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1. Introduction

“We have never had such a sophisticated arsenal of tech-
nologies for treating diseases, yet the gap in health outcomes
keep getting wider. This is unacceptable.” This claim was
made by the Director-General of the World Health Organiza-
tion (WHO®), Margaret Chan, in 2007. Since then, a special
Outlook dedicated to neglected tropical diseases (NTDs) has
been published by Narure.! Nowadays, NTDs affect more
than one billion people (one-sixth of the world’s population),”
and in aggregate, NTDs cause almost 550000 deaths an-
nually.® Surprisingly, the NTDs drug discovery pipeline is
still almost dry. Low returns of investments have discouraged
drug companies from investing in research projects devoted to
the discovery of novel drug candidates for NTDs.* At an
academic level, where publications rather than direct contri-
bution to practical social good are currently rewarded, the
translational gap in drug discovery research has greatly
widened. Moreover, academic institutions are sometimes
naive about what it takes to develop a drug, and much basic
research is therefore unusable.” However, over the past dec-
ade, the translational gap has started to close in the field of
NTDs because of the emergence of a series of public—private
partnerships whose main objective has been to fill the gap
between basic scientific research, which is usually publicly
funded, and clinical development, which is usually funded by
pharmaceutical companies.®’

Among NTDs, there is a group of diseases, whose etiolo-
gical agents belong to the trypanosomatid family of the
kinetoplastida order, that are responsible for infections con-
centrated in the poorest, mainly rural areas of the planet and
that are grouped under the name of “most neglected dis-
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eases”.® In particular, Trypanosoma is responsible for Chagas
disease in South America and sleeping sickness in Africa’
while Leishmania is responsible for cutaneous and visceral
infections, endemic in 88 countries in the Horn of Africa,
South Asia, and Latin America (Figure 1 and Table 1)."°
Because of their occurrence in low-income and middle-income
countries, trypanosomiases and leishmaniasis do not have
high visibility in Western societies, although Chagas disease,
sleeping sickness, and visceral leishmaniasis are the three
NTDs with the highest rates of death.!' For these reasons,
the WHO characterizes them as the most challenging of
NTDs. Their name is also related to the fact that they are
often neglected when health agendas and budgets are set at
the level of research and development, at both academic and
industrial levels.'?

Despite the difference in epidemiology and visibility, all
these diseases share a similar history of strategies for their
treatment and control. Vaccine development has been an
imperative for decades, but today it seems unlikely because
of the extreme degree of antigenic variation exhibited by these
parasites and because of the lack of resources for translational
work and large vaccine trials.'*!'* Therefore, chemotherapy
remains the only treatment option for controlling infection
once acquired, but none of the different chemotherapeutic
strategies used in the past has proven consistently successful.'®
If we exclude the recent encouraging results obtained with
miltefosine and paramomycin, the treatment modalities for
trypanosomatid infections mostly rely on drugs that date back
over 50 years and that suffer from poor efficacy, high toxicity,
and increasing resistance. This gloomy outlook has changed
during the past decade as a result of important advances in
anti-trypanosomatid drug discovery.

Advances in the research field have accelerated with im-
proved in vitro cultivation methods,'® enhanced genetic ac-
cessibility, completed genome sequences for key trypanos-
omatid species,'’ and increased prominence of these diseases
on the agendas of well-resourced public figures and founda-
tions. Despite this, trypanosomiases and leishmaniases re-
main incurable and even fatal, representing, especially for the
academic pharmaceutical community, an urgent issue. There
are several current medicinal chemistry strategies and initia-
tives for tackling this problem.

The objective of this Perspective is to report on possible
innovative drug discovery approaches to the development
of drug candidates for NTDs. We propose the multitarget
drug design strategy as a means to overcome the challenges
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Figure 1. Geographic distribution of leishmaniasis, Chagas disease, and human African trypanosomiasis. Chagas occurs mainly in Central
and South America. Sleeping sickness is prevalent in Africa. Leishamaniases are endemic in about 90 countries. The map was adapted from the

WHO Web site.?

Table 1. Burden of Protozoal Neglected Tropical Diseases along with Major Characteristics and Currently Available Drugs''

clinical
global population regions of highest manifestations and weakness of
disease prevalence at risk prevalence deaths associated disabilities primary drugs current drugs
Chagas disease ~ 8—9 million 25 million Latin America and 14000 cardiomyopathy, Nifurtimox (4), poor efficacy and
Caribbean megacolon, benznidazole (5) toxicity
megaesophagus
human African 300000 60 million sub-Saharan Africa 48000 sleeping sickness Suramin (32), drug toxicity and
trypanosomia- pentamidine (33), drug resistance
sis melarsoprol (34),
eflornithine (35)
leishmaniasis 12 million 350 million  India, South Asia, 51000 cutaneous and Antimonials (39,40), drug toxicity and
sub-Saharan Africa, mucocutaneous amphotericin B (41), drug resistance
Latin America, disease, kala-azar pentamidine (33),
Caribbean, and miltefosine (42),

Mediterranean area

paromomycin (43)

highlighted above. We will illustrate examples of how this has
been explored to design innovative lead candidates against
trypanosomiases and leishmaniases. Before this, we will pre-
sent a brief overview of the most validated and novel parasitic
targets for developing new chemical entities against these
NTDs.

1.1. Drug Targets. Trypanosomatids are relatively early
branching eukaryotic organisms, and their cell organization
differs considerably from that of mammals. Therefore, bio-
chemical pathways present in trypanosomatids and absent
from their hosts should provide excellent targets for rational
drug design (Figure 2).'"® Several of these pathways are
common to all pathogenic trypanosomatids, so a broad-
spectrum drug, clinically useful against all trypanosomatid
diseases, is in principle possible. However, this is yet to be
achieved, perhaps because of the very different biology of the
parasites once inside their hosts. African trypanosomes live
in the bloodstream and cerebrospinal fluid, South American
trypanosomes live in the cytosol of a variety of cell types, and
Leishmania species live within phagolysosomes of macro-
phages.

The route to drug target identification has usually been
through comparative genetic and biochemical studies. Genes

Figure 2. Schematic representation of the trypanosome cell along
with the three-dimensional X-ray structure of several possible target
proteins for anti-trypanosomatid drug discovery. These targets are
either unique for the parasite or quite different from the correspond-
ing human enzymes.

and proteins identified in parasites and known to be absent
from, or strikingly different in, the mammalian host were
considered ideal targets. Thus, carbohydrate metabolism
(i.e., glycolysis) of trypanosomatids has been considered an
excellent target owing to the unusual compartmentation
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of the glycolytic enzymes in the glycosomes.'® Likewise, the
discovery that an unusual low-molecular-weight thiol, N,
NE-bisglutathionyl spermidine (or trypanothione), rather
than glutathione, is the major redox reactive metabolite
in trypanosomatids has elevated this molecule, and
the enzymes involved in its metabolism (e.g., trypanothi-
one reductase, TR), to paradigms of antiparasite drug
targets.20

Target validation is a key step of any rational drug design
program. As in other fields of pharmaceutical research, the
validation of a given target involves the gene knockout
approach of investigating whether a specific protein is or is
not essential for the parasite’s survival and therefore a
suitable drug target. In particular, the high efficiency of
targeted gene disruption in Trypanosoma and Leishmania
has made gene knockout procedures particularly straight-
forward in this field. However, a “real” target validation can
be achieved only when the target-hitting molecule is actually
exploited as a drug to treat the disease and, more impor-
tantly, when it works.

A major breakthrough in identifying new drug targets
came with the recent publication of the “Tritryp”
(Trypanosoma brucei, Trypanosoma cruzi, and Leishmania
major) genome,>' ~>* which revealed that each genome con-
tains 8300—12000 protein-coding genes, of which approxi-
mately 6500 are common to all three genomes. It has led to
the postgenomic era for trypanosomatid drug discovery.
Moreover, the sequence of the genomes of two other species
of Leishmania (L. infantum and L. braziliensis) was reported
in 2007.** This vast amount of new information makes
possible a more comprehensive and accurate identification
and validation of novel drug targets. To further exploit the
“Tritryp” genomes, the Special Programme for Research
and Training in Tropical Diseases (TDR) has recently
developed the TDR targets database, which aims to facilitate
the identification and prioritization of candidate drug targets
for these and other pathogens.*

In the following section, we report a brief overview of the
biochemical pathways and targets for Trypanosoma and
Leishmania drug discovery. The following description
should not be considered a systematic classification of all
trypanosomatid drug targets. However, we highlight some of
the most promising pathways in the search for potential anti-
trypanosomatid drug candidates. In this regard, we also
mention some examples of validated and innovative target
proteins.

1.1.1. Electron Transfer Chain and Alternative Oxidase.
Trypanosomatids have developed a variety of physiological
functions necessary for their survival within the specialized
environment of the host. Using metabolic systems that are
very different from those of the host, they can adapt to
low oxygen tension present within the host animals. Most
parasites do not use the oxygen available within the host
to generate ATP but rather employ their own system’s
anaerobic metabolic pathways. The enzymes in these
parasite-specific pathways are potential targets for che-
motherapy.

The mitochondrion of trypanosomatids can be considered
a valuable and potential organelle in which to seek potential
parasite-specific targets. This is because of its unique struc-
ture and function when compared to the natural host habitat.
Indeed, the respiratory systems of parasitic protozoa typi-
cally show great diversity in electron pathways when com-
pared to their host animals. These peculiar aspects of
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electron transport chain (ETC) complexes and their related
enzymes represent promising targets for chemotherapy.

A cytochrome-independent Trypanosoma alternative oxi-
dase (in the literature, referred to as TAO or AOX) of T.
brucei is the terminal oxidase of the respiratory chain of long
slender bloodstream forms of the African trypanosomes and
is a leading drug target.”’ Since TAO does not exist in the
host, it has been proposed as an innovative target for anti-
trypanosomatid drug discovery, and some attempts in this
respect have been reported in the literature.?

1.1.2. Fatty Acid Biosynthesis. It has recently been re-
ported that 7. brucei has adapted microsomal elongases for
bulk fatty acid synthesis, with some evidence that L. major
and T. cruzi utilize the same enzyme family for fatty acid
synthesis.”” Whereas the 7. brucei genome encodes four
elongases, L. major and T. cruzi genomes encode 13 and 5
enzymes, respectively. As with 7. brucei, the genomes of
these related parasites also encode a type II fatty acid
synthase but not a type I. However, type II fatty acid
biosynthesis, which occurs at the mitochondrial level, has
been shown to produce fatty acids at a very low level.
Therefore, nearly all of the fatty acids synthesized in 7.
brucei are produced by the elongase pathway. This mechan-
ism has been reported as a third type of fatty acid biosynth-
esis,” and it could represent an innovative pathway in the
search for novel drug targets. Indeed, both trypanosomatid
mitochondrial type II fatty acid biosynthesis and elongase
pathways are apparently essential for parasite survival and
could therefore serve as potential drug targets.*”

Miltefosine, an alkylphospholipid with oral antileishma-
nial activity, was originally discovered as an anticancer
compound able to interfere with the lipid biosynthesis in
tumor cell lines. However, activity against the same path-
ways in Leishmania®' and T. cruzi*® brought the drug to the
market as antileishmanial compound. Furthermore, protein
prenylation pathways, particularly farnesyl pyrophosphate
synthase, can be targeted by compounds potentially useful
for the treatment of NTDs.>*

1.1.3. Kinetoplast DNA Replication Machinery. In the
specialized region of unique trypanosomatid mitochondria
known as kinetoplast, kinetoplastids show a DNA known as
kinetoplast DNA (kDNA), which, unlike all other DNA in
nature, comprises a giant network of interlocked DNA rings
with a rather unique topology.*® This is also known as
mitochondrial genome. The replication of the kDNA net-
work is quite complex, and the discovery of new proteins
involved in this process is currently the best approach for
illuminating the replication mechanism. kDNA is unique in
its structure and function, making its replication machinery a
valuable source for novel anti-trypanosomatid drug tar-
gets.* Asa matter of fact, topoisomerases play key functions
in the replication and organization of KDNA and are there-
fore considered potential targets for antiparasite drug dis-
covery. Researchers have recently reported, as potential
novel anti-trypanosomatid drug candidates, topoisomerase
IT inhibitors, such as nalidixic acid, novobiocin, and etopo-
side, on the ultrastructure of trypanosomatids that present
distinct KDNA arrangements.*® In this respect, recent evi-
dence for a new and unexpected function for topoisomerase
I1 of T. brucei’” makes this enzyme an even more intriguing
target for anti-trypanosoma lead discovery.

1.1.4. Histone Deacetylases. Reversible protein acetylation
has been established as a modification of major regulatory
significance. In particular, histone acetylation regulates
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access to genetic information in eukaryotes. For example,
class I and class II histone deacetylases (HDAC) are regula-
tory components of corepressor complexes involved in cell
cycle progression and differentiation. It has recently been
demonstrated that in T. brucei there are four genes encoding
histone deacetylase orthologues that have been identified,
cloned, and characterized.®® The predicted deacetylases,
HDAC1—4, have been shown to share significant similarity
with mammalian and yeast class I (HDACI and HDAC2)
and class I (HDAC3 and HDAC4) histone deacetylases.
Moreover, all except HDAC2 have the critical residues
predicted to be required for deacetylase activity. In gene-
targeting experiments, HDACI and HDAC3 appear to be
essential whereas HDAC2 and HDAC4 are not required for
viability. Researchers have therefore provided genetic vali-
dation of HDACI1 and HDAC3 as potential chemotherapy
targets and demonstrated that 7. brucei expresses at least
three probable histone deacetylases with distinct functions.

Further evidence in this respect can be found in a recent
paper, where a series of histone deacetylase inhibitors was
tested against L. donovani promastigotes, showing an inter-
esting in vitro profile. A possible correlation between HDAC
inhibition and antileishmanial activity has therefore been
proposed.®’

1.1.5. Purine and Pyrimidine Metabolism and Salvage.
Purines and pyrimidines are indispensable to all life, per-
forming many vital functions for cells. ATP serves as the
universal currency of cellular energy. cAMP and cGMP are
key second messenger molecules. Purine and pyrimidine
nucleotides are precursors for activated forms of both car-
bohydrates and lipids. Nucleotide derivatives of vitamins are
essential cofactors in metabolic processes. Finally, nucleo-
side triphosphates are the immediate precursors for DNA
and RNA synthesis. Unlike their mammalian and insect
hosts, trypanosomatids lack the metabolic machinery to
make purine nucleotides de novo and must rely on their host
for preformed purines.*” The obligatory nature of purine
salvage offers, therefore, a plethora of potential targets for
drug discovery, and the pathway has consequently been the
focus of considerable scientific efforts. Some differences can
be found in Leishmania that is prototrophic for pyrimidines
and that also expresses a small complement of pyrimidine
salvage enzymes. Because the pyrimidine nucleotide biosyn-
thetic pathways of Leishmania and humans are similar,
pyrimidine metabolism in Leishmania has generally been
considered less amenable to therapeutic manipulation than
the purine salvage pathway. However, evidence garnered
from a variety of parasitic protozoa suggests that the selec-
tive inhibition of pyrimidine biosynthetic enzymes offers a
rational therapeutic paradigm.

In the purine salvage pathway, the most extensively stu-
died targets are the following enzymes: (i) nucleoside hydro-
lase, (ii) purine nucleoside phosphorylase, (iii) inositol
monophosphate dehydrogenase, and (iv) methylthioadeno-
sine phosphorylase, which is a border enzyme between the
purine salvage and the polyamine biosynthesis pathways.

1.1.6. Kinetoplastid Protein Transporter. Kinetoplastid
protozoa express hundreds of membrane transport proteins
that allow them to take up nutrients, establish ion gradients,
efflux metabolites, translocate compounds from one intra-
cellular compartment to another, and take up or export
drugs. The combination of molecular cloning, genetic ap-
proaches, and the completed “Tritryp” genome has allowed
detailed functional analysis of various transporters and
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predictions about the likely functions of others. Thus, many
opportunities now exist to define the biological and pharma-
cological properties of parasite transporters, whose genes
were often difficult to identify in the pregenomic era. A
subset of these transporters is essential for parasite viability.
They could therefore serve as targets for novel drug therapies
if researchers can identify compounds that interfere with
their uptake functions. In this respect, we should mention the
different classes of Leishmania ABC transporters that ex-
trude antimonials, azoles, and folates, resulting in drug-
resistant phenotypes.*!

Conversely, other permeases provide routes for uptake of
selectively cytotoxic compounds and can thus be useful for
the delivery of drugs.'® Drug resistance may develop in
strains where such drug uptake transporters are nonfunc-
tional or in parasites that overexpress other permeases that
export a drug. Transporters for glucose and for purines are
being studied in molecular detail as promising drug targets
against Leishmania.*

Aquaporins are another membrane protein family that
deserves attention as potential anti-trypanosomatid drug
targets. They transport water across membrane, and their
role in drug uptake in Leishmania, T. brucei, and T. cruzi was
recently described.*?

1.1.7. Carbohydrate Biosynthesis. Carbohydrate biosynth-
esis of trypanosomatids has been regarded as a biochemical
pathway in the search for selective parasite-specific targets.
Carbohydrate metabolism enzymes are compartmentalized
in the glycosome, a divergent peroxysome where glycolysis
takes place.'” Enzymes such as 7. brucei enolase and hex-
okinase have been envisaged as possible proteins to address
anti-trypanosoma lead identification. In this pathway,
further possible molecular targets should be mentioned, such
as pyruvate kinase, phosphofructokinase (whose three-di-
mensional structure was recently solved by X-ray crystal-
lography**), fructose-1,6-biphosphate aldolase, phosphogl-
ycerate kinase, glucose-6-phosphate dehydrogenase, and
glyceraldehyde-3-phosphate dehydrogenase.

1.1.8. Polyamine Biosynthesis, Transport, and Metabolism.
The T. brucei enzyme ornithine decarboxylase (ODC) is a
well-recognized target for the discovery of novel drug candi-
dates against African sleeping sickness. ODC is involved in
the early stage of polyamine biosynthesis, but its inhibition at
this step can be bypassed in the presence of a high concen-
tration of exogenous polyamines. Notably, within mamma-
lian bloodstream, polyamine concentration is relatively low,
and in such conditions, blocking ODC is lethal for the
parasite. Trypanosomatid polyamines are metabolized by a
unique thiol redox pathway, where the glutathione reductase
is replaced by the unique TR enzyme.** TR and trypa-
nothione biosynthesis inhibitors should be regarded as pos-
sible anti-trypanosomatid lead candidates. Concerning TR
inhibitors, interested readers can find recent and compre-
hensive surveys in refs 46 and 47.

1.1.9. Cell Cycle. Cell cycle progression has been seen as
one of the most interesting pathways for several classes of
chemotherapy agent. Trypanosomatid cell cycle progression
might also be investigated as a possible source for new drug
targets.

The “TriTryp” genome sequences has greatly impacted
trypanosomatid cell cycle research, leading to faster func-
tional analyses particularly in 7. brucei, where RNA
interference (RNAI) is possible, and allowing the descript-
ion of the trypanosomatid kinomes.*® Orthologues of
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many conserved protein kinases, such as cyclin-dependent
kinases (CDKs), mitogen-activated protein kinases, Aur-
ora and polo-like kinases, are present in 7. brucei,
although their functions are often divergent*’ and may
also differ in different life cycle stages. Conversely, no
receptor-linked tyrosine kinases were found; tyrosine
phosphorylation is likely carried out by dual specificity
protein kinases.

Recently, the expression levels of four Cdc2-related ki-
nases (CRK1, -2, -4, and -6) in the procyclic form of 7. brucei
were knocked down using the RNAI technique. A double
knockdown of CRK1 and CRK2 resulted in arrested cell
growth in the G1 phase accompanied by an apparent cessa-
tion of nuclear DNA synthesis.*

In Leishmania, cdc2-related protein kinases have recently
attracted attention, since as homologues of CDKs, these
enzymes are thought to be essential for cell cycle progression.
Gene deletion experiments have shown that L. mexicana
CRK 1 and CRK3 are essential for the parasite.’’

In addition, tubulin of trypanosomatids® has recently
been demonstrated to be a possible target for anti-trypano-
somatid drug discovery. It has been shown that classical
ligands, binding trypanosome tubulin, are able to inhibit the
parasite growth in vitro. The authors have shown that the
inhibition of trypanosome growth was univocally due to the
interactions of the molecules with tubulin and therefore have
pointed to this protein as a practical anti-trypanosomatid
drug target.”

Among protein kinases, special attention has recently been
paid to the glycogen synthase kinase, which is a validated
target in the research fields of Alzheimer’s and diabetes. A
recent publication reports genetic and chemical validation
data that support the hypothesis that glycogen synthase
kinase-3 (GSK-3) might be a drug target for the 7. brucei
parasite.® This finding is particularly stimulating from a
medicinal chemistry perspective, since all the available in-
formation related to GSK-3 inhibitors can be directly
exploited in anti-trypanosoma lead discovery. The same
applies to some of the above-reported proteins, which are
well-known and validated drug targets for “less-neglected”
diseases. However, major issues related to selectivity should
be carefully taken into account when considering common
(mammal and trypanosomatid) targets.

1.1.10. Folate Biosynthesis. Dihydrofolate reductase—thy-
midylate synthase (DHFR-TS) enzymatic activities are pre-
sent on a single polypeptide encoded by a single gene. In L.
major, it is has been shown that such enzymatic activity is
fundamental for the parasite’s survival. As with polyamine
biosynthesis inhibition, this kind of bifunctional enzyme is
essential only when exogenous substrates are not pro-
vided.>>**® The finding that the null mutant does not survive
in vivo is the definitive demonstration that DHFR-TS is a
valid target for drug discovery.”>>® From a multifunctional
compound perspective, this DHFR-TS enzymatic machin-
ery is very intriguing. Indeed, mutants lacking TS activity
have univocally established that TS is essential.”” In contrast,
the occurrence in Leishmania of an alternative pteridine
reductasel (PTRI1) raises the possibility that DHFR might
not be an essential activity. However, studies have reported
that PTR1 may not be able to fully satisfy the Leishmania
requirement for reduced pteridines.”® Therefore, an ideal
modulator of DHFR-TS enzymatic machinery should be
able to modulate both activities, although directed against
a single target protein. Moreover, a suitable antifolate
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compound should also be endowed with a certain affinity
toward PTRI, since it has been established that this enzyme
plays a significant role in reducing the sensitivity of Leish-
mania to certain antifolates.”

1.1.11. Proteases. Proteases are responsible for many
biochemical processes. For several years, they have been
regarded as potential therapeutic targets for many different
diseases. Pharmaceutical research in the proteases field has
thus been very active in recent decades. Despite recent studies
reporting on the antileishmanial activity of certain HIV
protease inhibitors,® cysteine proteases have been regarded
as possible innovative target proteins for anti-trypanosoma-
tid drug discovery. It has been reported that nitric oxide
(NO) can block cysteine protease activity and NO donors
can block replication of Plasmodium, Trypanosoma, and
Leishmania.®" Furthermore, a library of octapeptide inhibi-
tors was recently obtained by solid-phase synthesis. These
molecules were then tested against recombinant cysteine
protease B from L. mexicana that showed inhibitory activity
in the micromolar and nanomolar ranges. Tested using
whole-cell assays, these compounds were able to affect
parasite survival.®

Further studies were recently carried out by Schirmeister
and co-workers, who synthesized a series of aziridine-2,3-
dicarboxylate-based cysteine protease inhibitors. Tested
using whole-cell assays, these compounds displayed trypa-
nocidal activity equipotent to that of the drug eflornithine.®®
Furthermore, Schirmeister and co-workers have shown that
some of these aziridine-2,3-dicarboxylates were also active
and selective against L. major promastigotes with low toxi-
city against host cells.®®> Notably, the vinyl sulfone cysteine
protease inhibitor N-methyl-Pip-F-homoF-vinyl sulfonyl
phenyl has shown potential in experimental models of infec-
tion with 7. cruzi and is in late-stage preclinical develop-
ment.**

1.1.12. Proteasomes. Proteasomes are one of the cellular
complexes controlling protein degradation from archaebac-
teria to mammalian cells. In 1997, Mutomba et al. carried
out a clear-cut experiment that pointed to 7. brucei protea-
some as a candidate target for the discovery of trypanocidal
drug candidates.®® In particular, they showed that lactacys-
tin, a specific inhibitor of proteasome activity, was able to
inhibit the activity of 20S proteasomes purified from both
bloodstream and procyclic forms of 7. brucei. When tested
using whole-cell assays, lactacystin was able to interfere with
parasite proliferation, blocking both bloodstream and pro-
cyclic forms. More recent studies have confirmed that pro-
teasome inhibitors are possible antitrypanosomal lead
candidates.*¢’

A comment is here required on the plethora of targets
mentioned above. Clearly, we have not covered all of the
validated and innovative proteins currently investigated as
possible anti-trypanosomatid targets. However, it is our
opinion that, from the above, a clear picture emerges of
how the “Tritryp” project and extensive biological and
biochemical studies have brought to the attention of the
medicinal chemistry community a vast variety of possible
targets for NTDs. However, even in the postgenomic era, the
pipeline for NTDs novel drugs is almost dry, and research
efforts and novel ideas in the field are urgently required. In
the following section, we draw attention to one possible
innovative strategy that addresses the drawbacks and pitfalls
of drug discovery, in general, and in the identification of
NTDs leads, in particular.
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Figure 3. Monofunctional compounds are able to modulate a single vital molecular target of the parasite. For instance this is the case of
antimonial drugs, which have been recently demonstrated to inhibit the TR enzyme.®” Alternatively, multifunctional compounds can be
conceived as molecules with improved efficacy because they are able to simultaneously modulate more than a single vital parasitic target.

2. Rational Base of Multifunctional Compounds against
NTDs

Notwithstanding a renewed interest in developing drugs for
NTDs, novel and effective drugs to tackle diseases caused by
trypanosomatids have yet to arrive. Mechanisms of partner-
ing with industry and philanthropic organizations have been
established to overcome this obstacle and to open up and
build on scientific opportunities for improved chemotherapy
in the future.®® As reported above, both potential and vali-
dated molecular targets are nowadays available.!” However,
the emergence of drug resistance is a critical issue. In this
respect, after increasing unresponsiveness to most monother-
apeutic regimens, scientists are moving to extend the combi-
nation therapy strategy to trypanosomatid diseases.®” This
strategy has already proven successful in the treatment of
other important parasitic infections, such as malaria and
tuberculosis, where it achieves maximum efficacy by exploit-
ing synergy and minimizing individual toxicity.”

More generally, drug combinations have proven to be an
essential feature of antimicrobial treatment due to a number
of important considerations: (i) they increase activity through
the use of compounds with synergistic or additive activity; (ii)
they thwart drug resistance; (iii) they decrease required doses,
reducing both cost and the chances of toxic side effects; (iv)
they increase the spectrum of activity.*

2.1. Can Multifunctional Compounds Offer a Way To Fight
Drug Resistance? The use of combinations to combat resis-
tance has been well-deployed in antimalarials. Artemisinin-
based combination therapy (ACT) has been advocated as the
therapy of choice for handling widespread drug resistance in
P. falciparum, at the same time preventing recrudescence due
to artemisinin monotherapy.”’ Using a drug combination
shortens the treatment course. It has also been shown to be
well-tolerated and to effectively protect each individual drug
from resistance.”” For instance, with resistance due to point
mutations, it has been estimated that symptomatic indivi-
duals harbor up to about 1012 parasites. If a target enzyme
has a mutation rate of 1077, the chance of developing
resistance to a single agent is high, but the likelihood of

developing resistance to two compounds with different
targets is very low.”

Combination therapy in trypanosomatid infections is now
emerging. In 2001, Bryceson first hypothesized this approach
as the way to increase treatment efficacy, prevent the devel-
opment of drug resistance, reduce treatment duration, and
eventually decrease the overall treatment cost.”*

In addition to the use of combination therapy, there are
other possible ways to achieve polypharmacology
(Figure 3).”° Usually, a combination regimen (also known
as drug cocktail) is composed of two or three different drugs
that combine different therapeutic mechanisms. But this
approach might present disadvantages in terms of meeting
patient compliance.”® An alternative strategy might be the
use of “single-pill combinations” (or “fixed-dose combi-
nations”), which incorporate different drugs into the same
formulation. The single-pill therapy would be superior to a
multipill regimen in the achievement of adherence, as a
means of simplifying a patient’s treatment, reducing pill
burden, and synchronizing therapies.”’ Finally, a third app-
roach is now emerging based on the assumption that a single
compound may be able to hit multiple targets.”® This
approach is based on the multifunctional strategy, i.e., the
design of single chemical entities able to simultaneously
modulate multiple targets. Recently, we have suggested that
the multifactorial nature of Alzheimer’s disease provides the
logical foundation for the development of the innovative
drug design strategy centered on what we have dubbed multi-
target-directed ligands (MTDLs).” It has been widely re-
cognized that drugs hitting a single target may be inadequate
for the treatment of diseases like neurological disorders and
also for somatic diabetes, cardiovascular diseases, and can-
cer,”’ which involve multiple pathogenic factors.®**!

More importantly, in cancer,”” AIDS, and parasitic infec-
tions,*> #3 MTDLs have an added value with respect to the
single-target agents: the onset of drug resistance, a common
problem in chemotherapy, might be significantly delayed by
inhibiting multiple targets simultaneously.

As a general rule, chemotherapeutic agents that target
single proteins are susceptible to high-level resistance resulting



Perspective

from single-step mutation in the target protein. Conversely,
drugs that have a low likelihood of the development of high-
level endogenous resistance are those that interact with
multiple molecular targets, the structures of which are
determined by multiple genes. This favors the development
of multitarget over single-target compounds. The relation-
ship of the multitarget nature of successful antibacterials and
their lowered potential for target-based resistance has been
highlighted in a recent review article.*

2.2. Single Pill and Multipill Drug Combinations vs
MTDLs. Clearly, therapy with a single drug that has multiple
biological properties would have inherent advantages over
the single pill or the multipill combinations. It would obviate
the challenge of administering multiple single-drug entities,
which could have different bioavailability, pharmacoki-
netics, and metabolism.”®7® Indeed, if a single molecular
species can show a complex ADMET profile, a combination
approach might be untenable. In addition, the risk of
possible drug—drug interactions would be avoided and the
therapeutic regimen greatly simplified in relation to drug
cocktails.

There is, therefore, a strong indication that the develop-
ment of compounds able to hit multiple targets might
provide new avenues for the treatment of major NTDs,
for which an effective cure is urgently needed. This ap-
proach has been discussed in recent articles, which were
mostly concerned with neurodegenerative diseases. It has
also been suggested that the multitarget approach might
overcome the pitfalls that have hampered the development
of effective treatment for NTDs: the drug’s potency and
efficacy might be increased and regimens simplified, there-
by potentially reducing resistance and promoting patient
adherence.®® With regard to parasitic diseases, the MTDL
approach has even more inherent advantages compared to
drug combination. As recently highlighted by Hastings and
Watkins,* mismatched combinations not only fail to affect
the spread of resistance but might even jeopardize the
efficacy of components against which resistance has not
yet emerged. Although the design of multifunctional com-
pounds can be very complicated as multiple target proteins,
often in different cellular compartments have to be reached
and hit, some other steps of drug development (e.g., phar-
macokinetic and ADME studies) are in principle no differ-
ent from those of any other single molecule. Therefore,
MTDLs can even be less expensive than drug combinations.
Another favorable issue is that the risk of possible drug—
drug interactions of polytherapy is considerably reduced.
NTDs occur predominantly in vulnerable populations,
such as pregnant women, nursing mothers, or very young
children, all of whom are at significant risk for drug
toxicity.”

Even more important are concerns related to patient
compliance and adherence issues. In malaria, the deploy-
ment of ACT has seen a simultaneous increase in the assess-
ment of compliance to these new treatments.
Noncompliance increases the risk of therapeutic failures,
and subtherapeutic concentrations, following incomplete
treatment, could lead to a major risk of drug resistance.”!
The benefits of combination regimens will be negated if the
recommendations are too complex for compliance by care-
givers as well as by the drug supply management of the
program.”> An antiparasitic MTDL might fulfill the goal of
simplifying dosage regimens whenever possible without
compromising efficacy.
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Figure 4. Examples of multifunctional compounds for the treat-
ment of malaria.

2.3. MTDLs in Parasitic Infectious Diseases. All these
considerations, especially those related to economical fac-
tors, strongly indicate that the development of MTDLs
might open up new avenues for the cure of diseases caused
by trypanosomatids. The approach is still in its infancy for
these infections. However, for malaria treatment, this idea
has been advanced®* ® and several multifunctional drug
and lead candidates have been developed by academia and
industry in the past couple of years, supported by the recent
advances in the knowledge about the action and resistance
mechanisms involved. Examples of such drugs, classically
obtained by combining two pharmacophores into a
new chemical entity and therefore defined by the authors
“drug hybrids”, were recently highlighted in the Chemical &
Engineering News journal (Figure 4).”

On the basis of the synergy between fast-acting artemisinin
and slow-acting quinine, Walsh and co-workers designed
artemisin—quinine hybrid 1 with a lower I1Cs, than either
drug alone or both drugs together, in two different drug-
sensitive and drug-resistant strains of the P. falciparum
parasite.94 Earlier, Meunier, who can be considered a pio-
neer in the field of antimalaria hybrids, developed trioxa-
quines (trioxane—quinoline), a new class of compounds that
associates the properties of the two antimalarial drugs
artemisinin and chloroquine.”” One of these molecules,
PA1103/SAR116242 (2), is active at nanomolar concentra-
tions on sensitive and resistant strains of P. falciparum and
also on multidrug-resistant strains obtained from fresh
patient isolates in Gabon.”® This molecule is very efficient
by oral route with a complete cure of mice infected with
chloroquine-sensitive or chloroquine-resistant strains of plas-
modia and in humanized mice infected with P. falciparum.
Combined with a good drug profile (preliminary absorption,
metabolism, and safety parameters), these data were particu-
larly promising for the selection of this trioxaquine for devel-
opment as a drug candidate from among 120 other active
compounds.”® As a result of the collaboration with Sanofi-
Aventis, market availability could become a reality in 2013.
The potential for overcoming P. falciparum resistance by
exploiting an MTDL design strategy was demonstrated
by Peyton”’ by connecting the quinoline moiety of chloroquine
to a dihydrodibenzoazepine “reversal agent”, known to
block the action of a transporter that removes chloroquine
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from the parasite. This resulted in a hybrid compound (3) that
has demonstrated potent growth inhibition of P. falciparum in
culture and promising results in vivo.”” In other approaches,
similarly aimed at reversing resistance, the tetraoxane skeleton
and 4-aminoquinoline,”® the antiplasmodial agents chloro-
quine and astemizole,” and 4-aminoquinoline- and clotrima-
zole-based pharmacophores'® were conjugated into a single
molecule. The application of MTDL drug candidates in the
field of HIV'®" and bacterial infection'%? treatment was also
reviewed recently.

In the last section of this Perspective, we first report on the
three selected trypanosomatid NTDs, namely, Chagas dis-
ease, human African trypanosomiasis (HAT), and leishma-
niasis. We describe their geographic distribution and mode
of transmission, along with the currently available che-
motherapeutics. Then, we describe in sequence recent exam-
ples of small molecules displaying more than one activity
against them. Notably, the deliberate aim of creating an
MTDL has not always been explicitly stated. Instead, the
classic molecular hybridization strategy'®® was exploited,
leading to molecules endowed with the ability to hit multiple
targets.

3. Chagas Disease

3.1. General Considerations, Transmission, and Geographic
Distribution. Chagas disease is caused by the protozoan
parasite 7. cruzi.'" There are various strains of T cruzi in
terms of epidemiology, pathogeny, response to treatment,
biochemistry, or immunogeny that have been classified into
two major 7. cruzi groups defined as T and I1.'%° Both 7. cruzi
Iand T. cruzi Il are associated with cardiac lesions in human
infections, but it seems that only 7. cruzi Il is also associated
with digestive tract lesions.

Humans are accidental hosts for T. cruzi and are infected
at night through contact with the feces of blood-sucking
triatominae bugs. Of the more than 100 recognized triato-
mine species, only about 10 are widespread colonizers of
human dwellings. Some have become completely adapted to
dwellings and are highly anthropophilic, such as Triatoma
infestans in the southern cone countries (responsible for 85%
of cases) and Rhodnius prolixus, the second most important
Chagas vector,'®® in many countries in Central America.
Often, the bugs defecate on the host while feeding, and the
infected fecal droplets may be inadvertently passed to the
mucosa of eye, nose, or mouth. Parasite transmission
through intact skin probably does not occur. The probability
of human infection through contact with an infected triato-
mine is about 1 in 1000."°7 Blood transfusion and organ
transplantation are other possible mechanisms of infection
transmission, and the third and most relevant way is the
congenital transmission in children by chagasic mothers.

Chagas disease attacks people living in remote rural areas
that lack diagnostic facilities and good health records or
statistics, and therefore, sufficient epidemiological informa-
tion about its magnitude has not always been accessible.
Available epidemiological information shows that the dis-
ease represents a major public health problem in South
America (Figure 1), affecting at least 8—9 million people
with more than 25 million at risk of infection.'”® The
incidence has been calculated to be about 300 000 new cases
per year in the absence of control interventions, and about
14000 deaths due to Chagas disease occur every year
(Table 1)."% With migration, many infected individuals have
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Figure 5. Chemical structures of nifurtimox (4) and benznidazole
(5), the two drugs available for the treatment of Chagas disease.
Gentian violet (6) and two anti-Chagas drug candidates ketocona-
zole (7) and terbinafine (8) are also shown.

moved from the rural zone to cities and to other countries,
and a few hundred-thousand chagasic individuals are esti-
mated to live today in the U.S., Europe, and Asia.

3.2. Currently Available Drugs. The currently available
drugs for treating trypanosomatid infections were predomi-
nantly developed at the beginning of the past century, as the
tropical pharmacopeia was driven by colonial requirements
or, in other cases, first developed for other pharmacological
indications. Therefore, although helpful during the acute
stages, they are often ineffective for chronic administration
and produce severe side effects due to their high toxicity.

The currently available chemotherapy for Chagas disease
is based on two agents introduced in the market in the 1970s:
nifurtimox (4, Lampit) and benznidazole (5, Rochagan or
Radanil), belonging to the class of nitroaromatic compounds
(Figure 5). They show efficacy limited to the disease’s acute
phase and to only some pathogen strains. Moreover, the
serious side effects, such as anorexia, vomit, and diarrhea
pose controversy for their use for chronic patients.'>!1%11!
Benznidazole efficacy and tolerance are inversely related to
the age of the patient, while its side effects are more frequent
in elderly patients.''? In addition, medication is expensive
with, for example, nifurtimox regimen requiring 10 mg/kg in
three or four doses per day over a 60- to 120-day period.
Because of these problems, the recommended course of
treatment is often not completed, resulting in considerable
scope for the development of resistance.'"”

Despite more than 40 years of research, the mechanism(s)
of action and resistance of these nitroheterocyclic derivatives
has remained elusive. It has long been recognized that they
function as prodrugs and must be activated within the
parasite to have trypanocidal effects. More recently it has
been advanced that the two-electron reductions of the nitro
group is mediated by a NADH-dependent, mitochondrially
localized, type I nitroreductase,''* leading to moieties that
promote DNA damage.''>!''® Down-regulation of this en-
zyme might be responsible for resistance emergence.''*

Gentian violet (6, Figure 5) is used as a trypanocidal agent
in vitro to prevent transfusion-associated Chagas disease.

Other compounds have been studied as anti-Chagas
drugs, for example, the commercially available anti-
fungal agents ketoconazole (7, Figure 5) and terbinafine
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Figure 6. Design strategy leading to the hybrid derivative brazili-
zone A (11). The molecule was obtained by combining the structural
features (in red) of 9 with those (in blue) of 10.

(8, Figure 5), both acting as sterol-membrane biosynthesis
inhibitors.'' '

3.3. Multi-Target-Directed Ligands. The first report of
antichagasic compounds designed by conjugating two frag-
ments into a single molecule deals with a series of megazol (9)
and guanylhydrazone (10) hybrids (Figure 6).''” Megazol is
a S-nitroimidazole compound endowed with a potent trypa-
nocidal activity, despite a concomitant serious toxicity asso-
ciated with the presence of the nitro group. Hydrazones have
been demonstrated to have trypanocidal activity, with 10
being able to lyse trypomastigote forms of 7. cruzi with
1C50/(24 h) = 17.1 uM. The design concept for these com-
pounds primarily explored the introduction of the arylhy-
drazone moiety onto the heterocyclic framework of 9 (see
Figure 6), aimed at conferring to the new molecules a radical
scavenger activity, which could reduce the oxidative stress
induced by formation of toxic nitro radical species. The
authors were also interested in additional activities, as some
hydrazone derivatives have shown a trypanocidal profile
likely due to interaction with cruzipain (CP) and T. cruzi TR.

The hybrid derivative named brazilizone A (11, Figure 6,
ICso = 5.3 uM) was the most active compound against
trypomastigote forms of 7. cruzi, being 2-fold more potent
than the prototype megazol (9, ICso = 9.9 uM) in the same
whole-parasite-based assay.''” Although the authors have
not investigated 11’s mechanism of action at a molecular
level, it is highly conceivable that it acts through the inter-
ference in multiple steps of the oxidative metabolism of
T. cruzi. Moreover, to further support the therapeutic po-
tential of 11, theoretical calculations have shown that it has a
potential for good in vivo absorption, since it satisfies
Lipinski’s rule of five without violations.'*°

The reported inhibitory activity of thiosemicarbazone (12)
and N-amidinohydrazone (13) derivatives toward CP and
TR was the starting point for recent interesting hybrids
designed by Cerecetto and Gonzilez,'?! by combining these
moieties with a benzofuroxan pharmacophore (14)
(Figure 7).'** Two series of compounds were generated and
tested for their antiproliferative effects against two strains of
T. cruzi and for their inhibitory activity against CP and TR.
Thiosemicarbazone 15 was the most promising: against the
Tulahuen 2 strain, it displayed an ICs, value of 15 uM, not
dissimilar to that of reference compounds 4 and 5, coupled
with a slight toxicity against mammals cells (selectivity index
SI=27).

Unfortunately, the investigation of the inhibitory profile
of 15 against TR and CP target enzymes did not allow the
authors to fully confirm the design rationale. The negligible
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combining the structural features of 12 and 13 (in red) with the
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Figure 8. Design strategy leading to the dual ligands 16 and 17 by
combining the nitrofurane moiety (in red) of 4 with the heteroallyl
group (in blue) of 8.

activity displayed instead made them postulate that 15’s
main mode of action is the production of oxidative stress, as
confirmed by purposely addressed ESR studies. However,
from an MTDL perspective, even an ICs, value of 43 uM (as
that of 15) is interesting, especially since no lead optimiza-
tion studies have been performed by the authors. At the
earliest stages of an MTDL’s discovery, even if only weak
activity is observed for a given target, this may provide a
useful baseline for increasing that activity by incorporating
additional structural elements and/or exploiting in silico
studies.”®

In another embodiment, =~ the same group pursued the
multitarget approach for the discovery of dual ligands
derived from the drug 4 and terbinafine (8), the promising
anti 7. cruzi agent acting by reducing the parasite’s endo-
genous membrane sterol levels (Figure 8). The ergosterol
biosynthesis pathway is a validated target for drug therapy
against T. cruzi, as this parasite requires specific 24-alkyl
sterols for viability and proliferation in all stages of its life
cycle and cannot use the supply of cholesterol from its
mammalian hosts. Squalene epoxidase (SE), an essential
enzyme of this pathway, can be inhibited by the allylamine
8. The design strategy was aimed at combining, in a single

123
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Figure 9. Design strategy leading to the potential MTDLs 20—22
starting from the natural products 18 and 19. The common struc-
tural features are colored in red.

molecule, the nitrofuran moiety of 4 (with the potential for
the generation of free radicals and redox cycling) with the
heteroallyl group of 8, which could inhibit the parasite’s SE.
The resulting heteroallyl-containing 5-nitrofuranes were ac-
tive against 7. cruzi proliferative stages, with a biological
profile in most cases superior to those of 4 and 8. In
particular, derivatives 16 and 17 showed high potency
against the intracellular amastigote form (low micromolar
to submicromolar ICs, values), with appreciable SIs. More
interestingly, the in vitro biological investigation confirmed
for both derivatives a dual mechanism of action, producing
oxidative stress and inhibiting membrane sterol biosynthesis
at the level of SE.

Another remarkable example of an MTDL against
T. cruzi, based on the combination of two molecular
scaffolds, took advantage of the independent biological
activities displayed by [1,2,3]triazoles and naphtoqui-
nones.'?* In folk medicine, especially among native Amer-
indian populations, plants containing naphtoquinones are
widely used to treat many diseases, including parasitic
infections. In this respect, laphacol (18) and S-laphacone
(19), extracted from the hearthwood of Brazilian trees of
the genus Tabebuia, have been widely exploited as a pro-
totypes in medicinal chemistry programs aimed at devel-
oping anti-Chagas lead candidates (Figure 9).'*° The
cyclic reduction—oxidation of the quinone moiety is at
the basis of their biological mechanism of action, which
includes involvement in the electron transport and oxida-
tive-phosphorylation processes. In particular, it has been
demonstrated that treatment of 7. cruzi with 19 led to
alterations of chromatin distribution, mitochondrion, and
plasma membrane, which are suggestive of an apoptosis-
like process.'?® In addition, triazoles exert multiple biolo-
gical activities, as antiplatelet agents, anticonvulsants,
antiinflammatory, antiallergic, antiviral, and antimicro-
bial agents and antifungals share a triazole nucleus.'?’
Despite this rational basis, the authors did not fully explore
the multifunctional profile of the promising naphtoqui-
noidal triazoles synthesized. Rather, they seemed more
interested in investigating the chemical reactivity of nat-
ural quinones. However, they could identify the phenyl
substituted triazole 20, which has emerged as an interesting
MTDL against Chagas disease. Against trypomastigotes
forms of T. cruzi, this derivative is significantly more active
than benznidazole, as revealed by comparing the respective
ICso/day (17.3 uM vs 103.6 uM). A detailed investigation
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Figure 10. Palladium-based (24 and 25) and platinum-based com-
plexes (26 and 27) of 3-(5-nitrofuryl)acroleine thiosemicarbazones
of general formula 23, designed following the metal complexation
approach.

to disclose the multiple mechanisms of action of 20, as well
its profile against the emergence of resistance, would be
highly desirable. It is worth noting that other substituted
arylaminonaphthofuranquinones were developed by the
same group following a similar molecular hybridization
concept.'?® Studies of these compounds against Y strain
trypomastigote forms of 7. cruzi revealed that 21 and 22
were more active than 5, possibly opening new perspectives
for the development of novel MTDLs.

In the anti-Chagas MTDLs scenario, the complexes ob-
tained by combining ligands bearing antitrypanosomal ac-
tivity and pharmacologically active metals represent an
interesting opportunity for enhancing efficacy and/or im-
proving safety relative to single-target drugs. The develop-
ment of metal complexes of clotrimazole and ketoconazole
by Sanchez-Delgado et al., showing synergistic effects in
anti-trypanosome therapy, has been well-regarded as the
leading work in the field.'”” Gambino and colleagues recog-
nized the multitarget potential of these derivatives and
recently reported on two series of platinum-based complexes
(26 and 27) of 3-(5-nitrofuryl)acroleine thiosemicarbazones
of general formula 23, which seem to have considerable
promise in the treatment of Chagas disease.'**'*! In this
peculiar application of the MTDL strategy, which the
authors termed “metal complexation approach”, the metal
complexes act through dual or even multiple mechanisms of
action, by combining the pharmacological properties of the
ligand and the metal. Through this approach they have
previously developed different series of metal derivatives of
aromatic amine N-oxides'*> and 5-nitrofuryl containing
thiosemicarbazones 23'* and characterized their mechan-
ism of action. In particular, the palladium-5-nitrofuryl-con-
taining thiosemicarbazones complexes 24 and 25 retained the
mechanism of action of the thiosemicarbazone ligands. For
their trypanocidal activity, they relied mainly on the produc-
tion of toxic radical species resulting from the enzymatic
reduction of the nitro moiety and subsequent redox cy-
cling.'** Moreover, they strongly interacted with DNA and
inhibited TR in an irreversible fashion.'** Notably and
probably as a consequence of this multifunctional profile,
these ligands displayed higher in vitro activity against 7.
cruzi than 4.

As a further step, they decided rationally to develop the
corresponding series of platinum complexes (with general
formulas 26 and 27, Figure 10), based on the consideration
that several platinum compounds exert anti 7. cruzi activity
by binding DNA and, in addition, by inhibiting TR. The
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Figure 11. Gold(I) triphenylphosphine-based (28), palladium-
based (30), and platinum-based complexes (31) of bioactive coli-
gand pyridine-2-thiol N-oxide (29), designed following the metal
complexation approach.

complexes were evaluated for their activities against epimas-
tigotes of Tulahuen 2 and Dm28c strains. Most of the
platinum complexes were active against both strains, with
many of them showing ICs, values of the same order as 4 and
the corresponding free ligands. Furthermore, their capacity
to produce free radicals was evaluated by ESR experiments
in the parasite and by respiration measurements, together
with their DNA interaction ability. Although no conclusive
SAR data can be drawn, results confirmed that some of the
compounds could act as dual inhibitors in the parasite,
through production of toxic free radicals and interaction
with DNA, 30131

In a more recent application, the same authors have
reported on the synthesis and biological evaluation of a
novel coordination compound (28) of the ligand pyridine-
2-thiol N-oxide 29 and gold(I) triphenylphosphine
(Figure 11). Previously, they have characterized and evalu-
ated in vitro the correspondent palladium (30) and platinum
(31) complexes for their potential against Chagas disease,
revealing that the trypanocidal action of the complexes could
mainly rely on the inhibition of the enzyme NADH-fumarate
reductase, a kinetoplastid parasite-specific enzyme absent in
the mammalian host.'*

The compound showed growth inhibitory effect on
T. cruzi epimastigotes in culture (ICsy = 0.09 uM), being
even more active than the reference drug 4 (ICsy =6 uM).
In addition, at a concentration of 1 M, 28 induced in vitro
a potent leishmanicidal effect against promastigotes of
L. mexicana, while on L. braziliensis only a leishmanistatic
effect was observed at the same concentration, analogous
with the profile exhibited by lead compound 29. DNA
interaction studies showed that this macromolecule was
not the main molecular target for 28. Instead, the signi-
ficant potentiation of the antiproliferative effect
against both Leishmania species and T. cruzi could
be linked to the inhibition of NADH fumarate reductase.
Nevertheless, it cannot be excluded that modulation
of other additional targets may help explain the increased
activity observed. This is because it has been shown that
gold(I)-monophosphine complexes act on mitochondria
leading to apoptosis. This would further expand
the MTDL profile of these complexes. Furthermore, ow-
ing to a low cytotoxicity on mammalian macrophages, the
new gold complex showed a selective promising antipar-
asite activity, which warrants their further in vivo inves-
tigation in experimental models of leishmaniasis and
Chagas disease.'’!
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4. Human African Trypanosomiasis

4.1. General Considerations, Transmission, and Geographic
Distribution. HAT, or sleeping sickness, was largely con-
trolled in the 1960s, but a lack of human and financial
resources put into combating the disease, and years of
conflict in the most affected countries have hampered efforts
to monitor and control the disease.'** As a result, sleeping
sickness re-emerged in the 1980s. There are two forms of
HAT caused by two morphologically identical parasites:
Trypanosoma brucei gambiense HAT is primarily a human
chronic disease, endemic in west and central African coun-
tries; Trypanosoma brucei rhodesiense HAT has a huge
animal reservoir and is primarily zoonotic. It causes acute
illness in people in eastern and southern African countries.

HAT is transmitted to humans through the bites of
infected tsetse flies. Cattle are the main reservoir for 7. b.
rhodesiense, in contrast to sleeping sickness caused by 7. b.
gambiense in west Africa where there appears to be no
epidemiologically significant animal reservoir. Both forms
of HAT show two distinct clinical stages. The first, which is
often undiagnosed, corresponds to the multiplication of
trypanosomes in the blood and lymphatic system. Then the
parasites cross the blood—brain barrier and the disease
progresses to the second stage, which is characterized by
neurological symptoms and, without treatment, evolves to-
ward body wasting, somnolence, coma, and death. Onset
and fatal pathology of both subspecies are associated with a
febrile illness followed by meningoencephalitis. The infec-
tion’s progression with the two subspecies is markedly
different. Disease resulting from 7. b. rhodesiense infection
has a rapid onset resulting in a fatal condition, with more
than 80% fatality within the first 6 months of infection.'*’
Infection with 7. b. gambiense produces a chronic condition
with long symptom-free periods, which may last several
years.

The two occur in sub-Saharan Africa and are geographi-
cally separated more or less along the line of the Great Rift
Valley.'*® T. b. gambiense occurs in western and central
Africa, and T. b. rhodesiense infections occur in the east of
the continent. The only country with known foci of infection
for both parasites is Uganda; T. b. gambiense in the north-
west and 7. b. rhodesiense in the south, until recently limited
to districts close to the shores of Lake Victoria. Angola, the
Democratic Republic of Congo, and Sudan are the most
affected, and prevalence has also increased in the Central
African Republic. Today 60 million people are exposed to
HAT. A total of 36000 cases were reported to the WHO in
1998, but only 3—4 million people are under surveillance,
and it is estimated that 300 000 people are currently infected.
An estimation of 48 000 annual deaths for sleeping sickness
has been reported.'”

4.2. Currently Available Drugs. Drugs to treat sleeping
sickness are mostly antiquated, scarce, and highly toxic and
encounter parasite resistance.'’’” Among the four licensed
drugs, two are used against stage 1 disease, suramin (32) and
pentamidine (33), whereas against stage 2 disease
(neurological phase), melarsoprol (34) (active against 7. b.
gambiense and T. b. rhodesiense) and eflornithine (35) (only
useful against T. b. gambiense) can be used (Figure 12).13%:1%
In some cases, nifurtimox, not registered for HAT, is used
compassionately after melarsoprol relapse.

Suramin (32, Bayer 205, Antrypol, Belganyl, 309 F, Four-
neau 309, Germanin, Moranyl, Naganin, Naganol,
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Figure 13. Chemical structures of furamidine (37) and its orally
bioavailable prodrug pafuramidine (36).

Naphuride), which was developed in 1920, is a polysulpho-
nated naphthyl urea that is strongly negatively charged at
physiological pH. This is the reason that this medication is
only effective for the treatment of the early stages of HAT, as
it does not cross the blood—brain barrier. Because of this
polyanionic structure, 32 modulates several enzymatic
targets. It inhibits endocytosis of some molecules and the
binding of low-density lipoproteins to specific receptors
and causes changes in the phenotypic expression of surf-
ace antigens and a redistribution of cell surface negative
charges."**'*!" Which of these various activities is most
related to the trypanocidal activity is still uncertain, but it
was suggested that deprivation of the parasite from choles-
terol and phospholipids by inhibition of the LDL uptake is
the main contributor to the mechanism of action.'** Penta-
midine (33), a diamidine first synthesized in the late 1930s, is
currently produced by Sanofi-Aventis as Pentacarinat but is
donated, free of charge, to the WHO for distribution.
Pentamidine uptake into trypanosomes has been character-
ized in detail with the involvement of P2 aminopurine
permease, the high-affinity pentamidine transporter 1
(HAPT1) and the low-affinity pentamidine transporter 1.
However, its definitive mode of action is still unclear.'** The
parasite mitochondrion appears to be a target for pentami-
dine mechanisms of action and resistance. As a dication,
pentamidine interacts electrostatically with cellular polyan-
ions. It binds DNA, including the unique kDNA molecules.
Melarsoprol (34, Arsobal, Mel B, Melarsen Oxide-BAL) was
introduced for late-stage sleeping sickness in 1947'* to
replace earlier arsenical compounds, which had become

hn R
N N
¢ |
HO N N/)\Rz
o]
OH OH

Figure 14. General structure of adenosine analogues designed by
Gelb, Hol, and co-workers as potential multifunctional lead candi-
dates: Ry = H, alkyl, aminoalkyl, hydroxyalkyl, arylalkylamino;
R, =H, NH,, alkyl, aminoalkyl, hydroxyalkyl, arylalkylamino.

ineffective because of the emergence of drug resistance. For
the past 50 years, treatment failures with 34 were not a major
problem. But in recent years, these have increased dramati-
cally in some important foci of T. b. gambiense sleeping
sickness such as southern Sudan, Democratic Republic of
Congo, Uganda, and Angola.'*>14¢

The only new option in the therapy of HAT is represented
by eflornithine (35, Ornidyl, Figure 12), an analogue of
ornithine, introduced in therapy in 1981, which acts as
inhibitor of trypanosomal ornithine decarboxilase, interfer-
ing with the polyamine’s metabolic pathway. The major
drawback of this drug s that it is expensive and only effective
against T. b. gambiense.'*":'4

The first serious new drug candidate, brought to phase I11
clinical trials by the Consortium for Parasitic Drug Devel-
opment, is pafuramidine (36, DB289),'* an O-methyl ami-
doxime prodrug, which is converted in vivo into the
diamidine furamidine (37, DB75) (Figure 13). If approved,
it will be the first oral drug ever discovered for HAT."** In
fact, because of the lack of oral drugs to treat this disease,
patients currently have to be hospitalized for 10—30 days to
enable treatment with parenterally administered drugs.

Pafuramidine is also in a pivotal phase III trial for
pneumocystis pneumonia, a fungal infection that affects
people living with HIV/AIDS."*! It is also being developed
for malaria. However, at the moment, there are no new drugs
for the treatment of late-stage disease. Combinations of
eflornithine with melarsoprol or nifurtimox have been the
focus of recent clinical studies.'> In particular, the eflor-
nithine—nifurtimox combination is currently in phase III
clinical trial for the treatment of the neurological phase of
HAT.
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Figure 15. Design strategy of a library of potential MTDLs (exemplified by 38), inspired by the antiparasitic activity of several quinone-based

natural products.

4.3. Multi-Target-Directed Ligands. In 2000, Gelb, Hol,
and co-workers'>? reported on a series of adenosine analo-
gues as potential multifunctional compounds for the treat-
ment of HAT. Evaluating the X-ray structures of 7. brucei
phosphoglycerate kinase, glyceraldehyde-3-phosphate dehy-
drogenase, and glycerol-3-phosphate dehydrogenase in com-
plex with their adenosyl-bearing substrates, they designed
adenosine analogues (Figure 14) aimed at simultaneously
binding all three target proteins. Such glycolytic enzymes are
well-known drug targets in anti-HAT drug discovery, as they
also can ensure a certain degree of selectivity with respect to
the corresponding mammalian enzymes. Despite the sound
design strategy, the new compounds were only able to inhibit
in the micromolar range glycosomal phosphoglycerate ki-
nase. Actually, none of the new compounds inhibited 7.
brucei glyceraldehyde-3-phosphate dehydrogenase and gly-
cerol-3-phosphate dehydrogenase.'?

Natural quinone lapachol (18) inspired another series of
potential MTDLs, designed through a combinatorial ap-
proach.'™ In the generation of small focused compound
libraries, natural product-derived and -inspired collection
concepts are particularly attractive. This is because they
recognize natural product fragments as evolutionary selected
and biologically prevalidated starting points in the chemical

space to be used for compound collection development.'>

The quality of collections and the likelihood of generating
hits may be particularly high if links already exist between
such compound classes and the biological phenomena mon-
itored in the respective cellular screens.'> In terms of meet-
ing the criteria described above for generating a library of
anti-trypanosomatid compounds, the quinone unit was
selected as a core structure for combinatorial derivatization.
As already mentioned, napthoquinones and other related
quinone compounds constitute one of the major natural
product classes that have significant activity against Leish-
mania and Trypanosoma.">® Lapachol is a representative
example. Through a parallel approach (see Figure 15 for
design strategy) 16 anthra- and naphtho-quinones, which
incorporated in the 2-position a selection of aromatic groups
mimicking the structural elements of the general biocide
triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol), were
synthesized.

From this small compound collection, several molecules
were active against trypanosomes and Leishmania at low
concentration. In particular, 38 showed an ICs, value of
80 nM against T. b. rhodesiense cells and a SI of 74, which is
very close to the specifications required by WHO/TDR,
pointing to 38 as a promising anti-trypanosomatid hit. A
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Figure 16. Chemical structures of the drugs (39—43) and the drug candidate sitamaquine (44) available for leishmaniasis treatment.

chemical proteomics approach will allow researchers to
elucidate the targets involved in the trypanocidal activity
of 38. As in the previous case, a multitarget profile for this
compound is easily conceivable, since quinones, like many
other natural products, serve plants as potent defense che-
micals with an intrinsic pleiotropic bioactivity.'>” It is worth
noting that, in addition to their target-related mechanism,
the general free-radical-generation mechanism of quinones
(on the basis of their general cytotoxicity) may be exploited
to prevent resistance development.'>*

5. Leishmaniasis

5.1. General Considerations, Transmission, and Geographic
Distribution. Leishmaniases affect almost 12 million people
in nearly 90 countries, representing a worldwide public
health problem. More than 350 million people are currently
at risk, and 2 million new cases are registered each year. An
estimated 51 000 annual deaths for leishmaniases have been
reported.'” Leishmaniases are caused by the obligate intra-
cellular protozoan parasite of the genus Leishmania spp. and
constitute a cluster of diseases with diverse clinical manifes-
tations, from cutaneous lesions to visceral leishmaniasis.'>®
Broadly, the manifestations include three main groups of
disorders: visceral leishmaniasis (kala-azar), cutaneous leish-
maniasis, and mucocutaneous leishmaniasis. Visceral leish-
maniasis, diffuse cutaneous leishmaniasis, and mucocutane-
ous leishmaniasis are severe forms of leishmaniasis resulting
from the host’s inability to control the infection, whereas
spontaneous healing often occurs in cutaneous leishmaniasis
because of the appropriate immune response. Leishmania
infection is often asymptomatic, but latent parasites reacti-
vate in immunosuppressed conditions and undergo uncon-
trolled multiplication, manifesting clinically as visceral
leishmaniasis, which is fatal if untreated. Key features in
the clinical presentation of kala-azar are prolonged fever,

hepatosplenomegaly, and weight loss. Post-kala-azar dermal
leishmaniasis is a complication of visceral leishmaniasis.'> It
is characterized by a macular, maculopapular, and nodular
rash in a patient who has recovered from kala-azar and who
is otherwise well.

Leishmaniases are transmitted to human beings through
the bite of the female sandfly, which inoculates promasti-
gotes into the skin of the host. In humans, these are taken by
macrophages or dendritic cells and transformed into afla-
gellar amastigotes. The future course of infection depends
upon the strain of Leishmania and the type of immune
response mounted by the host. In India, visceral leishmania-
sis is considered to be anthroponotic with people as the only
known reservoir. In other areas, the picture is less clear and
transmission may be anthroponotic as well as zoonotic, with
rodents and canines as candidate reservoirs.

There are various forms of leishmaniasis depending on the
species of etiologic agents involved. Cutaneous and muco-
cutaneous leishmaniasis are caused by L. major and L.
tropica, while in south America, L. mexicana may cause
localized lesions that usually self-heal, resulting in lifelong
immunity. L. brazilianensis, L. panamensis, and L. guyanen-
sis initially cause cutaneous lesions that may then metasta-
size leading to mucocutaneous lacerations that are often
resistant to treatment or cure. Concerning visceral diseases,
the species mainly responsible are L. donovani, L. infantum,
and in the Americas, L. chagasi. These species cause chronic
disseminating visceral disease in the liver and spleen, which
can become fatal unless treated with chemotherapy.

As mentioned, leishmaniases occur worldwide although
most cases occur on the Indian subcontinent (India, Nepal,
and Bangladesh) and in east Africa (Sudan, Ethiopia, and
Kenya), where L. donovani is the etiologic agent. Other
endemic areas for visceral leishmaniasis include countries
in the Mediterranean basin, such as Italy and Spain, where
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L. infantum is the species involved, and the New World,
where the identical L. chagasi circulates. In both areas,
canines are the reservoir hosts.

5.2. Currently Available Drugs. Treatment of leishmaniasis
is still complicated, since different causative species and
various clinical manifestations exist.%”"!® Nowadays there
are nearly 25 compounds and formulations that show antil-
eishmanial effects, but only a few are classified as antileish-
manial drugs for humans and most of them are parenteral.'®'
First-line treatments are pentavalent antimonials meglumine
antimoniate (39, Glucantime) and sodium stibogluconate
(40, Pentostam), compounds discovered more than 50 years
ago, which present severe, undesirable side effects
(Figure 16). They have to be administered in low doses,
and hence, drug resistance has appeared so rapidly'®” that in
India they can no longer be used.'®® They are organic
complexes of SbY, with improved solubility and uptake
properties. Pentavalent antimony itself is inert; it is reduced
in vivo to the more toxic trivalent form, either spontaneously
or by glutathione S-transferase. Recently, the involvement of
antimonite reductase has also been proposed. The crystal
structures of oxidized TR from L. infantum and of the
complex of reduced TR with NADPH and Sb(III), reported
in a recent paper, disclose for the first time the TR-mediated
mechanism of action of antimonial drugs against the para-
site.’

The second-line drugs are pentamidine (33) and ampho-
tericine B (41), which suffer from the same toxicity concerns.
To overcome nephrotoxicity of this latter antifungal com-
pound, different colloidal and lipid formulations have been
successfully prepared.'® But for those countries where cost
is the main concern, they are too expensive and therefore
unsuitable. Amphotericine B liposomal formulation has
revealed a milestone in leishmaniasis treatment, due to its
safety and the high administrable dosage. However, despite
the drastic price reduction in May 2007, the cost of U.S. $300
for an average course is still prohibitive for VL-endemic
countries. Recently, miltefosine (42), an alkylphosphocho-
line derivative developed as an anticancer drug, has been
registered in India for oral treatment of VL. 165 However, it is
contraindicated in women of childbearing age and shows
severe gastrointestinal side effects.'®® Currently, the efficacy
of liposomal amphotericin B in combination therapies is
being evaluated and has displayed 90% cure rates in combi-
nation with oral miltefosine for the visceral disease form.'®’
However, some cutaneous leishmaniases are refractory and
other drug treatments have 50% cure rates.

Paromomycin (43) is an aminoglycoside antibiotic regis-
tered in India in August 2006 for leishmaniasis. The results of
clinical trials showed excellent efficacy and safety. No ne-
phrotoxicity was observed, reversible high-tone ototoxicity
was found in 2% of patients, and 1.8% of patients showed a
significant increase (> 5-fold) in hepatic transaminases. Mild
injection pain was reported by over 50% of patients. Other
advantages of 43 include the fact that it is active against a
wide variety of pathogens, including bacteria, and its low
cost (U.S. $5—0 per treatment).'®

Sitamaquine, a §-aminoquinoline (44, WR6026, Fig-
ure 16) is a new antileishmanial oral drug currently in phase
IIb clinical trials by GlaxoSmithKline.'® Although its me-
chanism of action is still unknown, it has shown acceptably
good efficacy. It was well-tolerated in the most recent phase
IT study, but there are still some unanswered questions
concerning its potential toxicities.'’%!7!
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Figure 17. Platinum complex (46) of the sterol hydrazone ligand
(45).

Also in leishmaniasis combined therapies are now emer-
ging, and different clinical assays are on going to establish
the best combinations possible according to geographical
areas.

5.3. Multi-Target-Directed Ligands. If we exclude an early
example of a thiosemicarbazone and 3-carboxy-f-carbino-
lines hybrid,'”* for whom the multifunctional profile was not
elucidated, and recent examples of dimeric acridine deriva-
tives,'”® the only case of rationally designed MTDLs we
could find in the literature builds on the metal—drug syner-
gism paradigm.'”® Navarro and colleagues pointed out that
in addition to the synergism in mechanism of actions already
described, another favorable issue of this approach is the
possible stabilization of the drug. This feature might lead to a
longer residence time of the drug in the body, allowing it to
reach the biological targets more efficiently, and may also
result in a decrease in toxicity.'”* With this in mind, they
combined the sterol hydrazone ligand (45, Figure 17) to
platinum. Steroid compounds have been shown to inhibit
sterol methyl transferase enzyme and consequentely Leish-
mania growth, by altering lipid composition of the parasite’s
mitochondrial inner membrane.'” Conversely, certain pla-
tinum complexes, such as (2,2":6'2"-terpyridine)platinum-
(IT1), have produced remarkable leishmanicidal activity
against amastigote forms of L. donovani, exploiting the
intercalative DNA properties of the terpyridine ligand along
with the covalent binding ability of the Pt(II) center.'”®

Therefore, the new platinum—sterol hydrazone complex
46 might exert a synergistic mechanism of action by combin-
ing inhibition of the sterol biosynthesis pathway and dual
interaction with the DNA of the parasite. When tested
against L. mexicana promastigotes, 46 produced a higher
leishmanistatic activity than 45 (71% growth inhibition vs
39%, respectively), associated with motility loss and swelling
of parasites, vacuolation, and formation of parasite clusters.
Studies for both the sterol profile and the interaction with
DNA are in progress and may confirm the designed multiple
mechanism of action.

6. Perspectives

Can system complexity arising from parasites’ resistance be
addressed with MTDLs? Drug-resistance is usually triggered
by the appearance of one or more mutations on the gene
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encoding for drug target proteins. Alternatively, the appear-
ance of resistance may be more complex, as it can be related to
mutations in food vacuole membrane proteins, which may
lower the concentration of the drug at the target.

Combination therapy has been shown to be a possible
strategy for both preventing and overcoming chemotherapy-
induced resistance. The rationale for using drugs in combina-
tion is well-established in the treatment of tuberculosis, infec-
tion with HIV, and cancer. The probability of a parasite
developing resistance simultaneously toward two drugs with
unrelated modes of action has been elaborately described by
White in 1999.!77 Resistance has been one of the major
challenges in efforts to tackle malaria in sub-Saharan Africa.
Several effective combination regimens that retain therapeutic
and prophylactic efficacy in the face of resistance have been
tested, and nowadays, we note that there have been no reports
of clinical resistance to the artemisinin-based combinations in
antimalarial therapies. However, combination therapies
could suffer from major drawbacks related to pharmacoki-
netics and pharmacodynamics.

Following the same rationale, we suggest that multifunc-
tional compounds represent an innovative approach to ad-
dressing chemotherapy-induced drug resistance. A single
compound endowed with a multifunctional profile is able to
simultaneously modulate the activity of two or more biologi-
cal counterparts. As with combination therapy, the probabil-
ity of simultaneous mutations in both genes encoding for both
target proteins is greatly reduced. Moreover, the use of a single
drug that has multiple biological properties would have
inherent advantages over combination therapies. Indeed, it
would obviate the challenge of administering multiple single-
drug entities, which could have different bioavailability,
pharmacokinetics, and metabolism. Moreover, in terms of
pharmacokinetic and ADMET optimization, the clinical
development of a drug able to hit multiple targets should
not, in principle, be different from the development of any
other single lead molecule. It thus offers a much more simple
approach than the development of new combination thera-
pies. In addition, the risk of possible drug—drug interactions
would be avoided and the therapeutic regimen greatly simpli-
fied when compared to drug cocktails. All these considera-
tions are of particular relevance because they can dramatically
influence the costs of drug development, which is a major
concern in the development of drug candidates for tropical
neglected diseases.

A systematic and rational approach to the discovery of
novel multifunctional drug candidates has not yet been re-
ported in the literature. In our opinion, it would be a step
forward in the rational design of balanced multifunctional
compounds if we could gain a superior understanding of the
cellular mechanisms at which the drug candidate is aimed.'”®
Systems biology has revealed that cells are composed of
complex, networked systems with redundant, convergent,
and divergent signaling pathways.'” In contrast to the reduc-
tionist paradigm, systems biology considers the description of
the system, that is, the complex interactions between the
molecular constituents of living cells."®” A union between
systems biology and medicinal chemistry would certainly help
overcome the limits of the one-molecule—one-target ap-
proach. In target-centric drug discovery strategies, potential
leads are identified and optimized for activity against specific
molecular targets. In contrast, approaches based on systems
biology are aimed at the generation of leads that potentially
affect interconnected pathways. A step in this direction was
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reported in 2007 by Hornberg et al.” In this paper, the authors
have reported on a metabolic control analysis that could
improve effectiveness and selectivity of drugs for parasitic
diseases. They developed a mathematical model to identify a
target enzyme with a high flux control coefficient in the
parasite and a low flux control coefficient in the host cells.
This target should at best ensure efficacy and selectivity.
Although the model was not explicitly exploited in the design
of multifunctional compounds, slight modifications of the
model can be designed to select the two targets, which ensure
high effectiveness and selectivity, and at the same time greatly
reduce the risk of resistance insurgence (P. Michels, personal
communication). Such systems biology models allow us to
directly measure disease-relevant cellular responses and re-
present a practical means of following drug-discovery-based
pathways rather than targets.

From the observations above, it is clear that, as with drug
combination, multifunctional compounds for parasitic dis-
eases call for innovative strategies to properly address their
discovery. Furthermore, systems biology studies applied to
parasitic cells can open up new avenues for applying similar
models to more complex living organisms. For instance,
understanding the pathways of programmed cell death and
apoptosis in Trypanosoma could hopefully provide the basis
for investigating a more comprehensive topic such as the
origin of apoptosis through four billion years of evolution.'®!

7. Conclusions

NTDs affect more than one billion people worldwide but
have been largely neglected for drug development because
they affect poor people in poor regions of the world. Currently
available drugs for NTDs worsen the scenario, since they are
decades old (back to 1920) and have many limitations,
including high toxicity and the emergence of drug resistance.
The NTDs drug discovery pipeline is almost dry, and efforts
to reinvigorate the identification of novel lead candidates for
these diseases are largely driven by support from major
philanthropies. The parasites responsible for these diseases
have a fascinating biology, and many potential biochemical
targets are now apparent. Actually, recent genome projects
have brought to the attention of the drug discovery commu-
nity a plethora of novel drug targets. Therefore, NTDs present
unique challenges to drug development that are being ad-
dressed by new public—private partnerships of scientists from
academia and industry, and innovative approaches to drug
design and discovery could be advanced.

In this Perspective, besides having reported on some novel
and validated molecular targets for NTDs drug discovery, we
have briefly mentioned the currently available drugs and we
have introduced the multifunctional drug design strategy that
can open up a new avenue in the field of NTDs. It is opinion of
the present authors that MTDLs can be a convenient alter-
native to drug combinations, which are currently regarded as
one of the best strategies to face drug resistance, a major
concern in NTDs drug discovery and development. At the
same extent, we are convinced that molecules able to simulta-
neously modulate more than a single vital parasitic protein
can be a way to confront drug resistance. Nowadays, a few
efforts have been devoted in this direction, and some examples
have here been reported. Thereby, we are confident that
medicinal chemists working in the field of NTDs can find
here a useful overview about possible exploitations of the
MTDL strategy in the field of neglected diseases.
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We conclude by suggesting that MTDLs can be regarded as
anew technology in NTDs drug discovery. Although it is clear
that many health issues in developing countries will not be
solved by new technologies alone, these will still be important
for reducing poverty and its consequences. Thus, political
institutions should find the right way of uniting industry,
investors, academic, and governmental organizations to in-
tensify efforts toward the practical exploitation of new tech-
nologies against infectious NTDs.
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