.nih.gov
http://www.niaid.nih.gov
https://doi.org/10.1007/s40261-020-00933-3
https://doi.org/10.1007/s40261-020-00933-3
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref10
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref10
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref10
https://doi.org/10.1038/sdata.2017.29
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref12
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref12
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref12
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref12
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref13
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref13
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref13
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref14
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref14
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref14
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref14
https://doi.org/10.1016/j.drudis.2017.03.009
https://doi.org/10.1016/j.drudis.2017.03.009
https://doi.org/10.1128/AAC.40.10.2266
https://doi.org/10.1128/AAC.40.10.2266
https://doi.org/10.1016/j.ejmech.2020.112739
https://doi.org/10.1016/S1473-3099(14)70717-0
https://doi.org/10.1038/d41587-020-00003-1
https://doi.org/10.2165/00002018-200629050-00003
https://doi.org/10.2165/00002018-200629050-00003
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref22
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref22
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref22
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref23
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref23
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref23
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref23
https://doi.org/10.1038/d41586-020-01367-9
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref25
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref25
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref25
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref25
https://doi.org/10.1021/acscentsci.0c00272
https://doi.org/10.1007/BF03256826
https://doi.org/10.1007/BF03256826
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref28
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref28
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref28
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref28
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref28
https://doi.org/10.1002/jat.2550050202
https://doi.org/10.1002/jat.2550050202
https://doi.org/10.3402/jmahp.v1i0.21131
https://doi.org/10.3402/jmahp.v1i0.21131
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref31
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref31
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref31
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref32
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref32
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref32
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref32
http://www.nih.gov
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref33
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref33
https://doi.org/10.1089/adt.2015.29011.tiodrrr
https://doi.org/10.1089/adt.2015.29011.tiodrrr
https://doi.org/10.1016/j.ddstr.2011.10.002
https://doi.org/10.1016/j.ddstr.2011.10.002
https://doi.org/10.2471/BLT.18.222448
https://doi.org/10.2471/BLT.18.222448
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1038/nrd.2018.168
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref38
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref38
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref38
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref38
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref39
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref39
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref39
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref40
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref40
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref40
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref41
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref41
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref41
https://doi.org/10.1016/j.antiviral.2014.07.014
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref43
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref43
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref43
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref43
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref44
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref44
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref44
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref44
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref45
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref45
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref45
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref45
https://doi.org/10.1016/j.drudis.2017.08.008
https://doi.org/10.1016/j.drudis.2017.08.008
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref47
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref47
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref47
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref48
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref48
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref48
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref49
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref49
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref49
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref50
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref50
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref50
https://doi.org/10.1007/s40264-020-00976-7
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref52
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref52
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref52
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref52
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref53
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref53
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref53
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref53
https://doi.org/10.1006/excr.2002.5613
https://doi.org/10.3389/fphar.2019.01664
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref56
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref56
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref56
https://doi.org/10.1586/14787210.2.1.43
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref58
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref58
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref58
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref58
https://doi.org/10.1159/000007200
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref60
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref60
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref60
http://refhub.elsevier.com/S2590-2571(20)30011-0/sref60
https://doi.org/10.1371/journal.pone.0168812
https://doi.org/10.1371/journal.pone.0168812
https://doi.org/10.1016/S2589-7500(20)30192-8

	Broad-spectrum therapeutics: A new antimicrobial class
	1. Introduction
	2. Repositioning
	3. Reclassification
	4. Regulation
	5. Discussion
	6. Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgements
	References


