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Neglected tropical diseases (NTDs) and other diseases of the developing world, such as malaria, attract
research investments that are disproportionately low compared to their impact on human health
worldwide. Therefore, pragmatic methods for launching new drug discovery programs have emerged that
repurpose existing chemical matter as new drugs or new starting points for optimization. In this Digest
we describe applications of different repurposing approaches for NTDs, and provide a means by which
these approaches may be differentiated from each other. These include drug repurposing, target
repurposing, target class repurposing, and lead repurposing.

� 2016 Elsevier Ltd. All rights reserved.
Neglected tropical diseases (NTDs) are defined by the World
Health Organization (WHO) as ‘a diverse group of communicable
diseases that prevail in tropical and subtropical conditions;’ the
official WHO list of NTDs is currently comprised of 17 infectious
diseases.1 Alongside malaria, these diseases predominantly affect
populations living in poverty, under poor living conditions and in
close proximity with the vectors of disease-causing agents. Their
effects are far-reaching and devastating: over 1 billion people in
149 countries suffer from one or more NTDs with millions of others
at risk, and the economic repercussions of these diseases can be
just as damaging as their health effects.1 These diseases are
‘neglected’ primarily because there is no financial incentive to
develop drugs for a patient population that cannot afford them.
Consequently, noting that most drugs are developed by for-profit
companies, there is little reason for these companies to invest in
research and development for drugs that will not result in high
financial returns.

Therefore, much of the drug discovery and hit-to-lead optimiza-
tion for these diseases is performed in academic laboratories
without the financial, personnel, and technical resources of a phar-
maceutical company. With a view toward overcoming these
limitations, a popular strategy for academic groups has been to
‘repurpose’ or re-use existing chemical matter, target knowledge,
and other data from human or animal drug discovery campaigns
in order to cut down on the time and cost of advancing a program
from hit to lead to clinical candidate. Indeed, a number of the drugs
currently in use for treating NTDs originated from low-throughput
screens or repurposing of either human or veterinary drugs
(Table 1). A recent review2 on approaches to drug discovery for
malaria, HAT, and schistosomiasis highlights drug repurposing,
drug repositioning, and drug rescue as strategies employed by
NTD researchers; other terms employed in the field include ‘target
repurposing’3 and ‘piggyback drug discovery.’4 Repurposing as a
general strategy is therefore a well-established approach in the
NTD drug discovery community. By systematizing the nomencla-
ture for the many flavors of repurposing, we aim to enable the
community to readily identify at the outset what type of informa-
tion was available at the start of the campaign and the extent of
optimization involved. A clearly defined, common vocabulary for
these strategies will ease communication and collaboration in
the field of NTD drug discovery.

The many terms for repurposing strategies can be grouped into
four major categories, which are (a) drug repurposing, (b) target
repurposing, (c) target class repurposing, and (d) lead repurposing.
Each has distinct advantages and disadvantages and may be appro-
priate in different project situations. These four approaches are
characterized by the type of chemical matter that is being repur-
posed, the kind of information that is typically available at the
starting point of a campaign, and the type of optimization that is
required. For each strategy, the characteristics, advantages, and
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Table 1
Selected drugs currently employed in the treatment of NTDs discussed in this review, according to WHO

Disease Drug Discovery Limitations

Malaria Artemisinin Natural product, found to have anti-malarial activity in the
1980s5

Emerging resistance6

Human African Trypanosomiasis Suramin Dye derivative, found to be anti-trypanosomal in the 1920s7 Treats Stage 1 only8

Pentamidine Part of a class of compounds discovered to treat equine
trypanosomiasis in the 1940s7

Treats Stage 1 only8

Melarsoprol Arsenicals discovered to cure infected laboratory animal
models of trypanosomiasis; melarsoprol introduced in 19497

Fatal to 3–10% of patients; emerging resistance8

Eflornithine Originally an anti-cancer drug, in use for HAT since 19907 Complex treatment regimen8

Chagas disease Benznidazole Empirical screening, introduced in 19719 Rare but severe side effects, emerging resistance9

Nifurtimox Empirical screening, introduced in 19659 GI and CNS side effects
Lymphatic filariasis Albendazole Originally developed to treat gut helminths in livestock,

approved for use in humans in the 1980s10
Must be used in combination with either
ivermectin or diethylcarbamazine citrate10

Ivermectin Found to be effective against canine hookworms and other
nematodes, registered 198711

Long treatment regimen, unsuitable for use in areas
co-endemic with Loa loa, emerging resistance12

River blindness Ivermectin Discovered to be effective against Onchocerca in horses11 See ‘Ivermectin’ above
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Figure 1. Drugs that have been directly repurposed for NTDs.
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disadvantages are discussed, and case studies are provided to illus-
trate each one in practice.

Drug repurposing: Drug repurposing is characterized chiefly by
the lack of further optimization required for the repurposed chem-
ical matter. In this approach, FDA-approved chemical entities for
an initial indication are used for a second indication without any
further structural modification of the compound at hand (although
dosing and formulation modifications may be required). Drug
repurposing is an established strategy used not only for neglected
diseases, but other diseases as well, and is also referred to as drug
repositioning, drug redirecting, and drug reprofiling.13 In for-profit
settings, repurposing avoids the risk associated with the costs of
drug discovery and development, up to (and often including) Phase
I clinical trials. However, it offers great advantages for neglected
diseases as well. Approved chemical matter has already been pro-
filed in terms of safety and pharmacokinetics, giving an indication
of tolerated human doses and any likely side effects. As a result,
both the time and cost of drug development are drastically reduced
using this approach. We describe below three examples of drug
repurposing in various stages of progression along the drug discov-
ery pipeline.

Case study 1: Eflornithine as a successfully repurposed drug for
sleeping sickness. Human African trypanosomiasis (HAT), also
known as sleeping sickness, is caused by two subspecies of the par-
asite Trypanosoma brucei (T.b. gambiense and T.b. rhodesiense).
Prevalent in 36 countries in sub-Saharan Africa, HAT progresses
from the lymph to the central nervous system, causing disruptions
in sleeping patterns and death if left untreated.8 Originally devel-
oped as a cancer therapeutic (and now utilized as topical agent
for hirsutism), eflornithine (3, Fig. 1), also known as difluo-
romethylornithine or DFMO, is an inhibitor of polyamine biosyn-
thesis that was shown by Bacchi et al. to inhibit the growth of
trypanosomes by the same mechanism.14 In addition, eflornithine
cured T.b. brucei infections in mice when given as a 1 or 2 percent
solution in drinking water (defined as survival of greater than
30 days beyond that of untreated controls); the drug was also
shown to be generally nontoxic.14

Although in use as a single agent for many years, eflornithine
requires large doses to be effective, has a complex mode of admin-
istration and high cost per patient, and is ineffective against T.b.
rhodesiense.15 Recently, however, some of these drawbacks have
been mitigated through the use of nifurtimox–eflornithine combi-
nation therapy (NECT). By combining eflornithine with nifurtimox
(a Chagas disease therapeutic), the dose of eflornithine required,
the complexity of administration, and the cost of the treatment
are reduced.16 Importantly, eflornithine is effective against stage
2 HAT wherein the parasite crosses the blood–brain barrier, and
Please cite this article in press as: Klug, D. M.; et al. Bioorg. Med. Chem
NECT has become the most promising front-line treatment for sec-
ond-stage T.b. gambiense infections.16

Case study 2: Tamoxifen as an anti-leishmanial treatment. 310mil-
lion people are at risk of infection by Leishmania spp., which cause
leishmaniasis in several forms, including the deadly visceral leish-
maniasis (VL).17 The anti-leishmanial activity of tamoxifen
(1, Fig. 1), an approved breast cancer drug used in the treatment
of estrogen receptor-positive tumors, was first reported in 2007.18

Starting with the observationmade by previous groups that tamox-
ifen was able to induce alkalinization of organelles in several cell
lines,19 it was hypothesized that Leishmania parasites, which live
in acidic vacuoleswithin the host cell and require low pH to survive,
would be susceptible to tamoxifen via this mechanism. The drug
was tested against the promastigote form of five species of Leishma-
nia (including L. amazonensis), and against the intracellular amastig-
ote of L. amazonensis, and was shown to have a cidal effect on all
species with micromolar EC50 values. The mechanism of action
was also investigated and was shown to be independent of host
estrogen receptor modulation.18

In further studies, tamoxifen was evaluated in a mouse model of
leishmaniasis.20 In a 15-day treatment of L. amazonensis-infected
mice, tamoxifen reduced the parasite burden by 99% compared
to untreated mice, outperforming meglumine antimonate, the
standard treatment. Although a cure was not achieved (typical
for leishmaniasis treatments), no toxicity was observed during or
after treatment and symptoms were greatly alleviated. Tamoxifen
was also shown to be effective in mouse and hamster models of
Leishmania braziliensis and Leishmania chagasi, respectively, with
95–98% reduction in parasite load and 100% survival of treated ani-
mals 18 weeks post-infection.21
. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.03.103
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Case study 3: Repurposing auranofin for lymphatic filariasis and
river blindness. Lymphatic filariasis (LF) and river blindness are
NTDs caused by filariid nematodes that affect an estimated 145
million people and cause debilitating swelling and blindness,
respectively.22,23 The current standard of care for river blindness,
caused by Onchocerca volvulus, includes ivermectin (itself an exam-
ple of direct drug repurposing!), although treatment with this drug
causes severe adverse reactions in patients that are co-infected
with the parasite Loa loa; in addition, there is cause for concern
about ivermectin resistance.12 Use of doxycycline to target symbi-
otic Wolbachia bacteria, which L. loa lacks, has been investigated as
a complement or replacement to ivermectin, but is still limited for
use in children and pregnant women.24 In a 2015 library screen of
over 2000 FDA-approved compounds, the rheumatoid arthritis
drug auranofin (2, Fig. 1) was found to directly kill adult Brugia
spp. and Onchocerca ochengi, models for the causative agents of
LF (Wuchereria bancrofti, Brugia malayi, and Brugia timori) and river
blindness, respectively.25 Additionally, the drug was found to be
�43� selective over L. loa, which has promising implications for
treatment in areas where co-infection is present. Auranofin was
also tested in vivo in gerbil infection models of LF infection using
Brugia pahangi and was found to reduce the worm burden by
58% and 91% in two different studies.25 Although auranofin is
known to be metabolized fairly rapidly in vivo, gold plasma levels
well above the in vitro worm IC50s were maintained in gerbils for
two hours post-dose after two weeks of treatment. Finally, a series
of experiments was performed to provide evidence that the para-
sitic target of auranofin is thioredoxin reductase.

In all of the above examples, FDA-approved compounds were
directly repurposed as anti-parasitic agents without the need for
further optimization, though the mechanism of action was not nec-
essarily the same for the original indication and the new, anti-par-
asitic indication. Importantly in these cases, from a safety
perspective, the original indications called for a long-term treat-
ment, with tamoxifen being used for at least 5 years for cancer
chemotherapy and auranofin being used for six months on average
to treat rheumatoid arthritis.18,25 This suggests that a short term
NTD treatment would be within an acceptable therapeutic window
for these agents. We note that the most common side effects of the
repurposed drugs are minor in comparison to those of many exist-
ing NTD therapeutics. Although neither auranofin nor tamoxifen
has yet to be approved for its respective NTD application, the
demonstrated efficacy of these compounds in rodent models is a
promising indication of their potential utility as anti-infective
agents, and their FDA-approved status means that both the discov-
ery and approval timelines for NTD indications would be signifi-
cantly shortened.

Target repurposing: Perhaps the most broadly used term of the
four discussed in this paper, ‘target repurposing’ has come to have
slightly different meanings covering a range of repurposing strate-
gies. However, true target repurposing projects begin with a
defined parasitic target with a direct, established homolog in
another species (human or otherwise). The chemical matter that
targets the host protein is often an approved drug or clinical candi-
date, which is then used as a starting point to develop compounds
that inhibit the parasitic target. In contrast to direct drug repurpos-
ing, target repurposing campaigns require medicinal chemistry
optimization after the initial lead compound is identified, with
the goals of improving selectivity for the parasite homolog as well
as achieving disease-modifying efficacy for the given NTD.

Target repurposing offers several benefits over other strategies.
The major advantage is that the parasitic target of the campaign is
known, enabling structure-based drug design either through
homology modeling or X-ray crystallography of the parasitic tar-
get, and simplifying potential mechanism-of-action studies.
Although selectivity can be a challenge using this approach if the
Please cite this article in press as: Klug, D. M.; et al. Bioorg. Med. Chem
lead compounds have been optimized to act on the human target
rather than the parasitic one, the wealth of information about
the drug–target interactions that is typically available can help
mitigate this concern. In addition, as with drug repurposing, the
lead compounds typically have known toxicity, absorption–distri-
bution–metabolism–excretion (ADME), and pharmacokinetic (PK)
profiles. These advantages make target repurposing a powerful
strategy for NTD drug discovery. On the other hand, target repur-
posing is limited by the required presence of parasite homologs;
for example, kinetoplastid parasites such as T. brucei do not express
G-protein coupled receptors, which represents a significant family
of therapeutic targets in humans, precluding repurposing of inhibi-
tors of this gene family. Another key limitation is the likelihood
that an optimized compound repurposed from a human ortholog
is unlikely to have high activity against the parasite homolog; this
limitation can be difficult to overcome, and sometimes requires
wholesale redevelopment of structure–activity relationships.

Case study 1: LeuRS and human African trypanosomiasis. In a 2011
example of target repurposing, Ding and colleagues re-optimized
benzoxaboroles (4, Fig. 2) into several sub-micromolar trypanoso-
mal growth inhibitors that also had selectivity over L929 mouse
lung fibroblast cells.26 Compound 5 (Fig. 2), in clinical trials as an
anti-fungal agent, works by inhibiting the fungal LeuRS enzyme,
which is responsible for translating the leucine RNA codons into
the correct amino acid for protein synthesis.27 (It is worth noting
that in this case, achieving selectivity over mammalian cells was
not as challenging as it could have been, because the original target
of 5 was a fungal enzyme.) The empty p-orbital of the boron atom
accepts electrons from adenosine bases and forms an adduct with
t-RNA, prohibiting further translation. Homology modeling guided
the group to focus on C(6) as a site for modification, and they were
able to improve the T. brucei LeuRS IC50 from 22.1 lM (H-substi-
tuted) to 1.6 lM with an ethyl ester at this position. Replacing
the esters in the original analogs with ketones gave equipotent
molecules with improved biological stability. These molecules
were also potent in cellular assays, with T. brucei EC50 values as
low as 0.37 lM, as shown in compound 7 (Fig. 2). The authors attri-
bute the improved cellular potency to the fact that the benzox-
aborole LeuRS inhibitors are covalent. Initial assays against
mammalian cells indicate promising selectivity, pending further
toxicity studies.

Case study 2: Repurposing NMT inhibitors to develop anti-malari-
als. In another target repurposing program, the Leatherbarrow
group repurposed a Roche anti-fungal N-myristoyltransferase
(NMT) inhibitor as an anti-malarial scaffold. Caused by the parasite
Plasmodium spp., malaria is the worldwide leading cause of para-
sitic morbidity and mortality.28 Although not one of the 17 official
NTDs designated by the WHO, malaria is nonetheless primarily a
disease of the developing world that is of comparatively little
interest to for-profit drug discovery enterprises. There is evidence
that NMT is an essential target in P. falciparum,29 and the enzyme
has been shown to be essential in other NTD-causing pathogens
as well.30 Compound 8 (Fig. 3) was shown to be moderately active
against the parasitic target P. falciparum NMT (PfNMT) and had
good selectivity against the human enzyme (HsNMT1). Medicinal
chemistry optimization brought the campaign to lead compound
9 (Fig. 3), a single-digit-micromolar PfNMT inhibitor that displayed
in vivo activity and was >100-fold selective over HsNMT1.29 SAR
observations from this first campaign and the observed selectivity
over HsNMT1 were later rationalized using a homology model of
PfNMT built from P. vivax NMT (PvNMT).

Further work by the group focused on producing more
ligand-efficient lead compounds, which was accomplished using
a scaffold-hopping strategy that led to 10 (Fig. 3).31 The m-meth-
oxy substituent, while greatly beneficial for PvNMT potency, was
sub-optimal against PfNMT. Finally, the metabolically-labile ester
. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.03.103
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linkage was replaced with a more stable oxadiazole isostere, and
the pendant methylpyrazole group was found to reduce lipophilic-
ity and improve potency against PfNMT (compound 11, Fig. 3).32

This compound was also shown to be effective against drug-resis-
tant P. falciparum strains and displays up to �40-fold selectivity for
the parasite over HepG2 cell lines.

Case study 3: Protein farnesyltransferase inhibitors to treat malar-
ia. Protein farnesyl transferase (PFT) is an enzyme that transfers a
farnesyl group as a post-translational modification onto specific
proteins, including oncoproteins such as Ras GTPase.33 As such,
PFT inhibitors have been well-developed for cancer therapeutics.34

P. falciparum lacks type I protein geranylgeranyltransferase, an
enzyme found in mammalian cells that is similar in structure to
PFT. P. falciparum does contain type II protein geranylgeranyltrans-
ferase, which acts on Rab GTPases. In mammalian cells treated
with a PFT inhibitor (PFTI), proteins that are normally farnesylated
can become geranylgeranylated by type I geranylgeranyltrans-
ferase. However, this rescue is not possible in P. falciparum and
may account for the high toxicity of PFTIs to malarial cells.35 Based
on this hypothesis, Nallan et al. tested the ability of a panel of PFTIs
in preclinical and clinical development from several pharmaceuti-
cal companies to inhibit in vitro growth of P. falciparum parasites.35

Through this screen, a series of tetrahydroquinoline (THQ) PFTIs,
typified by compound 12 (Fig. 4), was identified that displayed
excellent potency in assays using the isolated PfPFT enzyme and
whole-cell P. falciparum organisms. In addition, treatment with
12 eliminated parasitemia in 60% of mice with no observed toxicity
in a mouse efficacy model of malaria.35

Extensive medicinal chemistry optimization led to the identifi-
cation of compound 13 (Fig. 4), which showed a good balance of
potency and pharmacokinetic properties. In general, compounds
with a 2-pyridyl substituent on the sulfonamide were less potent,
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but more orally bioavailable and had better Caco-2 permeability
than compounds with the N-methyl-4-imidazole group.36 This
optimization process was aided by the use of a homology model
of the active site of PfPFT. Although most residues in the active site
are conserved between Pf- and mammalian PFT, divergent SAR was
observed with respect to compound efficacy (unpublished results).

Preclinical metabolism and pharmacokinetic studies were then
conducted on a group of the most promising compounds from this
campaign in order to further improve oral availability and clear-
ance.37 Although rats treated with 13 showed significantly reduced
parasitemia after just three days of treatment compared to controls
in an efficacy study, injections were required every 8 h in order for
the treatment to be effective because of the rapid clearance of the
compound. A metabolism study of 13 led to the identification of
the N-dealkylated tetrahydroquinoline as the major metabolite.
This led to the synthesis of 2-oxotetrahydroquinolines such as 14
(Fig. 4) in an effort to block metabolism via this pathway.38 Several
of the compounds in this series showed significantly improved
clearance over their matched THQ analogs. However, after a few
years of work, PFTIs could not be obtained that had the proper col-
lection of potency and adequate pharmacokinetic properties to
warrant further development. Nevertheless, parasite PFTs remain
a validated target for drug discovery.

The above case studies clearly demonstrate that it is possible to
find parasitic enzyme inhibitors by repurposing chemical matter
intended to hit human targets. In the absence of X-ray crystal
structures of the parasitic targets, homology models can be a
powerful tool for target repurposing campaigns and illustrate the
advantages of both knowing the parasitic target and being able
to compare it to a known homolog. Though a target repurposing
project has yet to progress a compound to clinical candidacy, it is
anticipated that the high quality lead compounds used in such
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campaigns should significantly shorten the time required to get to
a quality candidate for the parasitic indication.

Target class repurposing: Target class repurposing is distinct
from target repurposing in that, while the specific parasitic target
may not be known, the parasite is known either to express essen-
tial targets within a homologous target class, or to perform cellular
functions that are homologous to those carried out by a certain tar-
get class. Therefore, most target class repurposing programs rely
primarily on phenotypic assays. In the case of NTDs, the most obvi-
ous phenotype is parasite cell death or proliferation inhibition,
though trademark aberrations in cell cycle can be used as a more
refined tool. The ability to observe cellular activity is an advantage,
in that this reflects both engagement with essential cellular pro-
cesses, as well as cell penetration. However, a significant disadvan-
tage of target class repurposing as compared to target repurposing
is that the specific parasitic target is not directly proven, which can
hinder more ‘rational design’ approaches to optimization. Although
the target(s) of action may be identified later, the bulk of target
class repurposing campaigns are run without the benefit of struc-
ture-based drug design tools. On the other hand, the broad range
of potential targets engaged in this approach may provide more
opportunity to discover a novel mechanism of action, to find a tar-
get unique to the parasite, or to develop a compound that exhibits
polypharmacology.

Case study 1: Tyrosine kinases in T. brucei. Patel et al. reported
the optimization of lapatinib, a human EGFR tyrosine kinase inhi-
bitor, as an anti-trypanosomal agent.39 Although T. brucei does
not express receptor tyrosine kinases (RTKs), there is evidence of
tyrosine phosphorylation in the parasite; inhibition of this process
has a deleterious effect on parasite proliferation. Therefore, a set of
nine human tyrosine kinase inhibitors were screened against T.b.
brucei, resulting in the identification of lapatinib (15, Fig. 5) as a
lead compound. Importantly, lapatinib also displayed oral efficacy
in modifying the HAT disease state in mice.40 With some prelimi-
nary SAR around the tail region derived from the initial screening,
optimization efforts were first focused in this area, and then on the
linker and head regions of the molecule. These efforts resulted in
Please cite this article in press as: Klug, D. M.; et al. Bioorg. Med. Chem
NEU-617 (16, Fig. 5), a 42 nM inhibitor of T.b. brucei growth with
>100-fold selectivity over HepG2 cells. This compound was also
shown to be effective in reducing parasitemia in a mouse model
of HAT, although issues related to toxicity and oral bioavailability
were later discovered.

Case study 2. HDAC inhibitors for HAT. Histone deacetylases
(HDACs) play a key role in gene regulation and expression in
eukaryotic cells and are a major target class for cancer drug discov-
ery.41 T. brucei is known to express four HDAC homologues, two of
which are believed to be essential to parasite viability, that may be
inhibited by repurposed human HDAC inhibitors.42,43 In 2012,
Kelly et al. reported an initial screening of representative HDAC
inhibitors from a larger compound library, resulting in the discov-
ery of belinostat (17, Fig. 6), a Phase III clinical candidate for cancer,
as a lead anti-trypanosomal compound.42 Other hydroxamic acid
derivatives were synthesized, and analogs containing a sul-
fonepiperazine moiety, such as 18 (Fig. 6), were found to have
sub-micromolar EC50s against trypanosomes. In addition, the
authors noted little to no correlation between these compounds’
trypanocidal and human HDAC activities, indicating that
mammalian HDAC inhibitor chemotypes can be optimized for
anti-parasitic activity while avoiding acute host toxicity. This pro-
vides evidence that HDACs are amenable to a target class repurpos-
ing approach.

In a second study, a set of HDAC inhibitors in clinical trials were
assessed for trypanocidal activity against HAT (14 compounds
total).43 Belinostat and panobinostat (19, Fig. 6) were identified
as promising compounds with significant efficacy at physiologi-
cally relevant, tolerated doses. Even so, neither drug on its own
was cidal to cultured parasites, nor did panobinostat exhibit any
synergistic effects with current HAT drugs, indicating that they
would not be suitable for direct drug repurposing. However, this
work provides preliminary evidence for divergence of these
compounds’ T. brucei and human HDAC activity driven by specific
target interactions, rather than general metal-chelating properties.
Provided that these compounds can be optimized to be cidal anti-T.
brucei agents and the selectivity window can be widened, it should
therefore be possible to develop a potent, selective anti-trypanoso-
mal compound by repurposing HDAC inhibitors.

In sum, target class repurposing can be a highly productive
approach to take in the absence of information about specific par-
asitic targets. Biological knowledge of parasitic enzymes and path-
ways involved in NTDs are limited in many ways due to the
relatively low availability of resources devoted to basic molecular
and cell biology research in these pathogens. However, these case
studies demonstrate that it is possible to optimize both potency
and selectivity even in the absence of biochemical assays or
structural information about the compound target. As with target
repurposing, compounds in advanced stages of development are
used as starting points, and a target class repurposing program
can still benefit from the advantages of repurposing these types
of compounds to shorten the time required for the development
of promising chemical entities for NTDs.

Lead repurposing: In contrast to the three previously discussed
approaches, a lead repurposing strategy does not seek to repurpose
late-stage chemical matter (approved drugs or clinical candidates),
but rather early-stage chemical matter. These campaigns typically
begin with a high-throughput screen (HTS) of a class of targeted
lead molecules, such as kinase- or protease-targeting inhibitors.
However, lead repurposing has advantages over traditional (ran-
dom) HTS, in that there is an abundance of information about
the lead chemical matter that is not typically available in unbiased
screens. Additionally, lead repurposing campaigns start with
libraries of compounds specifically designed for drug-likeness
and target family activity, providing better starting points as
compared to unbiased library collections or natural products.
. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.03.103
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Furthermore, by virtue of starting with a wider diversity of chem-
ical matter, lead repurposing offers an advantage over target or tar-
get class repurposing in that it is more likely to yield a diverse
variety of chemotypes to pursue for further development.

As with target class repurposing, phenotypic assays are typi-
cally used and the medicinal chemistry campaigns generated from
the results of these screens are not usually enabled for structure-
based drug design in the earliest stages of the program. Despite
these challenges, lead repurposing campaigns have yielded some
high-quality compounds and progressable chemotypes.

Case study 1: Human kinase inhibitors repurposed for T. brucei. In
2014, we published the results of a kinase-focused HTS against T.
brucei that yielded several promising chemotypes for develop-
ment.44 Based on the knowledge that T. brucei expresses essential
kinases and noting the success of several existing kinase inhibitor
repurposing campaigns for HAT,39,45–48 a set of 42,444 human
kinase inhibitors, including the Published Kinase Inhibitor Set
(PKIS),49 was tested against T. brucei. A subset of 797 compounds,
grouped into 59 structural clusters, were found to have EC50 values
<1 lM with >100-fold selectivity over HepG2 cells. The clusters
were characterized and prioritized by potency, rate of action,
cidal/static properties, and physicochemical properties, among
others. In addition, three compounds were selected for mouse
pharmacokinetic experiments and one, NEU-1053 (20, Fig. 7),
cleared parasitemia in two out of four mice after one round of
treatment and cured three out of four mice after a second round
of treatment in an in vivo mouse model of HAT. High-priority clus-
ters such as the one typified by 21 (Fig. 7) represent another
promising starting point for ongoing optimization.
Please cite this article in press as: Klug, D. M.; et al. Bioorg. Med. Chem
Case study 2: Protease lead repurposing for HAT. A lead repurpos-
ing program from Cleghorn et al. focused on protease inhibitors as
anti-T. brucei compounds.50 A �3400-member protease inhibitor
library was constructed from a set of compounds with known pro-
tease activity that was subsequently filtered based on lead-like
properties. Ninety-three of these compounds showed >50% cell
proliferation inhibition at 30 lM; of these, a subset of compounds
was hand-picked for a dose–response assay, resulting in the
discovery of 22 (Fig. 8) as the most potent (EC50 = 27 nM) hit in a
series of indoline-2-carboxamides. In addition, it was >1600-fold
selective over mammalian cells and had excellent molecular
weight, c log P, and polar surface area properties; it was therefore
selected for further optimization. The major issue to resolve in this
series was metabolic liability, and extensive SAR work led to the
. Lett. (2016), http://dx.doi.org/10.1016/j.bmcl.2016.03.103
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Figure 9. Flow chart summarizing the four repurposing strategies highlighted in
this Digest.
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development of 23 (Fig. 8), which had improved microsomal stabil-
ity and exposure, and demonstrated partial cure in a stage 2 mouse
model of HAT. However, despite the selectivity over MRC-5 cells,
toxicity was observed that prevented further progression of the
series.

These examples clearly illustrate the benefits of lead repurpos-
ing over traditional, unbiased HTS. The kinase-targeted HTS
resulted in many promising compound clusters, and further devel-
opment of several high-priority clusters is ongoing, enabled by the
wealth of SAR information available within a cluster. Additionally,
ADME data was already available for several of the initial hits.
Although the protease lead repurposing program ultimately
resulted in a toxic compound, it only took one round of analog
design to get to a molecule that was advanced enough to undergo
animal efficacy studies that demonstrated proof-of-concept. As
with other repurposing strategies, the time and resources required
to go from hit to lead compound using lead repurposing are much
reduced.

Repurposing strategies offer many benefits for drug discovery,
especially for NTD and malaria drug discovery, where time,
resources, and information are scarce. The possibilities for success
are demonstrated by the popularity of repurposing approaches in
the NTD scientific community. However, this popularity has also
resulted in a plethora of disparate terms and phrases to describe
the nuances of these strategies. It is our hope that the systematiza-
tion of vocabulary for describing repurposing drug discovery
strategies will foster better, clearer communication between
researchers and enable better drug discovery in the future. We pro-
vide the diagram in Figure 9 as a means to help the community dif-
ferentiate between the approaches we have summarized in this
Digest.
Please cite this article in press as: Klug, D. M.; et al. Bioorg. Med. Chem
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