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A Personal Foreword

There is a great need for new affordable, effective therapeutics for neglected trop-
ical diseases (NTDs). The World Health Organization (WHO) defines NTDs as
a diverse group of communicable diseases that prevail in tropical and subtropi-
cal conditions – affecting more than one billion people and costing developing
economies billions of dollars every year. Populations living in poverty without
adequate sanitation and in close contact with infectious vectors and domestic
animals and livestock are those worst affected. The designation of “neglected”
refers to the limited resources available for controlling and treating these diseases,
including the discovery and development of new medicines.

With an eye toward providing a primer to the research community about the
various NTDs and challenges in drug discovery for them, this book provides sum-
maries of therapeutic discovery and development efforts for NTDs with a focus
on the medicinal chemistry aspects of the programs. The authors for each chapter
include experts in medicinal chemistry and biology. Each chapter describes the
unmet medical needs, current therapies, available discovery tools including in
vitro and in vivo assays and current medicinal chemistry approaches to address
unmet medical needs. There are chapters on 10 NTDs as well as 2 emerging viral
diseases, Zika and Ebola. The chapter on Zika virus discusses repurposing knowl-
edge from the NTD dengue. We also included an introductory chapter on drug
discovery strategies for NTDs.

The aim of drug discovery and development is to identify new medicines to
satisfy the unmet medical need of patients. This is easier said than done. Drug
discovery and development is very expensive due to the high failure rate of clin-
ical candidates. It is well documented that most candidate medicines will fail,
and the cost of failure contributes to the high cost of medicines. The poor effi-
ciency of drug discovery is due in part to the inability to a priori predict if a drug
will be efficacious (e.g. will it work or not?). Great advances have been made in
reducing attrition due to pharmacokinetics (the ability of the drug to get to the
site of action) and safety (toxicity), but not efficacy. The challenge to predicting
efficacy is significant due to the complexity of pathophysiology; medicines must
account for genetics, molecular mechanisms that translate to specific action as
well as the dynamic heterogeneous physiological environment. The only way to
confirm efficacy is to evaluate compounds in human proof-of-concept studies.
These studies are costly in part because prior to the proof-of-concept studies, the
compounds must be shown to be safe. Because of the high likelihood of failure
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due to unanticipated toxicity or lack of efficacy, in order to reduce likelihood of
project failure, it is necessary to take many (costly!) “shots on goal.”

Therein lies the challenge for drug discovery and development for neglected
diseases. The funding is insufficient to support many “shots on goal.” It is impor-
tant to recognize that there are no fundamental scientific or technological dif-
ferences between discovery and development for neglected and non-neglected
infectious diseases. What emerges from the chapters in this book is that validated
discovery tools are available for the NTDs to support identification of active com-
pounds. These include in vitro assays using the infectious organisms, as well as
reliable animal models in most cases.

Not surprisingly, all the contributors identified funding as the most signifi-
cant liability of their disease area, consistent with the neglected designation. One
highly cost-effective approach to mitigate this is to repurpose knowledge and
compounds from other diseases. Repurposing was highlighted in all the chapters
as the most logical strategy.

Where funds should be spent is an important question to consider. Should
the funds be spent on more knowledge of the fundamental biology hoping that
translates to new candidate mechanisms and targets? Or better optimization of
candidates to get more viable shots on goal? Or perhaps more repurposing of
medicines previously approved for other indications? An apparent advantage
of NTDs is the availability of phenotypic screening with models of infected
diseases. At first glance, these models should provide good representation of the
biology and identify appropriate new mechanisms of action. The limited success
in follow-up on active compounds identified by phenotypic screens begs the
questions: Why has there not been more success with actives from phenotypic
screens? Do the screening assays not represent the relevant pathological state
of the infected organism? Are the candidates not sufficiently optimized for
drug-like properties due to limited medicinal chemistry resources? How much
of the efforts are spent revaluating flawed compounds and mechanisms in which
the flaws were not reported? The answers to these questions will help ensure
that funding is used more efficiently in the future.

What are the opportunities for medicinal chemistry in drug discovery and
development for NTDs? Drug discovery and development requires acquisition of
disease knowledge, creation or invention of new compounds, and optimization
and development of the invention to product. The acquisition of knowledge is
the domain of the biologist and funded by government organizations, such as the
US National Institutes of Health, while product development involving clinical
studies must be funded by pharmaceutical companies or public private partner-
ships and nonprofit organizations such as Medicines Development for Global
Health and the Drugs for Neglected Diseases Initiative. These organizations have
been responsible for the recent successes with moxidectin for onchoceriasis
and fexinidazole for sleeping sickness. The invention of the new molecule and
optimization to a product is the domain of the medicinal chemist. The chapters
in this book provide some excellent case studies of the optimization toward
clinical candidates. Clearly there is much need and opportunities for medicinal
chemists to invent new medicines for NTDs. The challenge is to identify quality
starting points and funding sources for the medicinal chemistry optimization.
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Preface

The diverse group of neglected tropical diseases (NTDs) prevails in a great many
countries with tropical and subtropical conditions [1]. It is estimated that over
1 billion people are infected with NTDs, with a further 1 billion at risk. These
diseases are the most common afflictions of the world’s poorest people. However,
some of the NTDs, such as tuberculosis, affect populations globally, including
US populations. NTDs have a terrible impact on health, impede child growth
and development, harm pregnant women, and often cause long-term debilitating
illnesses. The fight against NTDs costs developing countries billions of dollars
every year. Despite their significance, relatively little financial support has been
provided to address NTDs, compared to the burden of ill health that they cause.

Twenty NTDs have been identified and classified by the World Health
Organization (WHO). The majority of NTDs has particular characteristics in
common [2]:

(i) they preferentially afflict poor people, who lack access to the safe water,
sanitation, and basic health services required in order to protect themselves
against infection by bacteria, viruses, and other pathogens; (ii) many are chronic;
the damage they cause can be irreversible; (iii) NTDs can elicit severe pain and
life-long disabilities; (iv) people with NTDs are often stigmatized and excluded
from society, which in turn can affect their mental health.

The infectious agents responsible include the following:

Protozoa Chagas disease, human African trypanosomiasis, leishmaniasis
Bacteria Buruli ulcer, leprosy, trachoma, yaws
Helminth Cysticercosis, dracunculiasis, echinococcosis, trematodiasis, lymphatic

filariasis, onchocerciasis, schistosomiasis, and helminthiases
Viruses Dengue, chikungunya, rabies

The biological diversity of NTDs means that the control or elimination strategies
also are very diverse. The availability of new safe and effective drugs for NTDs
could provide public health benefit for overall global health; but because these
diseases are found primarily in developing countries, existing incentives have
been insufficient to encourage development of new drug therapies. While there
are plenty of publications focusing on the large health and economic impact on
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both the developing and developed world, scientific work dealing with medicinal
chemistry aspects of NTDs is less comprehensive. Such work is needed to sup-
port the global development programs for discovery and development of new
drugs for treatment and prevention or the use of old drugs applying repurposing
strategies for tropical disease drug discovery [3]. The importance of supporting
such research programs is indicated by the FDA Guidance for Industry, published
in 2014 [4]. Thus, to fill this gap, two opinion leaders in this field, David Swinney
and Michael Pollastri, accepted our invitation to organize such a volume.

The series editors thank David Swinney and Michael Pollastri for organizing
this volume and for working with such excellent authors. Last, but not least, we
thank Frank Weinreich and Stefanie Volk from Wiley-VCH for their valuable con-
tributions to this project and to the entire book series.
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Drug Discovery Strategies for Neglected Tropical
Diseases: Repurposing Knowledge, Mechanisms and
Therapeutics to Increase Discovery Efficiency
David C. Swinney1 and Michael P. Pollastri2

1DCSwinney Consulting, Belmont, CA 94002, USA
2Northeastern University, Department of Chemistry & Chemical Biology, 360 Huntington Avenue, Boston,
MA 02115, USA

1.1 Introduction

Neglected tropical diseases (NTDs) are a diverse group of communicable diseases
that prevail in tropical and subtropical conditions in 149 countries. These diseases
include infections by bacteria, protozoans, helminths, and viruses. Analyses have
estimated that NTDs affect more than one billion people and cost developing
economies billions of dollars every year [1, 2]. Populations living in poverty, with-
out adequate sanitation, and in close contact with infectious vectors and domestic
animals and livestock are those worst affected. We refer readers to the websites
of the WHO and CDC for more specifics on the individual diseases [3, 4].

Six of the infections caused by NTDs (dracunculiasis, lymphatic filariasis,
onchocerciasis, schistosomiasis, soil-transmitted helminths, and trachoma)
can be controlled or even eliminated through mass administration of safe
and effective medicines (mass drug administration, MDA), or other, effective
interventions. Along with therapeutic interventions, efforts to control the
vectors (e.g. mosquitoes, black flies) that transmit these diseases and to improve
basic water, sanitation, and hygiene are highly effective strategies against these
NTDs [4].

There are still many NTDs that cannot be controlled, due to their mechanism
of transmission, or their presence in zoonotic reservoirs, among other reasons.
Thus, there is a need for new affordable, effective therapeutics in addition to
the plans to control the disease vectors and improve basic water, sanitation, and
hygiene.

1.2 First-line Therapies for NTDs and Mechanisms
of Action

Most medicines currently used to treat NTDs were discovered many decades ago,
despite having limitations (Table 1.1). For example, suramin used for the treat-
ment of human African trypanosomiasis (HAT) was discovered almost 100 years

Neglected Tropical Diseases: Drug Discovery and Development, First Edition.
Edited by David C. Swinney and Michael P. Pollastri.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.



2 1 Drug Discovery Strategies for Neglected Tropical Diseases

Table 1.1 First-line therapies for NTDs and how they were discovered.

First-line Diseases Mechanism Year

Albendazole Ascariasis, hookworm,
echinococcosis, lymphatic
filariasis

Tubulin inhibitor 1987

Ivermectin Lymphatic filariasis,
onchocerciasis

Ion channel 1981

Praziquantel Schistosomiasis, foodborne
trematodiasis, Taencasis/
cysticerosis

Membrane disruption 1982

Benznidazole Trichuriasis, chagas Free radical toxicity 1966
Nifurtimox Chagas, HAT Oxidative stress 1970
Pentamidine HAT Cross-link DNA 1937
Suramin HAT Disrupt energy

metabolism
1920

Melarsoprol HAT Trypanothione and
pyruvate kinase inhibition

1949

Eflornithine HAT Ornithine decarboxylase
inhibitor

1990

Amphotericin B Leishmaniasis Membrane disruption 1953
Miltefosine Leishmaniasis Membrane disruption 2002
Rifampicin Buruli ulcer, leprosy RNA polymerase 1971
Streptomycin Buruli ulcer Protein synthesis

inhibition
1943

Dapsone Leprosy Dihydropteroate synthase
inhibitor

1937

Clofazimine Leprosy DNA chelator 1969
Azithromycin Trachoma, YAWS Protein synthesis

inhibition
1988

Triclabendazole Foodborne trematodiasis,
fascioliasis

Tubulin inhibitor 1989

Niclosamide Taencasis/cysticerosis Disrupt energy
metabolism

1960s

ago and is still used, albeit a number of newer medicines are now available [5, 6].
Strikingly, most NTD medicines were discovered prior to the 1990s, when molec-
ular biology, molecular genetics, and associated technologies became central to
medicine and drug discovery.

The mechanisms of action of these medicines involve disruption of pro-
cesses essential to an organism’s survival. These actions include disruption of
microtubules (albendazole, triclabendazole) [7], ion flux (ivermectin) [8], oxida-
tive stress (benznidazole, nifurtimox) [6, 9], disruption of energy production
(suramin, niclosamide) [10], inhibition of protein synthesis (streptomycin and
azithromycin) [11], inhibition of RNA synthesis (rifampicin) [12], disruption
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of membrane integrity (praziquantel [13, 14], amphotericin B [15], miltefosine
[16, 17], clofazimine [18]), and inhibition of production of essential metabolites
(eflornithine, dapsone) [5, 19].

Most of these functions are not unique to the infectious agents. Selectivity over
human homologs is required to achieve a useful safety profile. Differences in
binding affinity between the microbe and human homologs provide the selec-
tivity for some (albendazole, ivermectin), but not all, of the medicines. Perhaps,
most interesting is that for some of the therapeutics, selectivity is thought to be
achieved by the existence of compensatory mechanisms in humans. Greater free
radical quenching in human cells versus parasite contribute the selectivity for
benznidazole and nifurtimox [15]. Alternative uptake mechanisms for folic acid
in hosts contribute to safety of dapsone [19]. Other exploitable differences include
compound disposition (e.g. high-affinity uptake systems in trypanosomes by pen-
tamidine) [6], and composition of membranes, which is a key selectivity feature
for the function of amphotericin B [15].

1.3 Drug Discovery Efficiency

Drug discovery is an endeavor with very high attrition rates [20]. The high attri-
tion rates are particularly detrimental for drug discovery for NTDs, owing to the
disproportionately low research investment in this activity. As such, processes
need to be employed to reduce the risk of attrition. Two important aspects rele-
vant to medicinal chemistry are the strategies that provide therapeutic candidates
and the critical components to identification and optimization of candidates with
a greater chance of success. Drug discovery strategies are first addressed, fol-
lowed by a discussion of the critical components of the drug discovery process
and opportunities for repurposing.

1.3.1 Drug Discovery Process

The process of drug discovery and development is an iterative learn-and-confirm
cycle addressing an unmet medical need (Figure 1.1) [21]. The process can be
thought of as four stages that require different expertise and tools to define and
test the therapeutic hypothesis.

1. Basic research creates new knowledge and understanding of disease that
leads to tools created for discovery. This phase is most often accomplished in
academia and government agencies. Some of the tools important to discovery
that are created from basic research include models of disease, clinical rele-
vant biomarkers, predictive phenotypic markers for use in screening assays,
as well as potential mechanisms of intervention and drug targets.

2. The aim of the discovery/invention phase is to identify a potential therapeutic
and its corresponding mechanism of action to be tested in patients. The
strategies used for discovery, including assay formats and endpoints, are
informed by the knowledge and tools created in basic research (discussed in
Section 1.3.2). The invention phase has historically been the domain of the
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Starting point (assay/target)
Discovery strategy

Drug approval

Medical need Basic research

Translation biomarker
generate hypothesis

Discovery

R & D is an iterative process

Development

Drug candidates

Drug discovery is
an iterative process

starting with an unmet
medical need and
an idea to address

that need.

Lead identification

Lead optimization
Clinical safety

Proof of concept

Phase 3 efficacy

Pharmacological mechanism

Figure 1.1 Drug discovery and development cycle. The process of drug discovery can be
thought of as an iterative learn-and-confirm cycle with specific milestones. The process of
discovery and development of a new medicine is initiated in response to an unmet medical
need to treat a disease. Physiological, genetic, and chemical knowledge provides an
understanding of the disease. This knowledge will lead to the identification of translation
biomarkers and assays to enable discovery and invention of new medicines. These molecules
will then be optimized for biopharmaceutic properties and safety to provide a drug candidate.
At this point, the process of drug discovery is complete and the molecule should succeed or
fail based on its own merit. Opportunities to improve efficiency in drug discovery will increase
the probability that clinical candidates will make it to registration. The left-hand side of the
circle (from 6 to 12 o’clock) is the development phase of drug discovery, which involves testing
for safety and efficacy in humans leading to registration. Multiple iterations are generally
required before a medicine with sufficient efficacy at a safe dose is discovered, tested in
humans, and registered.

pharmaceutical and biotech industries, although academic institutions are
now frequently inventing new medicines. The invention is typically identified
by evaluation of potential drugs in biological assays that measure a response
related to the clinical outcome. The modalities evaluated can be of organic
chemical, biological, and genetic material prepared synthetically or isolated
from natural substances (e.g. natural products). The modalities for NTDs are
all chemical in nature. Part of the reason for this is that the cost and stabilities
of biological and genetic therapeutics are prohibitive for NTDs.
The active modality and its corresponding mechanism of action provide the
therapeutic hypothesis that will be tested in patients. For NTDs, the thera-
peutic hypothesis will be that the molecule will kill the infectious organism and
reduce morbidity and/or mortality. The mechanism may not be known until
long after the drug is approved, or it may be never known. For example, the
mechanism of action of acetaminophen is still not known. The mechanisms
of action of most drugs for NTDs were determined long after the drugs were
invented.
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3. In order to test the therapeutic hypothesis in the clinic, the active modality
must be tolerable and have suitable drug-like properties including pharma-
cokinetics and pharmaceutical to provide sufficient drug concentrations to
achieve the response. The optimization phase can be facilitated by knowledge
of the mechanism of action, but this knowledge is not mandatory. The opti-
mization phase is considered the “Valley of Death” due to the high attrition
rate. It is resource-intensive and typically conducted in the pharmaceutical
industry, although there are now academic and government centers conduct-
ing this work. The optimization phase produces a clinical candidate that can
then be used to test the therapeutic hypothesis in the clinic.

4. The central feature of the therapeutic hypothesis is predicting a dose–response
relationship between mechanism of action and efficacy (or toxicity) in humans
[22]. Clinical studies are designed to test a specific molecule for its therapeutic
usefulness.

Multiple iterations of learn-and-confirm hypothesis testing are usually
required to identify first-in-class medicines. This long-term investment is not
feasible for NTDs; drug discovery for these diseases must be more successful,
with fewer iterations and fewer failures.

1.3.2 Drug Discovery Strategies

The knowledge available from basic research will inform the drug discovery strat-
egy. Important aspects of the knowledge that impact the drug discovery strategies
are knowledge of mechanisms of action and targets, availability of robust pheno-
typic assays, and structures of active compounds [23, 24].

Medicinal chemistry-dependent drug discovery strategies are commonly
differentiated into empirical strategies now known as phenotypic drug dis-
covery (PDD) and hypothesis-driven strategies now commonly described as
target-based drug discovery (TDD) [25].

Phenotypic assays measure a phenotype in a physiological system. The term
“phenotypic assay” includes all preclinical assay formats that use physiological
systems, e.g. animals, cells, and biochemical pathways [24, 26]. Phenotypic assays
make few assumptions as to the molecular details of how the system works, pro-
vide an empirical method to probe effects in physiological systems, and are mech-
anistic agnostic. Therapeutics are identified by the effect upon a phenotype and,
subsequently, the therapeutics are used to identify the mechanism of action. The
identification of active therapeutics is accomplished through empirical trial and
error, verifiable by observation rather than by theory. The therapeutics are identi-
fied in which disease-relevant phenotypes provide a chain of translation between
the observation and clinical response [27, 28]. The phenotype most relevant to
NTD is reduction in proliferation and death of the organism.

Empirical, phenotypic assays have always played an important role in drug dis-
covery for NTDs [29, 30]. In his Nobel lecture entitled “Selective inhibitors of
dihydrofolate reductase,” George H Hitchings Jr. stated, “Those early, untargeted
studies led to the development of useful drugs for a wide variety of diseases and
has justified our belief that this approach to drug discovery is more fruitful than
narrow targeting” [29].
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In the last decades of the twentieth century, the emphasis of drug discovery
changed to a more reductionist, target-based approach, and phenotypic assays
were primarily used to confirm efficacy and evaluate safety. The drug target is a
gene product that provides a mechanistic hypothesis to focus discovery research
to identify a therapeutic that modulates the protein’s activity [31]. A target can
be validated with many technologies, including genetics [22]. Molecular tech-
nologies such as X-ray structure and computational chemistry are tools that help
medicinal chemists in the rational design and optimization of molecules that bind
to the target [32]. The central features of TDD are (i) identification and valida-
tion of a drug target, (ii) identification of a molecule that binds to that target,
(iii) optimization of the selectivity over anti-targets, and (iv) optimization of the
biopharmaceutic properties such that the drug concentrations in the body are
sufficient to ensure that the drug is bound to the target throughout the dosing
interval. This target-based paradigm has been envisioned to provide a more ratio-
nal approach to drug discovery, analogous to a design and engineering approach
[23, 32].

Most medicines for NTDs were discovered decades ago using empirical strate-
gies (PDD) involving testing the ability of compounds to kill the infectious organ-
isms (Table 1.1), essentially agnostic to the mechanism of action. Some of the key
components of PDD success are the robustness of the assays and the composition
of the screening libraries, both of which are addressed in more detail later [27].

Not all NTDs were discovered via phenotypic screening. Eflornithine was dis-
covered on the basis of the hypothesis that an ornithine decarboxylase (ODC)
inhibitor would be efficacious for HAT. Eflornithine is an irreversible inhibitor
originally developed for cancer and repurposed for HAT. It was not efficacious
for cancer due to the fast resynthesis of the ODC enzyme. Differential activity
in the parasite was achieved due to much slower enzyme resynthesis in the try-
panosome parasite [5].

1.3.3 PDD versus TDD for NTDs

As already noted, historically, PDD has provided most of the medicines for NTDs.
A likely contributor to this success is the feasibility of assays measuring viability of
parasites, worms, and bacteria, termed the chain of translatability [27]. The trans-
latability of the microbe viability as a phenotypic measure of infectious disease
pathology is very strong. This contrasts with the more uncertain translatability
that modulation of a new target will provide selective cytotoxicity.

In general, the choice between a phenotypic (PDD) versus target-based
strategy (TDD) for medicinal chemistry-dependent, first-in-class drug discovery
is strongly influenced by the robustness, feasibility, and translatability that a
phenotype will predict clinical efficacy (its chain of translatability) versus the
predictability that a drug target and corresponding molecular mechanism will
provide efficacy and selectivity. Molecular mechanisms of small molecules inter-
acting with a target to provide sufficient efficacy and safety are more complex
than simple binding. They involve conformational changes, kinetics, and are
dependent on physiological context. This was the conclusion of an analysis
of first-in-class medicines across all disease areas showing that the majority
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of medicinal chemistry-driven medicines were discovered with phenotypic
screening [25]. The molecular mechanisms are very difficult to predict and
incorporate into reductionist assay formats [33, 34]. It was also noted that TDD
was more successful for followers, presumably because the mechanism of action
had already been validated [25].

An aspect of discovery strategies for NTDs that is rarely appreciated is that the
selectivity of drugs was identified in many cases as a consequence of the empiri-
cal nature of the strategy. Differences in binding affinity between the microbe and
human target determined the selectivity for some but not all of the medicines.
As noted earlier, the selectivity is thought to be achieved by other mechanisms
including compensatory mechanisms in humans (e.g. greater free radical quench-
ing [6], alternative uptake mechanism for folic acid [19]), compound disposition
(high-affinity uptake systems in parasites) [6], and composition of membranes
(amphotericin B) [15].

1.4 Critical Components for Successful Drug Discovery

1.4.1 Finding a Starting Point

Identification of suitable chemical matter for optimization is paramount. In trop-
ical medicine drug discovery, both phenotypic and target-based screens have
been applied to a number of small-molecule chemical libraries, including FDA
drug libraries [35] and natural products [36], as well as collections arising from
industry [37] or product development partnerships such as the MMV, which has
released the Malaria Box [38] and Pathogen Box [39], each of which contains 400
Lipinski-compliant chemistries with validated antiparasitic activities. In addition,
repurposing of established drugs or preclinical chemotypes that inhibit homolo-
gous function in other eukaryotic systems can be a fruitful approach.

1.4.2 Assays Robustness and Hit Selection Criteria

As with drug discovery programs for any other indication, it is essential that
screening assays are sufficiently robust and reproducible, and of reasonable
throughput, to drive chemical optimization. Assays must have sufficient sensi-
tivity to reproducibly identify modifications that affect a compound’s activity,
and it would be highly desirable to utilize orthogonal assays that measure the
same biological endpoint as the primary assay but utilize a different readout.
This can help avoid false-positive results that arise due to assay artefacts.

When selecting and defining a compound hit, different disease indications
will have different requirements, overall. However, all programs share the same
essential criteria: (i) sufficient potency against the target or pathogen, with some
indication of a potential selectivity window. (ii) A hit compound is preferably a
member of a series of structurally similar compounds that display differences
in activity across 2–3 orders of magnitude. (iii) An assessment of compound
ADME properties; while such properties are typically measured, computed
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properties can also provide useful insights. (iv) A hit series would contain at
least several compounds that meet at least some of the desired criteria measured
or computed earlier. This will provide high confidence that the chemical series
will be a tractable substrate for medicinal chemistry optimization.

It is essential that all hit compounds are assessed against other metrics of
tractability. For example, the employment of a Pan-Assay Interfering compound
(PAINs) assessment can identify potentially promiscuous chemotypes that, while
appearing to be strong optimization starting points, are artefactual findings.
Similarly, any active compounds identified in a screening campaign should be
carefully assessed for features that are generally undesirable in a hit compound.
These would include highly electrophilic moieties (alkyl halides, aldehydes),
hydrolysable features (such as esters or acetals), or any other sort of chemically
unstable moiety. Lastly, substructure searches using freely available databases
such as PubChem or ChEMBL can often uncover potentially promiscuous or
toxic moieties to help inform compound series selection.

It is highly desirable to pursue a chemotype that is readily pursued by organic
synthesis (often described as “parallel-enabled”). In particular, the ability to eas-
ily and rapidly prepare analogs simultaneously is a major benefit to the speed
of an optimization program, and it also allows exploration of a diverse chemical
space. While many drugs do indeed trace their roots back to natural products
[25], challenges in chemical synthesis of natural product analogs can frequently
frustrate analog synthesis while searching for new compounds with appropriate
properties.

1.4.3 Optimization Processes

Any successful chemical drug discovery program has, at its center, a
well-informed medicinal chemistry effort. Noting that target product pro-
files for new drugs for many NTDs have been described [40–42], optimization
programs must design and employ a series of assays that ensure direction
toward the desired endpoint. Rather than an exclusive focus on antiparasitic
potency and selectivity, it is critical to include considerations of absorption,
distribution, metabolism, and excretion (ADME) properties, pharmacokinetics
and pharmacodynamics, and selectivity against important anti-targets, such
as hERG.

A project team should design an assay cascade that is fit-to-purpose, both in
terms of measuring desired endpoints, as well as in maximizing efficient use of
resource (which is frequently limited in NTD drug discovery). An example assay
cascade is shown in Figure 1.2, which would lead to a compound that is <100 nM
in potency, >100× selective over host cells, with adequate solubility and ADME
properties and animal pharmacokinetic exposure, that can be tested in an in vivo
efficacy experiment. Note that transition to each step of the cascade has defined
property cutoffs, in terms of potency and properties. Depending on the goals on a
given project, this diagram could be modified to include aspects such as screens
in a panel of anti-targets (ion channels, G protein-coupled receptors (GPCRs),
kinases, etc.), hERG, or other endpoints that are central to optimization.
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(a)    EC50 ≤ 100 nM; TC50/EC50 ≥ 100

ADME

(a) (b) (c)

Host cell
EC50

Parasite
EC50

Primary assays
Synthesis

Design
Tox, PK Efficacy

(c)    Plasma exposure 10x EC50, t1/2 ≥ 3 h

(b)    Aq. sol ≥ 100 μM, low microsomal clearance

Figure 1.2 Example project optimization cascade.

1.5 Repurposing Knowledge Mechanisms
and Therapeutics

The process of de novo drug discovery can be too resource expensive for NTDs.
Opportunities to address this deficiency come from repurposing molecules and
mechanisms. Repurposing is not a new concept for NTDs. Many of the cur-
rently used medicines were repurposed. For example, the benzimidazoles were
originally developed as plant fungicides and later as veterinary anthelmintics
[43]. The first benzimidazole to be developed and licensed for human use was
thiabendazole in 1962. Although thiabendazole was very effective, it was also
moderately toxic, which led to enormous efforts by animal health companies
to find better and safer compounds. This led to the benzimidazole carbamates,
such as mebendazole, flubendazole, oxfendazole, albendazole, and oxibendazole.
Subsequently, several veterinary anthelmintics were developed and marketed,
including parbendazole, fenbendazole, oxfendazole, and cambendazole. The first
benzimidazole carbamate to make it into humans was mebendazole, followed by
flubendazole (both Janssen products).

More recent examples of repurposing mechanisms include eflornithine. As
noted earlier, eflornithine was discovered on the basis of the hypothesis that an
ODC inhibitor would be efficacious for HAT [5]. Eflornithine is an irreversible
inhibitor originally developed for cancer and repurposed for HAT and is one of
the few therapeutics discovered with TDD.

There is growing optimism in the NTD community that more drugs will
become available through repurposing. In 2018, moxidectin was approved
by the U.S. FDA for onchocerciasis. Moxidectin, a macrocyclic lactone, was
repurposed from animals and clinical studies showed superiority to ivermectin
[44]. Fexinidazole, originally developed in the 1980s, was rediscovered in 2005
by DNDi researchers looking for possible antiparasitic compounds. In late 2018,
an EMA scientific committee announced its “positive opinion” for fexinidazole,
opening the way for individual countries to approve its use in HAT, with the first
patients to receive the drug by mid-2019.

Repurposing, known as exaptation, has been an effective source of discovery
and invention across many industries. The most obvious and exploited approach
for NTDs is to identify molecules that have been developed for another disease



10 1 Drug Discovery Strategies for Neglected Tropical Diseases

or industry (agriculture, animal health) and then test those against the specific
NTDs. This practice is ongoing and the major source of leads for the NTDs, as
noted in the chapters on specific NTDs in this book. This is often pursued using
a phenotypic approach. A significant bottleneck for this approach is acquiring
the funding and infrastructure to test the new hypothesis in the clinic. Organiza-
tions such as DNDi, BMGF, and Welcome Trust provide mechanisms to evalu-
ate promising compounds. However, as noted earlier, the limited resources only
allow for the most promising candidates to be evaluated. Sources of candidates
for repurposing include selective cytotoxic agents from other infectious diseases
including malaria, TB, antibiotics, and HIV. The anticancer pharmacopeia can
also provide a source of compounds. Indeed, many compound libraries have been
already been evaluated against NTDs, and it is important to follow the criteria
described in Section 1.4 to ensure that the actives have sufficient properties to
warrant further investment.

In many cases, these evaluations are mechanistically agnostic. A collection
of compounds is screened for viability against the pathogenic microbe. The
increasing availability of genomic and mechanistic knowledge and bioinformatic
and computational biology tools provide opportunities to focus the screening
around specific mechanisms and target classes. For example, two species may
have homologous essential enzymes such as a MAP kinase or a protease. There-
fore, a compound library identified in one species can be used to identify leads
in another to provide a starting point for medicinal chemistry optimization.

1.6 Summary

In summary, the expansion of NTD drug discovery, and the progress made to
date are encouraging. New programs in this area are bolstered by sophisticated
assay technologies, deep understanding of the infectious agent’s biology, mod-
ern, metric-driven medicinal chemistry campaigns, and excellent disease models
in animals. However, because of the resource cost of drug discovery and lack of
available resources for NTDs, repurposing compounds and mechanisms provides
the best opportunities for new medicines.
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2.1 Zika Virus: History and Epidemiology

First identified in 1947 in Entebbe, Uganda, the eponymous Zika virus (ZIKV)
emerged from the Zika forest decades before the World Health Organization
deemed it a global health emergency. The virus was initially isolated from an ail-
ing sentinel rhesus monkey, number 766, placed in the forest by scientists from
the Yellow Fever Virus Research Institute. The monkey was one of many intended
to function as a host for the local mosquitos known to be vectors for the hem-
orrhagic fevers the researchers were studying [1]. Serum from the febrile animal
was used to inoculate mice and within two weeks the mice were neurotrophically
sick. Analysis of the brains of infected mice resulted in isolation of the transmis-
sible agent, referred to as the ZIKV 766 strain and classified as a member of the
genus Flavivirus, family Flaviviridae [2]. The Flaviviridae family also includes the
viruses known to cause dengue fever, hepatitis C, Japanese encephalitis, West Nile
encephalitis, and yellow fever. Within a year of the discovery of the virus in the
sentinel monkey, ZIKV was isolated from trapped Aedes africanus mosquitoes
from the same forest, hinting at its potential link as an arbovirus and the mosquito
as the vector [1]. Postulating human infection, even though none was identified
in the local population, analysis of the serum of residents of this Ugandan area
revealed ∼6% seroprevalence of antibodies against ZIKV [3]. ZIKV was present,
but the manifestations of the infection were not yet apparent. It was not until 1952
in Uganda and 1953 in Nigeria that three of the first human illnesses attributed to
ZIKV were confirmed. These patients presented with only a mild malaise, fever,
and headache, which was a noteworthy finding for an illness that would later be
confirmed to be in 40% of the Nigerian population [4, 5]. For the next 50+ years
ZIKV, thought to be endemic only to Africa, remained relatively obscure while it
silently spread around the globe.

Periodic cases of ZIKV infection were reported from confirmed serological
samples just over a dozen times after the infections in 1953 [5]. Speculation
about those cases is that dengue fever and infection by an alphavirus called
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Chikungunya may have been misdiagnosed as ZIKV infection since their clinical
landscapes are so similar. Since clinicians at the time may have been unaware
of ZIKV, and laboratory tests to identify it were not yet available [6], ZIKV
was easily overlooked in the clinical setting and unhindered by surveillance
and vector management regimes. Until the mid-1980s, cases of serologically
confirmed ZIKV infection were limited to the African nations where it was
initially identified, as well as Tanzania, Egypt, Central African Republic, Gabon,
Sierra Leone, Senegal, and Cote d’Ivoire [7–12]. Asian nations were also affected
with ZIKV as it was confirmed in Malaysia, Thailand, Vietnam, Philippines,
Indonesia, Pakistan, and India [13–18].

Most of the viral samples were isolated from mosquitos, mainly from the
Aedes genus. ZIKV was isolated from Aedes aegypti, Aedes albopictus, Aedes
lutecephalus, Aedes furcifer, Aedes apicoargenteus, Aedes hensilli, and Aedes tay-
lori [19–23]. These isolations confirmed the sylvatic transmission cycle between
nonhuman primates and mosquitoes [24]. Humans then entered the trans-
mission cycle, becoming an alternate host and thus allowing an uninterrupted
human-mosquito-human progression.

This logic of transmission held true as the first major ZIKV outbreak occurred
in 2007 on Yap Island in the Federated States of Micronesia, where monkeys are
absent. The illness infected almost 75% of the island’s inhabitants, causing rash,
conjunctivitis, and joint pain, but, strikingly, no hospitalizations or deaths were
reported [25]. Duffy et al. hypothesized that the Aedes hensilli mosquito was the
likely transmission vector. At this point, the bigger picture began to emerge as it
was recognized that widespread air travel and plentiful mosquito vectors could
spread ZIKV throughout Oceania and potentially worldwide. This is exactly what
occurred approximately 12 months later and 10 000 miles away when a US scien-
tist studying mosquitoes in Senegal returned home to Colorado and fell ill within
a week. Over the next month, the man experienced rash, fatigue, prostatic symp-
toms, and headaches. After one month, his wife presented with similar signs of
rash, chills, headache, and joint pain, providing the first documented case of sex-
ual transmission, or non-vector-borne transmission, of a virus known previously
to be transmitted only by mosquitoes [26].

The rapid spread of ZIKV and the advancement of the understanding of its
individuality opened the door for its phylogenetic analysis. It was soon discov-
ered that more than one strain of ZIKV existed and isolation of these strains
revealed distinct ZIKV lineages as well [25]. Isolated from the rhesus macaque
in Uganda, strain MR-766 is the ancestor of the IbH 30656 strain from Nigeria in
1964 and the ArD 41519 strain from Senegal in 1984. These represent the African
lineages. Divergence occurred to the Asian lineage with P6-740 from Malaysia in
1966, EC Yap from Micronesia in 2007, and, most recently, FS13025, a strain from
Cambodia, in 2010 [6].

In hindsight, the Yap Islands outbreak signaled the onset of a global pandemic
of a newly emerging virus as it spread to French Polynesia and then to the Ameri-
cas. French Polynesia comprises 118 individual islands over 1600 mi2 in the South
Pacific Ocean. These 118 islands are divided into five subgroups of islands, only
67 of which are inhabited. The islands form part of a larger complex of coun-
tries including Micronesia and Melanesia, collectively referred to as Oceania.
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An outbreak of ZIKV began in late 2013 in French Polynesia as clinicians saw
an uptick in patients reporting dengue-like syndrome and rashes. Five months
after the initial reports, over 30 000 cases of ZIKV had occurred, affecting 11.5%
of the population [27]. The French Polynesian experience was mirrored by con-
current outbreaks in New Caledonia (1400 cases), Cook Islands (932 cases), and
finally Easter Island (173 cases) [28]. Analysis of the ZIKV strains circulating dur-
ing these outbreaks showed that the strain in French Polynesia was more closely
associated with the FS13025 strain from Cambodia than the EC Yap strain [29]
linking it to the Asian ZIKV lineage.

The outbreak in Oceania was important because it served to further elucidate
the damaging characteristics of ZIKV. For example, a study conducted in French
Polynesia during the ZIKV outbreak indicated that almost 3% of blood donors
tested positive for the virus, raising the risk of transmission through blood trans-
fusion [30]. In parallel, ZIKV was isolated from the semen of a man in French
Polynesia seeking treatment for bloody seminal fluid, providing further evidence
that ZIKV could be sexually transmitted [31]. Furthermore, in addition to the
array of usual dengue-like symptoms, increases in neurological and autoimmune
difficulties were reported [27]. French Polynesia health officials logged 74 cases
among the reported ZIKV patients with complications due to neurological
infection, 42 cases of Guillain–Barré syndrome (GBS), and just over two dozen
more cases of encephalitis, meningoencephalitis, paresthesia, or facial paralysis
[32, 33]. Lastly, an increased number of fetuses and infants in French Polynesia
from 2014 to 2015 were reported with central nervous system, brainstem, and
cerebral malformations, which included microcephaly [34, 35].

The presence of ZIKV on Easter Island marked its definitive migration to the
Americas. However, awareness of the epidemic by the general public spiked only
after it exploded in Brazil. Reports of an exanthematous illness consisting of
joint pain, conjunctivitis, rash, and fever began surfacing in Natal, the state of
Rio Grande do Norte, Brazil, in March 2015. Suspecting dengue or chikungunya,
researchers did not initially screen for ZIKV. As the illness spread to other
northeastern states in Brazil, serum samples from ailing patients were analyzed,
and in May 2015, Brazil’s National Reference Laboratory confirmed the presence
of ZIKV [36, 37]. The Pan American Health Organization (PAHO) issued an
immediate epidemiological alert regarding the risk of ZIKV spreading through-
out the Americas. PAHO emphasized that due to the extensive distribution of
the Aedes mosquito, coupled with continual travel by people throughout the
region, surveillance, detection, and vector control would be critical for impeding
the epidemic [38]. As of December 2015, Brazil’s Ministry of Health estimated
440 000–1 300 000 cases of suspected ZIKV infection [38]. Simultaneous to
the Brazilian outbreak, ZIKV was hopscotching through the Americas with its
presence confirmed in Colombia, El Salvador, Guatemala, Mexico, Paraguay,
and Venezuela [38]. Viral sequencing showed >90% nucleotide identity with the
French Polynesian strain [39].

Also around the close of 2015, Brazil’s Ministry of Health reported an unusual
rise in cases of microcephaly in the northeastern states of Pernambuco, Paraiba,
and Rio Grande do Norte. In Pernambuco, microcephaly had previously been
reported at an annual rate of ∼10 cases, but the number of recent cases had
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reached 141, which led PAHO to issue another epidemiological alert regarding
microcephaly risks associated with ZIKV [40]. In January 2016, Brazilian author-
ities reported that the incidence of ZIKV, as monitored over the past five years,
had risen from 163 to 3530 cases per year, or from 5.6 to 121.7 cases per 100 000
live births. Gravely, this also included 46 deaths [41].

The World Health Organization declared ZIKV to be a worldwide public
health crisis in February 2016 [42]. Unobstructed global travel and conduits
for commerce potentiated the swift proliferation of vector mosquitoes and
infected humans. After its explosion in Brazil, the ZIKV migration continued
and eventually reached the United States. As of 22 March 2017, the Centers
for Disease Control and Prevention had substantiated 5158 cases of ZIKV in
the United States, and a total of 38 212 in US Territories. Of the cases within
the United States, 4861 patients acquired the virus while traveling to other
affected countries, 222 patients (216 in Florida and 6 in Texas) acquired the
virus from mosquito transmission while in the United States, and the remaining
75 cases were attributed to sexual transmission, congenital infection, laboratory
transmission, or an unknown path. The worldwide spread of ZIKV infection
was nearly complete, and thus intensified the efforts for global surveillance,
prevention, and vector mediation to occur.

2.2 Detection, Clinical Presentation, and Medical Need

Both the clinical presentation of ZIKV infection and its associated medical need
have changed dramatically over the past decade as the understanding about the
effects of ZIKV has increased. This has been aided by the fact that ZKV was
initially most likely misdiagnosed for dengue virus, or another Flaviviridae cir-
culating in the areas of its transmission. The current procedures for an accu-
rate diagnosis of ZIKV require a polymerase chain reaction (PCR) test. Rapid
antibody-based diagnostic tests are not considered sufficiently specific because
ZIKV antibodies cross-react with those of other circulating flavivirus antibodies
[43]. Until the 2007 French Polynesian outbreak, ZIKV caused few, if any, hospi-
talizations. However, during and subsequent to that outbreak, neurological prob-
lems associated with ZIKV infection were reported with increasing frequency as
it spread.

Symptoms of ZIKV infection in the human population consist of rash (exan-
thema), occasional fever, headache, joint pain (arthralgia), conjunctivitis, and
muscle pain (myalgia) [44]. The symptoms are generally reported as mild by
those affected and persist for a few days to a few weeks. It has been proposed
that exposure of the African and Asian populations to ZIKV led to immunity
in young children in these regions. Conversely, in the Americas where the
populations are immunologically unprotected, ZIKV has evolved to become
more genomically stable, allowing successful transmission via sexual contact,
and firmly establishing the human as its host [45]. The human hosts in greatest
danger from ZIKV infection are the pregnant woman and her fetus. Once a
pregnant woman is infected with ZIKV, the virus can be transmitted to the fetus.
In light of intrauterine transmission and the frequency of reported neurological
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effects, a disease previously considered mild has transformed to a public health
crisis. An infected fetus may suffer a multitude of abnormalities comprising
microcephaly, lack of brain-fold advancement (lissencephaly), thickening or
convolution of the scalp, rigidity of muscles (hypertonia), overactive nervous
system or autonomic dysreflexia, disproportionate facial development, basal
ganglia calcifications affecting movement, as well as cardiac, digestive, genital,
and urinary insufficiencies [46–48].

Pregnant women and their fetuses are not the only group at risk. A 20-fold
increase in cases of GBS occurred during the 2007 ZIKV outbreak in French Poly-
nesia [32]. The general age range of those affected was 35–57 years, with both
sexes being equally at risk. The clinical features of this syndrome are limb weak-
ness, facial palsy, unsteady gait, and difficulty swallowing and breathing. In severe
cases, patients are admitted to the intensive care unit and require mechanical
ventilation; some cases result in death [49]. Subsequent reviews of the GBS cases
reported during that outbreak have revealed a causative association between the
ZIKV outbreak and GBS [50].

A confounding factor to ZIKV management is the presence of dengue virus
in the areas where ZIKV is spreading. It has recently been confirmed that hosts
who harbor immunity to dengue virus may see an increase in not only infec-
tion rates of ZIKV but in severity of symptoms as well [51]. The repercussions
of ZIKV infection, coupled with the absence of approved therapies or vaccines,
indicate a substantial unmet medical need. The severity and permanence of the
developmental abnormalities associated with in utero ZIKV infection will likely
strain the medical and public health communities for an unknown number of
years. A first line of defense in the efforts to curb the impacts of ZIKV is to pro-
vide prevention education to the public. Second lines of defense include vector
control and limiting person-to-person transmission via harm reduction educa-
tion. On the pharmaceutical front, drugs that are safe for use in pregnant women
will be mandatory. In addition, work will be needed to explore how ZIKV infects
different neuronal cell populations and glands, and develop novel therapeutic
and prophylactic drugs to combat it. This will be in conjunction with vaccine
development.

2.3 ZIKV Replication Cycle

The replication of the ZIKV follows the same succession as that of the other fla-
viviruses. The viral particle is a relatively small structure, ∼50 nm in diameter,
and can be categorized as a positive-sense single-stranded RNA (ssRNA) virus
[1]. Each particle is made up of a viral genome tucked inside a capsid (C) protein
surrounded by a lipid membrane punctuated with envelope (E) protein dimers in
association with membrane (prM) proteins (Figure 2.1).

The virus attaches to a target cell in the host via an interaction between its
envelope proteins and specific host cell receptors (Figure 2.2). Attachment
facilitates engulfment of the virus into the cell. Host receptors responsible for
attachment and engulfment are members of the phosphatidylserine receptors,
such as TIM (T-cell immunoglobulin and mucin domain) and TAM (TYRO3,
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Figure 2.1 Structure of a Zika virus particle. The Zika virion is an enveloped icosahedral
particle with an RNA genome at its core surrounded by a capsid protein inside of a dimerized
envelope protein associated with membrane protein.
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Figure 2.2 Zika virus replication cycle. The virus attaches to the envelope protein and enters
the cell by endocytosis. Viral and host membrane fusion release viral RNA and allow ssRNA
translation and formation of structural and nonstructural proteins. RNA replication and
assembly occurs in the endoplasmic reticulum (ER); and after virion maturation at the Golgi
apparatus, the mature virus particle is released from the host cell via exocytosis.
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Figure 2.3 Zika virus genome organization. Structural and nonstructural (NS) protein
organization of the Zika polyprotein. NS1 provides immunomodulation and guidance of RNA
replication in congress with NS2A; NS2B is a cofactor to NS3 protease activity. NS3A/B encodes
protease and helicase enzymes responsible for viral cleavage, replication, and membrane
processing. NS4A/B directs membrane reordering associated with viral replication and
inhibition of antivirals. Peptide 2K is a signal peptide for NS4B. NS5 provides methyl transferase
for capping and RNA-dependent RNA polymerase (RdRp) functions [55–57] NCR, noncoding
region; C, capsid; prM, precursor membrane.

AXL, and MER) as well as DC-SIGN (dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-integrin) [52]. Following this, the virus
membrane fuses with the membrane of a host endosome and the viral genome
is released into the host’s cytoplasm. Once inside the host cytoplasm, the ssRNA
genome comprising 10 794 nucleotides is translated by the host’s machinery
into a polyprotein and is further processed into the three structural proteins, C,
E, and prM, as well as seven nonstructural (NS) proteins: NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5. In addition, this polyprotein is bordered by two
noncoding regions termed the 5′ and 3′ noncoding regions [53, 54] (Figure 2.3).
The polyprotein cleavage allows the NS proteins responsible for replication
and the viral processing license to these functions. Replication of the new viral
particles occurs at the endoplasmic reticulum (ER) where double-stranded
DNA results, which is then transcribed to the ssRNA genome of the virus. The
immature virion is assembled at the ER before traveling to the Golgi apparatus
for complete maturation and release from the cell via exocytosis. A distinctive
characteristic of ZIKV is that during viral replication, the virus causes a radical
disconcertion of the host’s cytoskeleton, which creates a fortress-like confine
to surround and protect it during these processes [58]. Another exceptional
attribute of ZIKV is its rapid and explosive spread from Asia to the Americas,
associated with more severe disease symptoms. It has been proposed that a
single amino acid change in the NS1 protein is responsible for the enhanced
ZIKV infectivity, and that the single change could be correlated with the more
pathogenic form of the recent ZIKV outbreaks [59].

2.4 Lessons Learned from Dengue Antiviral Research

Over the past 20 years, many molecular targets and their inhibitors have been
reported for the dengue virus. These molecules fall into two categories distin-
guished by whether they target host or viral proteins. Only five small-molecule
drug candidates have progressed to human clinical trials and none have demon-
strated virologic or symptomatic efficacy in patients. The following section
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summarizes past efforts on dengue antiviral research. More complete reviews
on dengue virus inhibitors are also available [60, 61].

2.4.1 Host Targeting Agents

Dengue, like all viruses, relies heavily on host machineries to complete its
replication cycle. It is therefore expected that small molecules targeting host
proteins could indirectly inhibit the dengue virus life cycle. The main advantage
of host protein-targeting agents is the broad antiviral spectrum they generally
confer, often encompassing multiple virus families. Another strength of host
protein-targeting agents, at least in principle, is that they are less prone to
mutation-induced drug resistance. One of the main classes of dengue host
protein targets is dihydroorotate dehydrogenase (DHODH), a mitochondrial
enzyme involved in de novo pyrimidine biosynthesis. DHODH inhibitors such
as brequinar have been reported to interfere with in vitro replication of dengue
and other viruses [62–64]. The antiviral effect of DHODH inhibitors is reversed
in cell culture by supplementing the culture medium with exogenous uridine,
which might explain why DHODH inhibitors do not inhibit dengue virus
replication in vivo, since intracellular uridine pools can be replenished through
diet [64]. Another prominent class of host protein targets is α-glucosidase I, an
enzyme involved in maturation of viral envelope glycoproteins. Celgosivir is the
butyl prodrug of catanospermine, a natural product that inhibits α-glucosidase I.
Celgosivir inhibits dengue virus replication in vitro and is efficacious in a lethal
mouse model [65, 66]. Although celgosivir was well tolerated when given as a
400-mg loading dose and 200 mg twice daily for five days in patients with dengue,
the drug did not reduce viral load or fever [67, 68]. Other host protein-targeting
agents that have been evaluated without success in dengue-infected patients
include the antimalaria drug chloroquine [69], the corticosteroid drug pred-
nisolone [70], and the cholesterol synthesis inhibitor lovastatin [71]. One of the
main lessons from these failed attempts to develop anti-dengue drugs is the
difficulty of timely patient enrollment into trials evaluating interventions in such
an acute viral infection.

2.4.2 Direct Antiviral Agents

By analogy to antiviral research previously conducted on human immunode-
ficiency virus and HCV, one could consider the protease and the polymerase
as the two main viral molecular targets. The two classes of polymerase
inhibitors are nucleoside analogs and non-nucleoside analogs. Most dengue
virus protease inhibitors use peptidomimetics, but their major shortcomings
prevent advanced nonclinical development: low permeability and stability
and lack of selectivity through inhibition of host proteases. Other classes of
direct-acting agents include capsid inhibitors and NS4B binders (for a more
complete review, see [61]). The only direct antiviral agent to have reached
clinical trial evaluation in dengue-virus-infected patients is balapiravir, the ester
prodrug of R1479 (4′azido-cytidine). Balapiravir, which was originally developed
against HCV infection, was only tolerated for a short treatment duration [72].
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In dengue-virus-infected patients, the cytidine analog was found to be safe but
ineffective when tested for five days at doses up to 3000 mg [73]. The following
sections review the dengue virus inhibitors already tested against ZIKV.

2.5 In Vitro Tools for Anti-ZIKV Drug Discovery

2.5.1 Cell-Based Assays

Cell-based ZIKV assays provide important tools in the discovery effort of ZIKV
antivirals. Primarily, the assays are used to simultaneously screen compounds
for antiviral activity and cytotoxicity. In addition, cell-based assays provide
insights into the mechanism of action of anti-ZIKV drugs. Based on experiences
with closely related dengue virus, ZIKV antiviral assays were established and
published soon after the 2015–2016 ZIKV epidemic in the Americas. The
foundation of these assays was the early characterization of ZIKV [1, 74]. Assay
development was facilitated by the broad cellular tropism of ZIKV and the
fact that ZIKV can be propagated to high titers in multiple cell lines [75, 76],
including human cell lines from tissues such as A549 (human lung carcinoma
cells), Huh7 (human hepatoma) cells, U87 (human glioblastoma cells), and
EA.hy.926 (human vascular endothelial cells) [75, 76]. ZIKV can also be prop-
agated in rhesus and African green monkey kidney cells (LLC-MK2 or Vero)
[74, 77]. The choice of the cell line is important for antiviral drugs that depend on
cell-line-specific metabolic activation, such as phosphorylation of nucleosides
to the pharmacologically active metabolite (such as nuclesoside triphosphates).
For example, the marketed anti-HCV drug sofosbuvir demonstrated anti-ZIKV
activity with micromolar EC50 concentrations in baby hamster kidney cells,
human neuroblastoma cells (SH-Sy5y), and Huh7 cells but not in African green
monkey kidney (Vero) cells, where it was inactive [78].

Most of the ZIKV antiviral assays rely on cytopathic effect, immunostaining, or
quantification of the viral genome (RT-PCR) as readouts [76, 77]. For example, a
combination of immunostaining and viral yield reduction assays using Vero cells
was used to test the anti-ZIKV activity of several nucleoside inhibitors [77, 79].
The majority of antiviral assays described use a limited set of ZIKV strains, often
relying on the older African lineages such as the widely used MR-766 strain iso-
lated in 1946 in Uganda [1, 74, 77, 79]. This can be problematic if the compound
of interest targets a highly variable part of the virus, in which case validation with
contemporary strains is critical.

An alternative to antiviral assays using infectious ZIKV are virus replicon and
full reverse genetic systems [80–82]. In addition to increased biosafety, these sys-
tems allow easy site-directed modifications of the viral genome and offer the
possibility of following viral replication through reporter proteins [80, 81].

In addition to antiviral assays in established cell lines, human stem-cell-derived
neural cells and brain organoids have been used to confirm the anti-ZIKV activity
of drugs [78, 83]. These experiments can provide insights into the antiviral activ-
ity of compounds of interest in relevant primary cells and tissue-like organoids
before proceeding to animal efficacy studies.
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2.5.2 Biochemical Assays and Tools for Structure-Based Drug Design

Since the start of the ZIKV pandemic in 2015, significant advances have been
made in understanding the structures of the ZIKV and its structural and non-
structural proteins. Some of these include high-resolution data of ZIKV proteins
complexed with inhibitors. The multitude of structures can be used as a valuable
tool for the discovery of new molecules and for the optimization and repurposing
of existing drug candidates.

2.5.2.1 The NS5 MTase and Polymerase
The NS5 protein is about 900 amino acids (aa) long and is divided into two
independent enzymatic domains. NS5 contains the N-terminal MTase domain
of about 30 kDa (aa 1–265), followed by a short linker connecting the C-terminal
RNA-dependent RNA polymerase (RdRp) domain of about 70 kDa (aa 278–903)
(Figure 2.4). The crystal structure of the ZIKV NS5-MTase has recently been
solved, revealing features closely associated with other flaviviruses such as
dengue and Japanese encephalitis virus [84–86]. The structure of the RdRp
domain adopts a classic right-hand structure with clearly identifiable palm,
fingers, and thumb subdomains as well as a priming loop that protrudes from
the thumb subdomain [86]. The RdRp domain binds two zinc ions in the thumb
domain (residues H714, C730, and C849) and in the finger domain (residues
G439, H443, C448, and C451) [84]. The MTase domain is in close contact with
the RdRp domain through a hydrophobic set of residues (Pro113, Leu115, and
Trp121 from the MTase; Tyr350, Phe466, and Pro854 from the RdRp). This close
contact suggests a linkage between the two enzymatic activities. The full-length
NS5 protein can be expressed and purified from Escherichia coli using standard
affinity tags at either end of the protein, using methods previously described
for dengue NS5 [87, 88]. Like other DNA and RNA polymerases, the RdRp
activity of ZIKV NS5 is metal dependent, with a preference for manganese over
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Figure 2.4 Structures of Zika virus proteins. (a) The structure of ZIKV NS5 methyltransferase
(MTase)-polymerase in a ribbon format shows the MTase (orange) with the right-handed
structure of the RdRp domain identifying fingers, palm, and thumb (PDB 5U0B). (b) The
structure of the unlinked ZIKV NS2B:NS3 protease showing the NS2B in gold and NS3 in green
(PDB 5GPI). (c) The structure of the ZIKV NS3 helicase showing the domain organization:
domain I (green; residues 182–327), domain II (orange; residues 328–480), and domain III
(blue; residues 480–617) (PDB 5JMT).
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magnesium [87]. Recombinant ZIKV NS5 protein can synthesize fluorescent and
radiolabeled RNA using either short or long heteropolymeric RNA templates,
as well as long homopolymeric poly(rC) templates annealed to the rG13 primer
[88, 89]. This activity relies on the catalytic GDD motif within the RdRp domain,
which was verified by site-directed mutagenesis [88, 89]. Although the truncated
C-terminal polymerase domain of NS5 is also capable of synthesizing RNA, its
activity is reduced compared to full-length NS5 [89]. However, recombinant
full-length NS5 and the isolated N-terminal domain (aa 1–264) carry identical
levels of 2′-O-MTase enzymatic activity using a short GpppAC4 oligonucleotide
substrate, suggesting that the RdRp domain plays no role in this function [90].
Similar to the West Nile virus and dengue virus proteins, ZIKV NS5 also carries
an N7-MTase activity only when the RNA substrate contains the conserved
flavivirus SLA hairpin structure [90].

2.5.2.2 The NS2B–NS3 Protease
Similar to other flavivirus proteases, ZIKV NS3 has two enzymatic domains con-
sisting of a protease domain and a helicase domain [91, 92]. This enzyme complex
processes structural and NS proteins along with host proteases. The functional
form of the ZIKV protease is formed by the NS2B–NS3 complex (Figure 2.4).
Similar to related viral proteases, it has been shown that the mature form of the
enzyme complex is composed of the C-terminal membrane–associated residues
of ZIKV NS2B and the N-terminal domain of NS3 (aa 1–170). The structure of
this complex has recently been solved using a Gly4-Ser-Gly4 linker to connect
the NS2B with NS3 [93]. This protein adopts an open conformation in its unin-
hibited form, where NS2B is largely disordered and has minimal interactions
with NS3 protease. The inhibited form causes a structural rearrangement of the
C-terminal components of NS2B, causing it to wrap around the NS3 protease
and interact with the inhibitor itself to form the closed conformation. This
linked complex can be expressed in E. coli and purified as an active, recombinant
protein that has approximately 20-fold higher activity than its West Nile virus
counterpart [93, 94] when tested using a typical flavivirus protease substrate
benzoyl-norleucinelysine-lysine-arginine 7-amino-4-methylcoumarine. It has
been suggested that the Gly4-Ser-Gly4 linker region may change the binding
of substrate and inhibitor. It may also introduce an artificial steric hindrance;
this resulted in the design, expression, and characterization of an unlinked
NS2B:NS3 protease [95]. The unlinked NS2B:NS3 protease adopts a primarily
closed conformation, while local structural dynamics exist at the interface of
the NS2B:NS3. To understand whether this new protease construct could serve
as a platform for antiviral drug design, fragment-based screening was used to
identify a small molecule, EN300 (1H-benzo[d]imidazol-1-yl) that thermally
stabilized the unlinked protease [95]. Solution nuclear magnetic resonance
studies revealed binding of EN300 to NS3 alone and not to NS2B and did not
indicate large-scale conformational changes upon binding.

2.5.2.3 The NS3 Helicase
The RNA helicase of ZIKV NS3 consists of the C-terminal region of NS3 (residues
171–617) similar to other flaviviruses [96, 97]. Flavivirus helicases are responsible
for unwinding RNA and ATP hydrolysis. The ZIKV NS3 helicase has recently
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been crystallized, revealing structural features similar to other flavivirus heli-
cases [96]. The ZIKV helicase is composed of three domains (Figure 2.4). Domain
I contains the conserved P loop, which is important for nucleotide triphosphate
(NTP) binding and catalysis. The residues of the P loop tend to be highly con-
served between flavivirus species, although structural conformations of the P
loop vary significantly among flavivirus species, indicating its intrinsic flexibil-
ity [96, 97]. Domains I and II are structurally similar but differ significantly in
sequence. Domains I and II consist of a set of four helices, several loops, and
stacked β-sheets in between them. Domain III is built from a four-helix bun-
dle with several antiparallel beta strands. The NTPase active site, where binding
of ATP and metal (Mn2+ or Mg2+) occurs, is situated at the bottom of the cleft
between domains I and II, whereas RNA is retained in a positively charged tunnel
separating domains I/II from domain III [98]. The positive charges on the tunnel
are hypothesized to stabilize the sugar-phosphate backbone through electrostatic
interactions. This tunnel is of optimal size for single-stranded nucleic acid to run
in its extended form from domain II to domain I.

2.6 Animal Models for Evaluating In Vivo Efficacy

Since the ZIKV outbreaks in the Americas in 2015, numerous animal models have
been reported, providing valuable insights into ZIKV infection, transmission, and
pathogenesis. The advantages and limitations of these models, predominately
using mice or nonhuman primates, have been recently summarized [99, 100].
Here, we focus on the use of ZIKV animal efficacy models for antiviral drug
discovery and discuss the requirements, characteristics, and limitations of the
existing models.

An animal efficacy model for the evaluation of direct-acting antiviral drugs
is ideally characterized by (i) small animal size to reduce cost, keep drug sub-
stance requirements low, and allow sufficient sample size within a treatment arm;
(ii) a degree of pathogenesis caused by viral replication; (iii) active, measurable
viral replication caused by a low viral inoculum via a clinically relevant route of
infection; and (iv) objectively quantifiable outcomes such as tissue viral load or
viremia, weight loss, disease severity, and/or death. Prior validation of the effi-
cacy model using an antiviral compound that resulted in meaningful reductions
of viral load and other outcomes is preferred. The choice of animal species further
depends on the metabolism and pharmacokinetic behavior of the antiviral drug.
Exposure levels of the drug or its active metabolite (for example, the NTP for
nucleoside analogs) in the target organs vary substantially from species to species.
Finally, ethical concerns must be considered when using nonhuman primates as
the test species.

Several immunocompromised mouse models fulfill many of the ideal char-
acteristics. Learning from experience with other flaviviruses such as the West
Nile virus [101] and dengue virus [102], infection of interferon α/β/γ receptor
knockout mice AG129 with ZIKV caused death as early as six days postinfection,
weight loss of approximately 10–20%, and viremia and viral load in multiple tis-
sues [103, 104]. Several experimental factors such as age of the mice at the time of
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Figure 2.5 Standard mouse efficacy model for ZIKV infection. On day 0, 8- to 10-week-old
AG129 mice are infected with a subcutaneous dose of ZIKV (1000 PFU/animal). Viremia peaks
around days 6–7 at which time, mice start to exhibit pronounced clinical signs of infection,
such as weight loss and neurological disease. The model is 100% lethal, starting two to three
weeks after virus challenge. For efficacy studies, small molecules are typically administered
daily beginning on the same day as virus inoculation and continuing for up to eight days
(treatment). Mice are observed after treatment ends for up to 20 days (posttreatment).

inoculation, route of inoculation (subcutaneous, intraperitoneal, or via foot pad),
and viral inoculum influence the time of peak viremia and death [79, 103, 105]. A
depiction of an animal efficacy model is shown in Figure 2.5 (based on [105]). In
this model, 8- to 10-week-old AG129 mice were infected subcutaneously with
1000 PFU/animal with the Malaysian isolate P6-740. Peak serum viremia was
observed around day 7 postinfection and most mice die by day 18. Treatment
with an antiviral drug typically begins either at the time of inoculation or four
hours before inoculation and continues for up to eight days.

The choice of ZIKV isolate might affect the time of disease onset and death: The
majority of AG129 mice infected with 1× 103 PFU/animal of a Malaysian ZIKV
strain (P 6–740) started to lose weight by approximately day 15 and died by day
16–21 post-infection, while AG129 mice infected with 1× 105 PFU of Polynesian
Zika isolate (H/PF/2013) died by day 8 [103, 105, 106]. Using the African isolate
MR766, roughly inoculum-proportional mortality was observed in AG129 with
all mice dying by day 14 at the highest inoculum of 2× 104/animal while 25% of
mice survived infection with 0.2 PFU/animal by day 20 postinfection [107]. Dis-
ease progression and time of death caused by infection with MR766 could be
delayed but not fully prevented by treating animals with the nucleoside inhibitor
7-deaza-2′-C-methyladenosine (7DMA) [79]. In this model, 7DMA caused mod-
est reductions of serum viremia [79]. Other compounds used to validate ZIKV
mouse efficacy models are NITD008 (60% survival versus 0% survival for the
vehicle control) and BCX4430 (90% survival versus 0% survival for the vehicle
control) [105, 108]. However, experimental differences such as viral strain, age of



30 2 Toward Antiviral Therapies for the Treatment of Zika Virus Infection

mice, and inoculum size and site must be considered when comparing results
from different models.

Similar to the AG129 mice, which lack the interferon receptor, mice with
other defects in the interferon α/β signaling cascade such as Ifnar1−/− or Irf3−/−

Irf5−/− Irf7−/− triple-knockout mice demonstrated rapid death, weight loss, and
disease signs such as progressive limb weakness and paralysis upon infection
with ZIKV [109]. In contrast, immunocompetent mice survived the infection
with no apparent pathogenesis and minimal or no viral RNA detected in several
tissues [104, 109]. An immunosuppressed state can also be achieved through
treatment with anti-Ifnar1 antibodies, allowing infection with ZIKV followed
by a delay in weight gain and mortality [110]. This model was validated using
sofosbuvir, an FDA-approved nucleoside analog polymerase inhibitor of the
related flavivirus HCV. Therapeutic administration of sofosbuvir in the drinking
water starting one day postinfection partially protected ZIKV-infected mice.
Sofosbuvir-treated animals also gained weight faster than did the control animals
[110]. Unfortunately, the effect of sofosbuvir on viral replication was not assessed.

For further confirmation of anti-ZIKV activity or for compounds where mice
might not be an option due to poor pharmacokinetic behavior, other ZIKV animal
models are available. These models use primarily nonhuman primates and have
been developed predominately to study pathogenesis, transmission, or vaccine
efficacy. Following infection of rhesus macaques subcutaneously with ZIKV, viral
RNA was detected in plasma, urine, saliva, and spinal fluid [111]. Similar obser-
vations were made by other groups; some also noted elevated body temperature
and liver enzymes [112, 113].

A possible alternative to nonhuman primates are hamsters with a defect in the
interferon response pathway. Subcutaneous infection of STAT2 knockout ham-
sters with ZIKV isolate P6-740 caused death in approximately 60% of animals and
modest reductions in body weight [114]. ZIKV RNA was detected in the brain,
spinal cord, testes, kidney, and spleen and appeared to be proportional to the
viral inoculum [114]. Unfortunately, this model was not further validated with a
known antiviral drug.

2.7 ZIKV NS5 RdRp and MTase Inhibitors

Nucleoside analogs represent an important class of molecules that often have
broad antiviral spectrum across one or multiple virus families. Therefore, it is log-
ical that broad-spectrum ribonucleoside analogs known to inhibit RNA viruses
such as HCV, dengue virus, or even influenza virus, be tested against ZIKV.

2.7.1 Ribavirin and T-705 (Favipiravir)

Ribavirin (Figure 2.6), a guanosine analog first identified as a very broad antiviral
agent over 40 years ago, has in vitro potency against 16 different DNA and RNA
viruses [115, 116]. Although ribavirin is currently approved for the treatment
of chronic HCV and severe respiratory syncytial virus (RSV) infection, it was
originally developed against influenza based on its efficacy in a mouse model of
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influenza [117, 118]. The use of ribavirin in the clinic for the treatment of HCV
infection has diminished due to availability of newer and more potent agents.
In addition, RSV infections are rarely treated with ribavirin because of the
inconvenient route of administration requiring aerosols, lack of clear evidence
for efficacy, and significant safety concerns associated with anemia and risk of
teratogenicity. Nevertheless, ribavirin continues to be tested in vitro against new
and potentially life-threatening emerging viruses. It is therefore not surprising
that ribavirin was one of the first nucleoside analogs to be reported as potent
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against ZIKV replication in cell culture [79]. Ribavirin also abrogated viremia in
ZIKV-infected STAT-1-deficient mice [119].

T-705 (favipiravir) is a more recently developed analog of ribavirin approved
(for emergency use only) in Japan for the treatment of pandemic influenza
infection since 2014 [120] (Figure 2.6). As with ribavirin, T-705 exerts a very
broad antiviral spectrum against various RNA viruses including ZIKV with an
EC50 value of around 20 μM [79]. Further work recently showed that structural
analogs of T-705 also inhibit ZIKV replication in vitro, although none of the
other molecules displayed greater potency than T-705 [121]. Although no in
vivo data have yet been reported, mathematical models predict that T-705 might
be efficacious in nonclinical animal models either as monotherapy or combined
with interferon α [122, 123].

2.7.2 2′-C-Methylated Nucleosides

The antiviral activity of 2′-modified nucleosides was evaluated in a series of in
vitro assays where Vero cells were infected with ZIKV [77]. In this experiment,
2′-C-methylated nucleosides conferred the highest level of antiviral activity,
with EC50 values ranging from 5.5 to 45 μM depending on the heterocyclic
base moiety (Figure 2.6). This result is not completely unexpected, given the
known antiviral spectrum of 2CMC and 7DMA (Figure 2.6), two molecules
originally developed against HCV infection but also known to inhibit dengue
and other flaviviruses [124–127]. Treatment of ZIKV-infected AG129 mice with
7DMA at 50 mg/kg/d via oral gavage for 10 days reduced viremia and delayed
virus-induced morbidity and mortality [79]. Other anti-HCV 2′-modified nucle-
osides, including 2′-fluoro,2′-C-methyl and 2′-O-methyl nucleosides, did not
inhibit in vitro replication of ZIKV [77]. The lack of antiviral activity of 2′-fluoro,
2′-C-methyl nucleosides such as the FDA-approved HCV drug sofosbuvir,
could be attributed to a deficiency in intracellular triphosphate formation in
Vero cells, combined with a suboptimal interaction between the NTP and
ZIKV polymerase. In other cell types such as Huh7, sofosbuvir inhibited ZIKV
replication with EC50 values of 8–25 μM, a concentration range significantly
higher than that required to inhibit HCV [88, 110, 128]. In a biochemical
study using recombinant RdRp assembled into an elongation complex, both
dengue and ZIKV polymerases recognized all tested 2′-modified NTPs as
chain terminators, but the two enzymes incorporated 2′-C-methyl CTP much
more efficiently than 2′-fluoro,2′-C-methyl CTP/UTP and 2′-O-methyl CTP
[87]. This result was supported by two independent studies where 2′-fluoro,
2′-C-methyl UTP (sofosbuvir triphosphate) was 10- to 100-fold less potent
than its non-fluorinated nucleotide counterparts against ZIKV polymerase
[88]. The greater selectivity of dengue and ZIKV polymerase compared with
HCV polymerase against sofosbuvir triphosphate indicates that, despite early
encouraging reports [78, 129], sofosbuvir might not be potent enough to be
effectively repurposed for treatment of ZIKV or dengue virus infection. In
addition, the monophosphate prodrug moiety of sofosbuvir was optimized
to target the liver, which limits its potential use against viruses infecting and
replicating in other organs.
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2.7.3 NITD008

The adenosine analog NITD008 (Figure 2.6) is perhaps the most studied and
best characterized dengue virus inhibitor so far, but its development toward
clinical evaluation was interrupted by an unfavorable safety profile [130].
NITD008 blocks the replication of dengue virus in cell culture and in mice
through inhibition of the RdRp activity of NS5 [130, 131]. The host enzyme
responsible for the first phosphorylation step resulting in the conversion of
NITD008 to its monophosphate form is adenosine kinase, a protein found in
many cell types [132]. Replacing the adenine base by cytosine or guanosine
suppressed the antiviral potency of NITD008, most likely due to a loss of
intracellular phosphorylation by adenosine kinase [132]. In Vero cells, NITD008
inhibited the replication of ZIKV with an EC50 value ranging from 0.14 to
0.24 μM depending on the virus strain [108]. In ZIKV-infected AG129 mice,
treatment with 50 mg/kg/d NITD008 for five days protected 50% of the infected
animals from death and none of the surviving mice developed neurological
symptoms [108]. The survival benefit in treated mice was associated with a
2.6-fold decrease in mean peak viremia on day 2 postinfection compared with
the untreated group. Despite these impressive efficacy results in mice, severe
toxicity following 14 days of low doses of NITD008 in rats and dogs would
prevent further development of the compound for ZIKV infection [130].

2.7.4 BCX4430

The adenosine analog BCX4430 (Figure 2.6) was originally developed as an
inhibitor of Ebola virus based on its protective effect in a mouse model of
Ebola and Marburg virus diseases and in a lethal nonhuman primate model of
the Marburg virus [133]. In cell culture, BCX4430 displayed broad-spectrum
potency against various RNA viruses, which was attributed to the inhibition
of viral RdRp by its triphosphate form. BCX4430 was also highly active in a
hamster model of yellow fever virus, another flavivirus closely related to dengue
virus and ZIKV [134]. As expected, BCX4430 also inhibited the replication of
ZIKV in cell culture at concentrations that did not cause any cytopathic effect
[105]. Treatment of ZIKV-infected AG129 mice with BCX4430 provided up
to 80% protection from mortality and no weight loss at the maximum dose of
300 mg/kg/d twice daily for seven days, whereas ribavirin had no protective
effect. Given the current interest in developing BCX4430 for the treatment of
Ebola virus infection [135], additional studies may also be conducted in parallel
to further evaluate the potential use of this compound against ZIKV.

2.7.5 MTase Inhibitors

Active site and allosteric inhibitors of the dengue virus MTase domain have
been reported [136, 137] and these small molecules were also tested as potential
inhibitors of 2′O-MTase activity of the ZIKV MTase domain [90]. The MTase
reaction product S-adenosyl-l-homocysteine inhibited ZIKV MTase with IC50
values of 0.4 μM with a GpppAC4 RNA substrate (2′-O-cap methylation), and
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7.3 μM with an A27 RNA (internal 2′-O-methylation). In comparison, the
inhibition potency of sinefungin in the same assay using the two different RNAs
was 1.2 and 1.6 μM, respectively (Figure 2.7). A number of other cap analogs
were also tested in this assay, among which GpppG was the most potent with an
IC50 value of 72/405 μM (Figure 2.7). Finally, six allosteric inhibitors designed
from a fragment-based screening campaign against dengue virus MTase were 2-
to 10-fold more potent against ZIKV. Although the improved enzyme inhibition
potency could not be rationalized, it provided proof of concept that dengue virus
MTase inhibitors could also inhibit the ZIKV protein counterpart. Although
small molecules targeting the MTase of dengue virus or ZIKV remain at very
early stages of drug discovery, structure-based approaches might provide
avenues to improve ligand binding and inhibition potency [138].

2.8 NS3 Protease and Helicase Inhibitors

There remain many other targets besides NS5 for antivirals including ZIKV
NS2B-NS3 and NS3 helicase. NS2B-NS3 plays a critical role in processing
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of viral proteins, which has catalyzed many efforts to inhibit the NS2B–NS3
complex [139–141]. Three main ZIKV protease constructs were developed for
structure-based drug design. One of these constructs, the bZiPro, is assembled
from residues 45–96 of NS2B and 1–177 of NS3 [142]. The second construct uses
enzymatic self-cleavage during protein expression to yield an unlinked protein
complex, termed the eZiPro construct [143]. The third construct is the gZiPro,
which uses a nine-residue peptide linker between NS2B and NS3 protease
[93]. These constructs exhibit different enzyme kinetics depending on how the
NS2B/NS3 is expressed which has consequences for inhibitor development. The
unlinked protease has higher kcat values and is a more efficient enzyme than
the linked protease. It is thought the linker may play a role in substrate and,
potentially, inhibitor access to the active site. Therefore, the bZiPro construct
provides an advantage for structure-guided inhibitor design because it has the
highest resolution structure, it is in the closed conformation, and structures
already exist of the bZipro in complex with inhibitors. While there are no crystal
structures of the full-length NS2B/NS3 protein, several structures of the NS3
protease with and without an inhibitor as well as the NS3 helicase have been
reported [93, 96–98, 143, 144]. Both represent important druggable targets.

The ZIKV protease was the first ZIKV target to have a crystal structure in
complex with an inhibitor. A focus of protease inhibitor development has been
substrate-mimicking peptides, also known as peptidomimetics. Tetrapeptides
with a different carboxy-terminal electrophile led to the identification of a
boronic-acid analog with activity toward DENV-2 protease [145, 146]. This
compound was optimized through the replacement of the P2 with a nonnatural
arginine mimetic led to the identification of a capped dipeptide boronic acid
compound (cn-716) with activity against DENV-2, West Nile virus, and ZIKV
protease [147]. This led to the crystal structure of the boronic acid analog in
complex with cn-716 with an IC50 = 0.25± 0.02 μM and a K i = 0.040± 0.006 μM
[93] (Figure 2.8). Limitations in the clinical development of boronic acid analogs
exist due to their off-target effects; a high-resolution structure of protease with
inhibitor provided deep insights into the ZIKV protease molecular recognition
and structural changes.

Several other lower molecular weight compounds have been identified as ZIKV
protease inhibitors. Previous work identified inhibitors of HCV protease during
a high-throughput screening of 40 967 compounds [148]. A follow-up analysis
of 71 of these compounds identified two compounds, compounds 2 and 3, with
50% inhibitory concentrations of 5.2 and 4.1 μM [139, 149] (Figure 2.8). Drug pur-
posing studies have also identified bromocriptine as a noncompetitive inhibitor
of ZIKV NS2B-NS3 protease [150]. It showed an IC50 of 21.6± 1.1 μM. Apro-
tinin, a serine protease inhibitor used to stop bleeding during surgical proce-
dures, has also been identified as an inhibitor of the NS2B-NS3 protease with
a K i of 361± 19 nM [144].

Multiple structures of the NS3 helicase from ZIKV have been reported [96, 98].
These structures, combined with computational methods, have located drug-
gable hot spots within two polar, hydrophobic pockets at a junction between
domains 1 and 2 and at a cleft between domains 1 and 3 of the helicase [96]. While
helicase inhibitors have been reported for DENV [151–153], to date, there have
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been no direct functional or structural studies to probe such inhibitors against
ZIKV helicase; therefore, future work must address this.

2.9 Other Classes of Small Molecules against ZIKV

Other ZIKV proteins have been targeted for antiviral efforts. The stem region
of the envelope protein was conserved among flaviviruses, which prompted
the design of synthetic peptides intended to prevent a conformational change
and trimeric form in the DENV envelope leading to cell fusion [154]. The same
strategy has been applied to ZIKV, resulting in an antiviral peptide, Z2, that
prevented vertical transmission of ZIKV in pregnant mice [155]. The same
molecule was also efficacious in the lethal AG129 mouse model. Over the past
two years, several host-targeting agents that inhibit ZIKV replication have been
described, including N-(4-hydroxyphenyl) retinamide (4-HPR) and a nuclear
import inhibitor also potent against dengue and West Nile virus replication
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[156, 157]. It is hypothesized that 4-HPR exerts its antiviral activity by disrupting
the interaction between ZIKV NS5 and the host transport factor importin
α/β1 [158, 159]. Treatment of ZIKV-infected AG129 mice with 4-HPR resulted
in approximately 1 log10 reduction in serum viremia [158]. The polyphenol
virucidal agent ECGC is known to inhibit a broad panel of DNA and RNA
viruses by blocking cell entry [160, 161]. The antiviral activity of ECGC, a green
tea extract, also extends to ZIKV; however, further development is limited by its
metabolic instability and lack of permeability [162].

2.10 Conclusions and Future Directions on ZIKV
Inhibition

ZIKV has recently gained global public attention after its introduction to the
American continent, resulting in numerous cases of severe neurological disorders
in patients. Although it is still too early to expect the approval of any anti-ZIKV
antiviral therapy anytime soon, progress made in dengue antivirals has acceler-
ated knowledge and applications toward ZIKV antiviral research. As described in
this chapter, several previously identified dengue inhibitors also demonstrate in
vitro antiviral potency against ZIKV. Moreover, a few of these molecules are effi-
cacious when tested in small animal models for ZIKV infection. Of note, most of
these molecules are nucleoside analogs targeting the RNA polymerase of ZIKV.
Are antiviral results from animal efficacy models for ZIKV predictive of potential
human clinical efficacy? It is at this point very speculative to extrapolate ani-
mal efficacy data to human clinical settings, due to differences in kinetics and
distribution of virus replication and symptoms between different species. More-
over, ZIKV and other flavivirus infections are short, acute, and often self-limiting,
thereby greatly limiting the window for therapeutic intervention. An alternative
option could be to consider prophylactic treatments with small molecules, espe-
cially for individuals traveling to endemic regions. This intervention model could
be similar to what is currently done for malaria drugs. One of the main target
populations for ZIKV treatments are pregnant women, which represents an addi-
tional challenge due to high safety requirements. For these reasons, it is important
to continue to pursue ZIKV vaccine approaches in parallel with small-molecule
treatments. One potential benefit of small-molecule treatments is the opportu-
nity to develop a pan-flavivirus drug. The ambitious goal to discover and develop
molecules capable of inhibiting ZIKV, dengue, and other flaviviruses addresses
an important unmet medical need for millions of patients across the globe.
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3.1 Overview of Ebola Virus Disease (EVD)

Ebola virus disease (EVD), previously known as Ebola hemorrhagic fever, is a
rare and deadly disease caused by infection with a virus of the family Filoviridae,
genus Ebolavirus. There are five species within the genus, four of which cause
disease in humans: Ebola virus (Zaire ebolavirus, EBOV); Sudan virus (Sudan
ebolavirus, SUDV); Taï Forest virus (Taï Forest ebolavirus, TAFV), formerly
Côte d’Ivoire ebolavirus; and Bundibugyo virus (Bundibugyo ebolavirus, BDBV).
The fifth species, Reston virus (Reston ebolavirus, RESTV), causes disease in
nonhuman primates (NHPs) but not in humans. EBOV and SUDV were first
discovered in 1976 in what is now known as the Democratic Republic of the
Congo and South Sudan, respectively [1, 2]. Since then, human EVD outbreaks
by EBOV and SUDV have occurred across multiple nations of Central Africa
until the most recent West African EVD outbreak. TAFV and BDBV have only
spilled over into the human population once and twice, respectively [3]. Due to
their high pathogenicity and lack of approved therapeutics, working with live
ebolaviruses requires the highest level of biocontainment in a biosafety level-4
(BSL-4) laboratory. Following an incubation period averaging 8–10 days, EVD
typically presents with nonspecific symptoms including fever, chills, muscle pain,
diarrhea, and vomiting [4]. An ensuing maculopapular rash is often observed in
the buttocks, trunk, and the upper arms, and eventually becomes more diffuse
with the progression of disease. Some, but not all, EVD patients develop multiple
foci of mucosal hemorrhage, most prominently in the conjunctiva but also in
easy bruising and persistent bleeding from needle puncture sites. Viremia is
detectable within the first 72 hours of symptom onset, and remains at high
levels (>7 Log10 RNA copies/ml serum) in fatal cases [5, 6]. Common labora-
tory findings include a marked decrease in leukocytes and lymphocytes, with
elevated serum levels of liver enzymes. Hypotension, renal failure, and shock
often characterize late-stage EVD, along with bleeding from the gastrointestinal
tract [5]. Ebolaviruses are transmitted through direct contact with blood or
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body fluids, and semen via broken skin or mucous membranes [7, 8]. Several
means of transmission include contact with contaminated needles and syringes
used on EVD patients, infected animals (e.g. primates or, potentially, bats), or
sexual contact with semen from an EVD survivor. The natural reservoir host(s)
of ebolaviruses remains unknown. However, detection of EBOV cross-reactive
antibodies in bat serum [9, 10], along with evidence describing bats as the
ecological reservoir of a related filovirus Marburg virus [11, 12] implicate bats as
the most likely reservoir for ebolaviruses.

3.2 Ebola Virus Diagnostics: Challenges
and Innovations

The relative rarity of EVD and the accompanying biosafety concerns of working
with these highly pathogenic viruses makes initial EVD diagnosis challenging.
Due to the similarity of symptoms to more common infections, clinical recogni-
tion of EVD is often difficult, and is compounded by the tendency for outbreaks
to begin in remote rural locations. Timely diagnosis is essential for controlling an
EVD outbreak, as any delay in initial diagnosis and appropriate patient isolation
increases the potential for virus transmission. Furthermore, given the rarity of
EVD, few laboratories are able to sustain the biosafety requirements and expertise
necessary to safely handle infectious specimens.

Diagnostic tests for EBOVs fall into two categories; testing of acute speci-
mens to identify the virus, viral antigen, or viral nucleic acids and testing of
non-acute specimens (e.g. convalescent surveillance specimens) to determine
a virus-reactive antibody response. Blood, serum, and plasma are the typical
specimen types used for testing. Other specimen types such as oral/tissue swabs
from corpses have been used to ensure safe burials [13–15], while semen can
be used to determine viral persistence during convalescence [16–22]. Since the
specimen type can affect assay sensitivity, internal controls are critical for proper
interpretation of assay results [23, 24].

High-performing real-time (or quantitative) reverse transcription polymerase
chain reactions (qRT-PCR) have been developed by multiple groups as a stan-
dard tool for diagnosing and monitoring acute EBOV cases [25–28]. While all
these assays share similar overall techniques, their respective RNA extraction
platforms vary widely, which can affect comparisons between the assays with
regard to sensitivity and ease of use [28, 29]. Some advantages of qRT-PCR assays
are their sensitivity, specificity, and the inactivation of the virus during the ini-
tial steps of RNA extraction; while disadvantages include both the requirement
for trained laboratorians and for reliable electrical power. To date, efforts to cor-
relate qRT-PCR cycle threshold values to an infectious measurement (i.e. tis-
sue culture infectious dose, plaque-forming units) have been unreliable, since
qRT-PCR measures the number of EBOV-specific RNA copies in a specimen and
not the infectivity therein. The high specificity of qRT-PCR assays can also be a
double-edged sword, as new point mutations or EBOV variants could lead to
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false-negative results [30]. For this reason, running qRT-PCR assays against two
different viral gene targets can safeguard against this type of situation. However,
qRT-PCR can also potentially miss positive cases depending on whether a speci-
men is collected early on or late in the disease course. This highlights the impor-
tance of documenting the dates of symptom onset and specimen collection for
proper assay choice and ensuing interpretation of results. Diagnostic laboratories
have historically performed confirmatory assays such as traditional RT-PCR [31],
antigen detection assays [32–35], viral isolation in cell culture or animal mod-
els [36–41], electron microscopy [39, 40, 42], immunohistochemistry (IHC) for
tissues [43, 44], and, more recently, whole-genome sequencing (WGS) [45–48].
While many of these confirmatory assays are time intensive and require BSL-4
containment, WGS technology, on the other hand, has both reduced costs and
accelerated the sequencing of relatively short viral genomes. WGS can be used
not only to confirm the causative agent but also to monitor viral evolution and
mutation rates, and to identify additional introductions from the natural reser-
voir host [45–48].

For non-acute specimens, detection of virus-specific antibodies in patient
sera or plasma is a means to identify the disease agent and to monitor disease
progression [49, 50]. Typical assays for determining antibody responses include
enzyme-linked immunosorbent assays (ELISAs) [35, 49, 51, 52] and indirect
immunofluorescence assays (IFAs) [44, 51]. The detection of IgM antibodies
indicates a recent infection starting from a few days postinfection (dpi) and
lasting several months [49, 52, 53], while IgG antibodies are long-lasting and
are indicative of past infection [49, 52, 54, 55]. Multiple assays have been devel-
oped to measure both classes of antibodies against EBOV [35, 49, 50, 52, 56].
Methods and interpretation of serology assays vary, and their limitations must
be understood to properly use the data generated. Serial dilution of sera can
be used to both determine the amount of EBOV-specific antibody present
and to confirm infection by evidence of increasing antibody titers over time.
Acquiring seronegative specimens from a particular region of interest is crucial
to determine appropriate cutoff values for serology, so as to take into account
regional background differences due to region-specific endemic disease burdens.
Although qRT-PCR is preferable for diagnosis of acute EVD cases due to little to
no antibody response in severely ill patients [49], monitoring the rise of IgM and
IgG antibodies as viral nucleic acid declines in recovering patients can expedite
decisions for patient discharge [57].

Given the remote locations of most EBOV outbreaks, development of rapid
diagnostic tests (RDTs) and lateral flow assays (LFAs) would facilitate outbreak
detection and management. While LFAs detecting EBOV antigen are not
as sensitive as qRT-PCR, their use provides an additional screening tool in
low-resource settings [13, 14, 58]. Several proof-of-concept studies for new
tests may prove useful as surveillance and research diagnostic tools, including
reverse-transcription-loop-mediated isothermal amplification (RT-LAMP) and
TaqMan array cards (TACs) [59–62]. In addition, the single-particle interfero-
metric reflectance imaging sensor (SP-IRIS) can be used to count virions in a
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specimen, while a newly developed pan-ebolavirus reporter cell line speeds up
the process of virus isolation by shortening the timeframe needed to detect a
live virus [63, 64]. Clinical biomarkers have been and continue to be evaluated as
useful indicators of disease progression to either survival or death [50, 65–71].
While not an EBOV-specific diagnostic assay, the data could be utilized to direct
resources toward patients with more severe disease and monitor the effects of
potential therapeutic treatments.

3.3 Ebola Virus Genome Structure, Components,
and Replication Cycle

The approximately ∼19 kb genome of Ebola viruses consists of seven genes
flanked by leader and trailer sequences, arranged in the following order from
3′ to 5′: the nucleoprotein gene (NP), the polymerase cofactor gene (VP35),
the matrix gene (VP40), the attachment glycoprotein gene (GP) which encodes
multiple protein products, the transcriptional activator gene (VP30), the tran-
scriptional control gene (VP24), and the polymerase gene (L). The open reading
frames for each gene are flanked by untranslated regions (UTRs), some of which
overlap with UTRs of adjacent genes (Figure 3.1).

Ebola virus particles consist of a central nucleocapsid, which is made up of
a single-stranded negative-sense viral RNA genome and the ribonucleoprotein
complex (RNP) proteins (i.e. the nucleoprotein (NP), the polymerase (L), the
polymerase cofactor (VP35), and the transcriptional activator (VP30)). The VP24
protein associates with the RNP complex and serves to condense the RNP as
well as to lock the polymerase at the genomic terminus to ensure transcription
and replication in the next round of infection [72]. The VP40 matrix protein sur-
rounds the nucleocapsids and drives particle budding by manipulating host cell
membranes that are embedded with the viral GP, which is responsible for facili-
tating particle entry [73].

At the cell surface, ebola virus particles attach to C-type lectins through
the GP, or to phosphatidylserine receptors (e.g. TIM-1) through interactions
with the viral envelope [74] (Figure 3.1). Virus particles are then taken up into
endosomes through endocytosis/micropinocytosis [75], where an acidified
environment enables host proteases to cleave the GP into its activated form
(GP1,2), allowing it to interact with the cellular receptor NPC-1 [76, 77]. This
interaction ultimately results in membrane fusion and release of nucleocapsids
into the cytoplasm [78]. After entry into the cell, nucleocapsids relax due to
dissociation of VP24, which allows the viral RNP complex to perform primary
transcription. Transcription of the viral genes leads to expression of the viral
proteins required for genome replication as well as for further rounds of
transcription and translation. Accumulating the VP24 protein generated then
condenses newly formed RNP complexes into nucleocapsids that are packaged
at the cell surface where VP40-driven budding occurs [73].
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3.4 In vitro Toolbox: Cell-Based Assays

Cell-based assays are crucial to driving the discovery of EBOV antivirals, be it
in regard to evaluating anti-EBOV activity or to measuring the cytotoxicity of a
particular molecule/compound. Although the African green monkey kidney cell
line (Vero E6) has historically been used to propagate ebolaviruses, a variety of
human cell types are permissible to EBOV replication including Huh7 (human
liver hepatoma), HT-1080 (human fibrosarcoma), HeLa (human cervical carci-
noma), HFF-1 (human foreskin fibroblasts), and HMVEC (human microvascular
endothelial cells) [79–82]. Given that certain types of compounds (i.e. nucleoside
analogs) may have varied anti-EBOV potencies depending on the cell type used,
it is advisable to confirm compound activity in multiple cell lines that are major
targets for EBOV infection, as well as in primary cells such as monocytes and
monocyte-derived macrophages [82, 83].

Studies assessing anti-EBOV activity using cell-based antiviral assays with
wild-type EBOV typically measure cytopathic effect, plaque-forming units,
infectious virus yield, and/or viral protein expression by ELISA [81, 84]. Recent
advances in high-content imaging and analysis technology have enabled auto-
mated quantification of virus-infected cells by antibody-specific immunostaining
[85]. Since the highly pathogenic nature of EBOV requires handling in a BSL-4
laboratory, work with live EBOVs has been relatively limited. Advances made in
molecular biology over the past three decades, however, have enabled labora-
tories to study molecular mechanisms of viral entry, replication, and assembly
outside of BSL-4 containment. A number of cell-based antiviral screens have
utilized recombinant reporter viral vectors pseudotyped with EBOV glycopro-
tein in search of entry inhibitors [86–89]. Moreover, virus-like particles (VLPs)
and transcription-competent VLPs, which better reflect EBOV particle mor-
phology, have been used in a similar manner [72, 87, 90]. Recombinant plasmid
minigenome systems have been developed to screen for replication inhibitors at
BSL-2 containment. These systems consist of helper plasmids expressing EBOV
replication components (NP, VP35, VP30, and L) along with a truncated genome
reporter plasmid flanked by replication promoter leader and trailer sequences,
and enable high-throughput screens of inhibitors targeting the EBOV replication
complex [91–93]. To facilitate study of the EBOV life cycle in a system that better
reflects authentic EBOV, Halfmann and colleagues generated a novel biologically
contained VP30-deficient EBOV that replicates only when VP30 is provided in
trans (via a stable VP30-expressing cell line), and thus can be used at a lower
level of containment (BSL-3) [94]. For BSL-4 containment laboratories, the
development of recombinant full-length EBOV genomes engineered to express
fluorescent or bioluminescent reporter proteins have enabled high-throughput
screens that preclude the additional labor and resources involved in preparing
cell monolayers for antibody staining [91, 93, 95, 96].

3.5 In Vivo Toolbox: Animal Models for Efficacy Testing

Several animal models have been described for EBOV infection, including
rodent and NHP models. More recently, ferrets have also been shown to be
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susceptible to EBOV infection [97, 98]. Disease in mice requires serial passaging
of ebolaviruses to generate mouse-adapted (MA) variants [99]. Similarly, guinea
pig models are dependent on the use of guinea pig–adapted variants [100–103].
Disease in rodent models from wild-type (WT) virus infection is accomplished
using animal strains with deficient immune systems, either innate (STAT-1−/−

[104], IFNAR−/− [105]) or adaptive (severe combined immunodeficient [SCID]
mice [104]). However, even in immunocompromised strains, infection with
WT virus is not necessarily terminal or uniform; some virus variants (e.g.
EBOV-Kikwit, SUDV-Boneface, SUDV-Gulu, and RESTV) cause nonterminal
disease, and some virus species (e.g. BDBV) do not even result in weight loss
[105, 106]. Humanized mice – more specifically, mice engrafted with human
tissues and/or cells by a variety of approaches, resulting in reconstitution of
human immune lymphoid and myeloid cells that are both present and functional
to varying degrees – have been described in a series of recent studies as disease
models of EBOV infection. In these mice, WT EBOV causes disease and can be
uniformly lethal depending on experimental conditions [107–111].

NHPs remain the most accurate platform to model human filovirus infections,
and the experience of the 2013–2016 EBOV outbreak demonstrated that
they can predict the success of vaccines and therapeutics in humans. EBOV
infection has been modeled in various NHP species: African green monkeys
(Chlorocebus spp.) [15, 112], cynomolgus macaques (Macaca fascicuaris) [113],
rhesus macaques (Macaca mulatta) [113–115], common marmosets (Callithrix
jacchus) [116], and hamadryas baboons (Papio hamadryas) [117, 118]. Many
aspects of filovirus pathogenesis can vary between NHP models, including
aspects of coagulopathy (such as fibrin deposition, clotting, and hemorrhage),
and may contribute to observed differences in efficacy of therapeutic trials in
different NHP species [118–121].

Cynomolgus and rhesus macaques are the most commonly used NHP mod-
els for intervention studies. Clinical features (of EVD) in cynomolgus macaques
mirror those in rhesus macaques. Endpoint disease in cynomolgus macaques
tends to occur at 6–7 dpi, and in rhesus monkeys at 5–9 dpi [122]. Because dis-
ease is slightly more rapid in cynomolgus macaques, they have been preferred
for vaccine studies; conversely, slightly delayed disease in rhesus macaques is
favored for evaluating postexposure treatments [123]. Intramuscular (IM) chal-
lenge is almost universally used in EVD studies. Other routes of exposure have
been evaluated, including oral and conjunctival [124], as well as aerosol studies
to investigate intentional virus release or laboratory exposure [125]. Historical
studies used a challenge dose of 1000 PFU to mimic needle stick exposure. A
protracted disease course may be achieved by dose titration, as time to death was
extended to 8–12 dpi in cynomolgus macaques exposed to low-dose IM EBOV
challenge (∼10 PFU) [126]. Despite the reported susceptibility of the NHP model
to lethal disease from low-dose exposure, the 1000 PFU dose continues to be the
standard used as a stringent assessment of interventions in NHP models, and
often in other models of EVD.

The pathogenesis of EBOV infection has been investigated extensively, yet
it remains complex. Because the virus is able to replicate in a wide variety
of cell types, viremia leads to massive infection and necrosis of parenchymal
cells of the liver, adrenal glands, and other organs. Liver and kidney function



56 3 Developing Therapeutics for Ebola Virus Disease: A Multifaceted Approach

is diminished, as measured by increased tissue enzymes and molecules in the
blood. Disease, therefore, likely results from a combination of severe systemic
inflammation and substantial tissue damage [119]. The NHP model recapitulates
nearly all features of severe human disease, including prodrome signs, clinical
analyte abnormalities, organ pathology, and immune dysregulation [123]. In
mice, immune responses, virus replication, and overall pathology (including
liver dysfunction) appear quite similar to NHP models. The main differences
seen in the MA-EBOV mouse model is a lack of fibrin deposition and the
lethality of the virus only when it is administered via the intraperitoneal (IP)
route [119]. With the exception of an absence of hemorrhage and signs of dis-
seminated intravascular coagulation (DIC) syndrome [112], and some variation
in the extent and relative level of virus replication, guinea pig infection with
adapted virus results in lesions similar to those reported in both NHPs and
humans. Primary target cells of EBOV (macrophages, monocytes, Kupffer cells,
and antigen-presenting cells) and common pathological features (e.g. diffuse
lymphoid depletion, necrosis, and congestion in the spleens and lymph nodes)
in guinea pigs also mirror those seen in NHPs [100]. Ferrets, the most recently
described small animal model, demonstrate several characteristics of human
filoviral disease following intranasal or intramuscular infection, including
lymphopenia, thrombocytopenia, alongside hepatic and splenic pathology
[97, 98].

The most efficient and accurate approach to progressive screening of EBOV
therapeutic candidates in vivo is not known. Both small animal and NHP models
of EVD are important in assessing promising therapeutics identified by in vitro
characterization. Small animal models provide a feasible and economic means
to translate demonstrated in vitro antiviral activity into a whole organism sys-
tem. These studies provide important data that help prioritize assessment in NHP
studies, which are more resource intensive and limited in size. Small animal mod-
els have proved useful for studying basic aspects of replication, pathogenesis,
and immune responses, and have also served as critical platforms for evaluating
a wide range of vaccines, antibodies, antisense molecules, and antiviral com-
pounds [119]. Notable examples of data from small animal model studies mir-
roring results observed in NHP studies, and, most importantly, later in clinical
application to human disease, include use of the guinea pig model in initial eval-
uation and characterization of the vesicular stomatitis virus (VSV) EBOV vaccine
[127] and of a therapeutic combination of monoclonal antibodies (ZMapp) [128].
However, in some instances, small animal screening did not translate to protec-
tion in NHP studies. Venezuelan equine encephalitis replicon particles, recom-
binant Vaccinia virus expressing EBOV GP, and gamma-irradiated whole-virion
preparations, all of which successfully protected rodents from lethal infection,
failed to protect cynomolgus or rhesus macaques challenged with EBOV [129].

One limitation of currently available animal models is in studying the patho-
physiology of disease sequelae. The majority of existing models that recapitulate
EVD are extremely sensitive to virus challenge, customarily resulting in uniform
requirement for euthanasia due to disease. In human EVD survivors, numerous
physiological sequelae have been identified, including cardiopulmonary, ocular,
gastrointestinal, cardiopulmonary, reproductive, and dermatologic effects [130].
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Ideal treatment options would prevent both primary disease and subsequent
sequelae. Adequately addressing this need would benefit from a model that
is not uniformly lethal. While the pathogenesis of these sequelae conditions
is challenging to investigate in current models, sequelae can be investigated
in animals that survive infection as a result of treatment or vaccination. Viral
persistence in immune-privileged sites is of particular interest. Recent reports
using archived samples from NHP studies, and capturing rare samples from
animals recovered from disease and those that were successfully treated, provide
data for advanced treatment considerations and rational drug design [131].
The potential confounding effects of comparative physiology in the model
(e.g. bioavailability) must be thoroughly considered prior to initiating studies
and interpreting data. Selection of an appropriate animal model should be
determined by the therapeutic target and the purported mechanism of action
of the particular drug being evaluated. Basic antivirals that act by inhibiting
replication can be prescreened in rodent models that are susceptible to disease
due to widely disseminated and robust viral replication. Immunomodulatory
therapeutics may be better screened in chimeric rodent models that incorporate
human immune responses in a mouse background. While the utility of newer
small animal models, including humanized mice and ferrets, in therapeutic
screening has yet to be determined, these models offer promising opportunities.
Importantly, the variety of available models permits multiple platform testing
prior to clinical trials. This is pivotal for current and future identification of the
most promising candidates for treating human disease.

3.6 Therapeutic Strategies

3.6.1 Host-Directed Antivirals

Like many other RNA viruses, EBOVs co-opt cellular systems to facilitate vari-
ous aspects of their life cycle. To date, several different classes of host-targeted
inhibitors have been shown to interfere with EBOV infection (Table 3.1).
Improved characterization of the host cell pathway-specific host proteins
involved in the EBOV life cycle provide potential targets against which to
develop therapeutics.

3.6.1.1 S-Adenosyl-Homocysteine Hydrolase Inhibitors
Methylation plays a key role in viral replication, one such example being the
7-position methylation of guanosine in 5′-capped viral mRNAs [161]. One of
the earliest host-protein-directed molecules identified with anti-EBOV activity
in vitro and in vivo was carbocyclic 3-deazaadenosine (Ca-c3 Ado) (Figure 3.2)
[84, 132]. Ca-c3 Ado indirectly inhibits viral mRNA cap methylation by blocking
the activity of the enzyme S-adenosyl-homocysteine (SAH) hydrolase. Inhibit-
ing SAH hydrolase results in accumulation of SAH, which acts as a negative
feedback regulator of both viral and cellular methyltransferases, leading to
reduction in viral gene expression [162]. A similar analog, 3-deazaneplanocin
A (Figure 3.2), purported to have the same mechanism of action as Ca-c3 Ado,



Table 3.1 Selected list of host-directed EBOV antivirals.

Host target Drug ID
Cell-based
assay(s) used

In vivo model(s)
(% survival)a)

FDA/clinical trial
status for non-EVD
indication References

S-adenosyl-
homocysteine
hydrolase inhibitor

Ca-c3 Ado LV M (33–100%) None [84, 132]
3-Deazaneplanocin A LV M (40–100%);

NHP (0%)
None [84, 132, 133]

Kinases/
phosphatases

BIBX 1382 PSE; LV NT None [79]
Genistein PSE; LV NT None [134]
Tyrphostin AG1478 PSE; LV NT None [134]
Compound C PSE; LV NT None [135]
Apilimod PSE; VLP; LV NT Approved [136]
Erlotinib PSE; LV M (10–40%) Approved [137]
Sunitinib PSE; LV M (30–40%) Approved [137]
Nilotinib VLP; LV NT Approved [138]
Imatinib VLP; LV NT Approved [138]
1E7-03 MG; LV NT None [139]

Protein folding

Geldanamycin LV NT None [140]
Radicicol LV NT None [140]
17AAG LV NT None [140]
VER-155008 MG NT None [141]
(-) EGCG LV NT Phase 3 [142]
IHVR-19029 PSE; LV M (30–80%) None [143, 144]
UV-4B LV M (0–10%);

GP (0%);
NHP (0%)

None [145]



Table 3.1 (Continued)

Host target Drug ID
Cell-based
assay(s) used

In vivo model(s)
(% survival)a)

FDA/clinical trial
status for non-EVD
indication References

Proteolytic
processing

5705213 PSE NT None [146]
7402683 PSE NT None [146]
K11777 PSE NT None [147]
Teicoplanin PSE NT Phase 4 [148, 149]

NPC1
3.0 PSE; LV NT None [77]
3.47 PSE; LV NT None [77]

Ion channels
Amiodarone PSE; LV NT Approved [150]
Tetrandrine PSE; LV M (62.5–75%) None [151]
Verapamil PSE; LV NT Approved [150, 151]

Sphingosine,
endosomal
calcium/cholesterol
regulation (cationic
amphiphiles)

Clomiphene VLP; LV M (90%) Approved [152–154]
Toremifene VLP; LV M (50%) Approved [152, 153]
U18666a PSE; LV NT None [153, 154]
Bepridil PSE; VLP; LV M (100%) Approved [155]
Setraline PSE; VLP; LV M (70%) Approved [155]
Tamoxifen PSE NT Approved [154]

Host immune
response

KIN1408 LV NT None [156]
IFN-γ LV M (57–100%) Approved [157]

Translation (eIF4A) Silvestrol PSE; LV NT None [158]

Anti-oxidant
CoPP MG; REP NT None [159]
NSC 62914 LV M (50–85%) None [160]

a) Range represents data reported from independent studies that may include varying dosing schedules, challenge dose, or species of model.
Abbreviations: EVD, Ebola virus disease; CADs, cationic amphiphilic drugs; eIF4A, eukaryotic initiation factor 4A; LV, live Ebola virus; MG,
minigenome; PSE, pseudotyped virus; REP, VP30-deficient replicon EBOV; VLP, virus-like-particle; M, mouse model; GP, guinea pig model; NHP,
nonhuman primate model; NT, not tested. Clinical trial statuses were retrieved from https://clinicaltrials.gov.
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Figure 3.2 S-adenosyl-
homocysteine hydrolase
inhibitors. (a) Carboxylic
3-deazaadenosine [84, 132].
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[84, 132, 133].

surprisingly induced high levels of the innate immune cytokine interferon-alpha
in EBOV-infected mice, but did not show the same effect in NHPs [133].

3.6.1.2 Kinases and Phosphatases
Cellular processes are often regulated by kinases and phosphatases to either
trigger or impede specific signaling pathways [163]. EBOV particles were shown
to activate the phosphoinositol kinase-3 (PI3K)-Akt1 pathway to facilitate entry,
as treatment of cells with inhibitors of PI3K, Akt1, or Rac-1 caused virus particle
clustering and accumulation in a cytosolic vesicular compartment [164]. Sub-
sequently, additional kinases involved in EBOV entry have been identified (i.e.
AMP-activated protein kinase, Axl tyrosine kinase) using targeted antibodies or
small molecule inhibitors (i.e. genistein, tyrphostin, compound C, BIBX 1382,
apilimod, sunitinib, erlotinib) (Figure 3.3 and Table 3.1) [79, 134–137, 165]; a
combination treatment of sunitinib and erlotinib demonstrated partial protec-
tion in the mouse model [137]. Several studies have identified specific cellular
kinases and phosphatases that directly interact with EBOV proteins. The c-Abl1
tyrosine kinase (TK) has been implicated in phosphorylating VP40, enabling
efficient budding of EBOV particles. Inhibition of c-Abl1 TK either by si-RNA
knockdown or by inhibitors such as nilotonib and imatinib (Figure 3.3) showed
significant decreases in VLP formation, with 20 μM of nilotinib effectively
reducing infectious virus yield by more than three orders of magnitude [138].
With regard to viral replication, inhibition of protein phosphatase-1 enzyme
(PP1)-mediated VP30 dephosphorylation by compound 1E7-03 (Figure 3.3)
decreased viral transcription by way of accumulating the inactive phosphory-
lated form of VP30 [139]. Using specific peptide-binding inhibitors, however,
a subsequent study delineated the recruitment of a related but distinct phos-
phatase (PP2A-B56) by EBOV NP in order to dephosphorylate VP30 [166].

3.6.1.3 Protein Folding and Processing
Chaperone proteins ensure protein function by facilitating their proper folding
and stability, and have critical roles in the EBOV life cycle [167]. Several
inhibitors targeting the ATP-binding site of heat shock protein (HSP) 90 have
shown anti-EBOV activity with 50% effective inhibition concentrations (EC50) in
the high nanomolar to low micromolar range (17AAG, geldanamycin, radicicol)
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(Figure 3.4) [140, 168]. Along similar lines, a novel EBOV NP interaction assay
was used together with co-immunoprecipitation and mass spectrometry exper-
iments to identify a number of chaperones that interacted with NP, including
HSP 70 and HSP 90. EBOV minigenome assays were then employed to confirm
the anti-EBOV activity of an HSP 70 inhibitor (VER-155008) (Figure 3.4) [141].
Inhibition of an endoplasmic reticulum (ER) chaperone protein (HSP5A) either
by a small molecule ((−)-epigallocatechin gallate [EGCG]) or by si-RNA knock-
down reduced EBOV infection in vitro, while phosphorodiamidate morpholino
oligomers (PMOs) targeted against HSPA5 expression in vivo completely
protected mice from lethal EBOV infection [142].

Similar to chaperones, ER α-glucosidases facilitate proper folding and matura-
tion of glycoproteins by ensuring their accurate N-glycosylation [169]. Inhibition
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of ER α-glucosidases I and II by imino sugar derivatives reduce EBOV GP pseudo-
typed HIV particle entry in vitro, and provide partial protection from EBOV mor-
bidity and mortality in mice [143]. A follow-up study demonstrated synergistic in
vitro anti-EBOV activity when treatment with a lead iminosugar (IHVR-19029)
(Figure 3.4 and Table 3.1) was paired with a nucleoside analog Favipiravir (T-705)
(see Section 3.6.2.4 regarding T-705) [144]. When this combination was eval-
uated in vivo, suboptimal doses of both compounds significantly increased the
survival rate of infected mice. Treatment with a different imino sugar deriva-
tive (UV-4B) against EBOV infection in NHPs, however, did not show clinical
or survival benefit, although this result may be attributed to a suboptimal dosing
regimen [145].

Proteolytic processing of EBOV GP by endosomal/lysosomal proteases,
cathepsins B and L (CTSB/L), is crucial for it to engage with its receptor NPC-1
[76, 77, 170, 171]. In order to identify potential CTSL inhibitors, Elshabrawy
and colleagues developed a novel in vitro high-throughput screening assay
which measured CTSL-mediated cleavage of viral glycopeptides in the presence
or absence of a compound [146]. In utilizing this assay as an initial screen
alongside a cell-based viral glycoprotein pseudotype entry assay for confir-
mation, they identified small molecules (5705213 and its derivative 7402683)
(Figure 3.4) which showed inhibition against EBOV. Results from enzyme kinetic
experiments indicated that 5705213 was a mixed inhibitor of CTSL, with a
greater affinity for CTSL alone as compared to when CTSL was bound with
a substrate peptide. A separate study queried the broad-spectrum antiviral
activity of a vinylsulfone-class cysteine protease inhibitor (K11777) against
virus glycoprotein-mediated entry from several virus families, which included
the family Filoviridae (Figure 3.4). K11777 showed potent activity against
entry by EBOV, SUDV, TAFV, and BDBV glycoprotein pseudotyped viruses
at EC50 values in the high picomolar to low nanomolar range [147]. K11777
has potential for future in vivo testing against filovirus infections, since it has
acceptable safety and pharmacokinetic profiles as determined by anti-parasite
studies in dogs, rodents, and NHPs [172–174]. Subsequently, two independent
FDA-approved drug library screens identified the cysteine protease inhibitor
teicoplanin (a glycopeptide antibiotic) as an inhibitor of EBOV entry in vitro
[148, 149] (Figure 3.4), underlining the potential for evaluating cysteine protease
inhibitors for efficacy against EBOV in animal models.

3.6.1.4 Non-Proteolytic Endosomal Targets
NPC1 was identified as the EBOV receptor by two studies using different
approaches. While one study applied a genome-wide haploid genetic screen
[76], the other used a small-molecule hit identified from a compound library
screen [77]. In this latter study, the initial hit was a benzylpiperazine adaman-
tane diamide–derived compound (3.0, Figure 3.5) which reduced live EBOV
growth by approximately two orders of magnitude at 96 hours postinfection.
Further characterization of 3.0 alongside its more potent modified analog 3.47
(Figure 3.5) showed that both compounds directly interact with NPC1, effectively
blocking the EBOV GP1,2–NPC1 interaction (Figure 3.1). A subsequent study
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identified two additional EBOV entry inhibitors sharing a similar mechanism
of action, highlighting the potential for NPC1 as a viable therapeutic target
[175]. A related but alternative strategy is to target host proteins such as T-cell
immunoglobulin mucin domain 1 (TIM-1) that physically interact with NPC1.
Kuroda and colleagues developed a monoclonal TIM-1 antibody that blocked
its interaction with NPC1, which resulted in suppression of EBOV infection and
GP-induced viral membrane fusion [176].



3.6 Therapeutic Strategies 65

Ion channels have crucial roles in regulating endo-lysosomal function [177],
and have been effectively targeted by FDA-approved inhibitors to block EBOV
entry [150, 151]. Amiodarone (Figure 3.5), a multi-ion channel inhibitor for
the treatment of arrhythmia was shown to inhibit EBOV entry at EC50 values
which were 6- to 10-fold lower than typical therapeutic human serum levels
during treatment for arrhythmia [150]. In the same study, inhibition of EBOV
entry by the L-type calcium-channel-specific blocker verapamil indicated that
calcium flux may specifically have a role in promoting EBOV entry (Figure 3.5).
A subsequent study by Sakurai and colleagues not only confirmed this but
more specifically identified the role of nicotinic acid adenine dinucleotide
phosphate (NAADP)-stimulated two-pore channels (TPCs) in EBOV infection
[151]. Furthermore, treatment of mice with the bis-benzylisoquinoline alkaloid
tetrandrine (the most potent TPC inhibitor identified in the study) provided
significant but not complete protection from mouse-adapted EBOV challenge
(Figure 3.5 and Table 3.1).

Multiple independent FDA-approved drug screens have identified selective
estrogen receptor modulators (SERMs) as EBOV entry inhibitors [87, 152,
153, 155]. Two of these studies demonstrated that SERMs (i.e. clomiphene,
toremifene, bepridil, setraline) (Figure 3.5 and Table 3.1) had in vivo anti-EBOV
activity in a mouse model, and that the mechanism of action of these SERMs
were due to off-target effects affecting a cellular pathway unrelated to estrogen
receptor signaling [152, 155]. Another study by the same group identified six
additional SERMs that targeted the same biosynthetic pathway as clomiphene.
These six inhibitors were all classified as cationic amphiphilic drugs (CADs),
which induce endosomal cholesterol accumulation associated with defects in
the NPC1 receptor [153]. A subsequent study seeking to clarify the mecha-
nism of action of SERMs linked their anti-EBOV activity with depletion of
cellular sphingosine and its downstream effect of accumulating endolysosomal
calcium [154]. As opposed to endosomal cholesterol accumulation which was
observed only after eight hours of CAD treatment (tamoxifen, clomiphene
and U18666a), sphingosine depletion was clearly observed at just one hour
post-CAD treatment, which better correlates with inhibition of viral entry that
occurs within approximately two hours [178]. This result confirms and clarifies
an earlier finding indicating that acid sphingomyelinase activity and sphingosine
were crucial for efficient entry by EBOV [179]. It remains to be seen whether
ion channel inhibitors and SERMs (as well as other CADs) can provide any
protection against EBOV infection in NHPs.

3.6.1.5 Priming Host Immune Responses
An additional host-directed strategy to counter EBOV infection is to boost the
host immune response. Upon detection of intracellular RNA from invading
pathogens, RIG-I-like receptors (RLRs) promote an antiviral state by initiating
innate immune signaling cascades through interferon-regulating factor 3 (IRF3),
resulting in the induction of type I and type III interferons (IFN-α/β , IFN-𝜆) along
with their downstream IFN-stimulated genes (ISGs) [180]. Pattabhi and col-
leagues identified a class of hydroxyquinoline compounds that activate IRF3 and
induce antiviral gene expression [156]. Among these compounds, pretreatment
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of cells with KIN1408 (Figure 3.6) was shown to reduce EBOV virus titers by 1.5
log plaque-forming units per mL [156]. In a similar manner, another study docu-
mented the in vitro anti-EBOV activity of a tetrahydrobenzothiazole compound
which induces a type I IFN response [181]. While in vivo data against EBOV were
lacking for both of these studies, innate immune agonists have shown efficacy
against viral infections in small animal models [182, 183]. IFN-β therapy has
been shown to prolong survival in EBOV-infected NHPs [184], but results from a
human clinical trial in Guinea against EBOV have yet to become available [185].

While the near-ubiquitous intracellular innate immune response is based on
general pattern recognition of foreign nucleic acids or antigens, the adaptive
immune response is driven by a network of specialized immune cell types
(i.e. macrophages, dendritic cells, T lymphocytes, B lymphocytes) working
together to mount specific responses (both cell-mediated and humoral) against
a particular pathogen [186]. In this regard, one study demonstrated a 1.5 log
reduction in EBOV RNA levels in mouse peritoneal macrophages pretreated for
24 hours with type II interferon gamma (IFN-γ) [157]. Moreover, the initiation
of IFN-γ treatment in mice anytime between 24 hours preinfection to 24 hours
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postinfection with mouse-adapted EBOV provided significant clinical and
survival benefit (Table 3.1). Reduction in plasma viremia, however, was only
observed when IFN-γ was administered at zero and 24 hours postinfection.
Results from this study indicate the potential use of IFN-γ as a postexposure
prophylactic for EBOV infection.

3.6.1.6 Other Host Targets
Although the majority of host-directed antivirals inhibit EBOV entry, recent
studies have identified elements of the host translational system that can be
targeted by small-molecule inhibition. Blocking the hypusination (i.e. post-
translational modification) of eukaryotic initiation factor 5A (eIF5A) inhibited
the accumulation of VP30, and thereby blocked viral RNP-driven gene expres-
sion [187]. Similarly, inhibition of eIF4A-mediated cap-dependent translation
initiation by a naturally derived compound silvestrol (Figure 3.6) potently
inhibits EBOV gene expression in both primary human macrophages and
human hepatoma cells [158]. Silvestrol-related toxicity has not been observed in
anti-tumorigenic animal studies at therapeutic doses, which may portend well
for future evaluation against EBOV in small animal models [188, 189].

Certain compounds with purported antioxidant activities have also shown
anti-EBOV activity. Activating heme-oxygenase 1 (HO-1), an enzyme respon-
sible for catalyzing heme degradation using cobalt protoporphyrin (CoPP)
(Figure 3.6) significantly reduced EBOV replication in a dose-dependent manner
[159]. A high-throughput screen identified a triphenol compound NSC 62914
(Figure 3.6) which was verified to have both anti-oxidant and anti-EBOV activity
in vitro. Although it is unclear as to whether the antioxidant activity is linked
to the anti-EBOV activity of NSC 62914, prophylactic treatment protected 80%
of infected mice, while the post-challenge model protected up to 50% [160]
(Table 3.1).

3.6.2 Direct-Acting Antivirals

3.6.2.1 Antibody-Based Therapeutics
Since the development and characterization of the first anti-EBOV neutralizing
monoclonal antibody (mAb) KZ52 against EBOV GP [190], there have been
numerous studies evaluating the efficacy of mAbs against EBOV in animal mod-
els [191]. Although conflicting results for KZ52 efficacy in guinea pigs versus
rhesus macaques may have clouded initial prospects of mAbs as therapeutics
(Table 3.2) [192, 193], subsequent studies leading up to the West African EVD
outbreak clearly demonstrated the potential prophylactic and therapeutic use of
mAb cocktails against EBOV in NHPs [196–200, 224, 225]. Amidst the outbreak,
one particular mAb cocktail comprised of three antibodies (ZMapp) showed
100% efficacy against EBOV infection in rhesus macaques when treatment was
initiated up to five days post-challenge [128, 194] (Table 3.2). However, when
ZMapp was evaluated in a randomized, controlled trial during the West African
EVD outbreak, there was no significant mortality benefit detected from those
who received three infusions of ZMapp treatment [195]. Despite the outcome,
recent studies have demonstrated robust efficacy of mAb treatment regimens



Table 3.2 Selected list of direct-acting EBOV antivirals.

Drug
category

EBOV
target Drug ID

Cell-based
assay(s) used

In vivo model(s)
(% survival)a)

FDA/clinical trial
status for EVD References

Antibody
GP

KZ52 LV GP (100%);
NHP (0%)

None [192, 193]

ZMapp PSE; LV NHP (92%) Phase 2 [128, 194, 195]
ZMab PSE; LV M (100%); GP

(50–100%);
NHP (100%)

None [194, 196, 197]

MB-003 PSE: LV NHP (43–66%) None [194, 198, 199]
ch133/ch226 LV NHP (66%) None [200]
MIL77 NT NHP (100%) None [201]
mAb114 PSE NHP (100%) None [202]
mAb 6D6 PSE; LV M (80–100%) None [203]
m4B8 PSE; LV M (80–100%) None [204]

GP/NPC1 FMV09∼548 PSE; LV M (20%) None [205]
GP/GP1,2 FMV09∼MR72 PSE: LV M (70–100%) None [205]

Nucleic acid
VP35, L TKM-130803 LV GP (60%); NHP

(66–100%)
None [206–208]

VP24 AVI-7537 LV NHP (75%) None [209]

Nucleoside
analog L

Ribavirin LV NHP (0%) None [210]
Brincidofovir LV NT None [211, 212]
Galidesivir
(BCX4430)

MG; LV M (80–100%);
NHP (0–100%)

Phase 1 [213, 214]

Favipiravir
(T-705)

LV M (100%);
NHP (0%)

Phase 2 [215–220]

Remdesivir
(GS-5734)

MG; LV NHP (100%) Phase 2 [80, 81, 83, 221–223]

a) Range represents data reported from independent studies that may include varying dosing schedules, challenge dose, or species of model.
Abbreviations: EVD, Ebola virus disease; LV, live Ebola virus; MG, minigenome; PSE, pseudotyped virus; M, mouse model; GP, guinea pig model; NHP,
nonhuman primate model; NT, not tested. Inhibitors of viral protein interactions (18β glycerrhetic acid, licochalcone A) were not included in the list
because they were neither evaluated in cell-based assays nor in animal models. Clinical trial statuses were retrieved from https://clinicaltrials.gov.
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in NHPs using a simplified mAb cocktail (with only two antibodies) [201] or
even using a single mAb [202]. Moreover, several groups have demonstrated
the efficacy of pan-ebolavirus antibodies that target highly conserved regions of
filovirus GPs [203, 204, 226]. Last but not least, recent innovations in antibody
engineering have resulted in the development of a novel “Trojan horse” bispecific
antibody strategy to inhibit filovirus infection [205]. Wec and colleagues coupled
the variable domain from a mAb specific for the conserved surface-exposed gly-
can cap epitope of EBOV GP to another variable domain from mAbs that either
recognize NPC1 or the NPC1 binding site on GP1,2 [205]. Using this dual variable
domain strategy allows for the bispecific antibodies to effectively enter cellar
endosomes through uptake with the EBOV virion to which it is bound. Upon
endosomal acidification and activation of GP1,2, the second variable domain
either directly blocks the receptor binding site on GP1,2 (GP/GP1,2-specific
antibody) or alternatively targets NPC1 to block its interaction with GP1,2
(GP/NPC1-specific antibody). In two different mouse models for mouse-adapted
EBOV and SUDV, the GP/GP1,2-specific antibody provided 70% and 100% pro-
tection, respectively (Table 3.2). The GP/NPC1-specific antibody did not work as
well in the mouse models likely due to reduced binding to mouse NPC1, as there
are significant species-dependent amino acid sequence differences compared to
its human ortholog of NPC1 [205]. Future studies should evaluate the efficacy of
both GP/GP1,2-specific and GP/NPC1-specific antibodies in NHPs.

3.6.2.2 Inhibitors of Viral Protein Interactions
Just as molecular biology has greatly advanced the body of knowledge concern-
ing EBOV genetics, biochemistry and structural biology have provided insight
into interactions between EBOV proteins. NP–NP, NP–VP35, and VP35–L
interactions have crucial roles in forming and securing a functional RNP com-
plex [227–229]. NP interactions with VP30 and VP24 regulate RNA synthesis
and enable genome packaging, respectively, while VP35–VP40 interaction
was sufficient to allow for packaging of a minigenome into VLPs [230–233].
Recent studies indicate that destabilizing these interactions may be a viable
strategy for developing antiviral therapeutics. N-terminal peptides from VP35
have been shown to regulate the oligomerization of NP, resulting in the release
of RNA from NP-RNA complexes [229, 234]. The use of in silico screening
alongside biochemistry, structural biology, and medicinal chemistry ultimately
led to the development of pyrrolidinone-based small molecule compounds
which block the NP–VP35 interaction [235]. On the other hand, a distinct
mass spectrometry-metabolomics approach identified two compounds (18β
glycerrhetic acid, licochalcone A) (Figure 3.7) isolated from licorice roots which
dysregulate NP oligomerization and stability [236]; but their antiviral activities
have yet to be confirmed in cell-based assays. High-throughput screens assaying
the NP–VP35 interaction using fluorescence polarization may lead to future
novel compounds with therapeutic potential [237].

Distinct from small-molecule and peptide inhibitors of protein interactions,
RNA aptamers are nucleic acid sequences with high affinity and specificity to
their target ligands [238]. While the technology to generate and select aptamers
against viral proteins has been available for over two decades, only recently has
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there been interest toward developing RNA aptamers against EBOV proteins.
Binning and colleagues developed RNA aptamers targeted against two basic
patches within the dsRNA-binding interferon inhibitory domain of EBOV VP35
[239]. These aptamers disrupted the NP–VP35 interaction crucial to forming
functional EBOV polymerase complexes, and were shown to inhibit reporter
EBOV minigenome transcription and replication. Therapeutic aptamers have
been developed for a number of human diseases including macular degenera-
tion, choroidal neovascularization, intravascular thrombus, and acute coronary
syndrome among many others, some of which already have FDA approval [240].
Although EBOV-targeted aptamers have not been tested in vivo, the significant
existing body of research regarding aptamers will be valuable toward guiding
future attempts to evaluate their efficacy.

3.6.2.3 Nucleic Acid Inhibitors
Another direct-acting anti-EBOV strategy is to reduce viral gene expression by
either targeting viral mRNA for degradation by small interfering RNA (si-RNA)
or by sterically blocking translation of viral mRNA using sequence-specific
anti-sense PMOs [241]. Geisbert and colleagues initially demonstrated the
postexposure prophylactic potential of lipid-encapsulated siRNAs specific to
the L, VP24, and VP35 sequences from the EBOV Mayinga and Kikwit variants
in both guinea pig and NHP models, with seven postexposure treatments
required for complete protection of NHPs [206, 207]. A subsequent therapeutic
NHP study performed during the West African EVD outbreak demonstrated
100% protective efficacy against the circulating Makona variant of EBOV when
treatment with a cocktail of VP35 and L-specific siRNAs (specific to the Makona
variant) commenced 3 dpi [208] (Table 3.2). Given this promising result, this par-
ticular cocktail of EBOV Makona variant–specific LNP si-RNAs (TKM-130803)
was evaluated in a phase 2 clinical trial in Sierra Leone. Unfortunately, of the
14 patients who received intravenous infusion of TKM-130803 for up to 7
days post-admission, 11 died, which indicates that the treatment provided no
improvement in patient survival compared to the control group [242, 243].
Since all the patients in this trial had very high viremia at the time of admission,
the sheer magnitude of EBOV replication may have outweighed any antiviral
effect provided by TKM-130803.
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In 2006, several studies documented the in vivo anti-EBOV activities of indi-
vidual and mixtures of PMOs specifically targeted against EBOV genes in the
mouse, guinea pig, and NHP models [244, 245]. Ensuing chemical modifications
of PMOs through conjugation with arginine-rich peptides (PMOplus) enhanced
the efficacy of VP24-specific PMOs against EBOV infection in mice [246]. Phar-
macokinetic and ascending dose studies were performed of an experimental com-
bination of PMOplus compounds specific for EBOV VP24 and VP35 (AVI-6002),
and was shown to be safe and well tolerated in humans [247]. A subsequent study
determined that the VP24-specific PMOplus compound (AVI-7537) adminis-
tered as a postexposure prophylactic was able to protect 75% of infected NHPs
[209] (Table 3.2). These encouraging results indicate that AVI-7537 should be
further developed as a potential EBOV therapeutic.

3.6.2.4 Nucleoside Analogs/Polymerase Inhibitors
Nucleoside analogs are a class of small-molecule antivirals which can directly
inhibit viral transcription and replication by targeting the viral RNA-dependent
RNA polymerase (RdRp). Several nucleoside analogs have been used as
components of FDA-approved combination therapies against both human
immunodeficiency virus (HIV) and hepatitis C virus (HCV) [248, 249]. One of
the earliest described broad-spectrum antiviral nucleosides is the guanosine
analog ribavirin (Figure 3.8), which has shown activity against other hemorrhagic
fever viruses such as Lassa virus [250, 251], Hantaan virus [252], dengue virus
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[253], and yellow fever virus [254]. With its FDA-approved status, ribavirin’s
documented broad-spectrum activity via its multimodal mechanisms of action
(lethal RNA mutagen, inhibition of cellular inosine monophosphate dehydroge-
nase [IMPDH], among several others) [255, 256] make it an attractive candidate
for treatment of EVD. Although ribavirin has demonstrated in vitro antiviral
activity against EBOV (EC50: 27 μM) and provides partial in vivo protection in
mice, it was only able to delay time to death in a cynomolgus macaque model
[210] (Table 3.2). During the West African EVD outbreak, a clinical trial began
for brincidofovir (Figure 3.8), which originally was developed as an anti-DNA
virus treatment but was shown to have in vitro anti-EBOV activity due to its
lipid moiety conjugated to the nucleotide analog [211]. However, due to low
enrollment, the trial was discontinued [257]. Brincidofovir was also administered
to three patients with EVD in the United States, but its contribution to survival
could not be determined [212], and eventually its manufacturer withdrew its
support as a EVD therapeutic [258].

Galidesivir (BCX4430) is an adenosine nucleoside analog that has shown
broad-spectrum in vitro activity across nine RNA virus families including the
filoviruses, and is currently in phase 1 clinical trials [213, 214, 259, 260]. The
aza-sugar ring modification of BCX4430 enables it to act as a non-obligate
RNA chain terminator against viral RdRps (Figure 3.8). BCX4430 inhibited both
EBOV minigenome and live virus replication in a dose-dependent manner; and
when administered orally and intramuscularly within four hours of infection
with mouse-adapted EBOV, protected 80–100% of mice [214]. In NHPs, how-
ever, a dose range study (3.4–16 mg/kg BID) in the cynomolgus macaque model
in which BCX4430 was administered 48 hours post-EBOV infection extended
time to death at the highest dose, but failed to provide survival benefit. Only
when BCX4430 was administered at a higher dose (25 mg/kg IM BID) within
one hour of EBOV infection was there complete protection in a different rhesus
macaque NHP model [213] (Table 3.2). While preliminary findings from phase
1 clinical trials of BCX4430 are positive, further studies are needed to address
several areas regarding optimal dosage regimens, pharmacological kinetics in
animal models, as well as to define maximum tolerable dose in humans.

Favipiravir (T-705) (Figure 3.8) is a modified pyrazine analog which was
initially described as a potent inhibitor of influenza A virus (IAV) replication
both in cell culture and in a mouse model of infection [261]. The ribosylated
triphosphorylated form of T-705 was then shown to inhibit IAV polymerase
nascent strand synthesis in a dose-dependent manner [262]. Since then, T-705
has shown in vitro and in vivo antiviral activity against a host of RNA viruses
across multiple negative and positive strand virus families (reviewed in [263]).
In 2014, two complementary studies documented the in vitro and in vivo activity
of T-705 against inhalational EBOV infection using immune-deficient mouse
models [215, 216]. While one study demonstrated the efficacy of T-705 as an
anti-EBOV postexposure prophylactic [216], the other study determined the
therapeutic window for T-705 treatment to be up to 6 dpi [215]. A subsequent
study not only confirmed the prophylactic effect of T-705 against intraperi-
toneal EBOV infection but also investigated the pharmacokinetics of T-705
in cell culture and in mice [217]. Furthermore, they demonstrated through
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dose de-escalation experiments in mice that the protective dose of T-705 was
between 1.6 and 8 mg/kg/d. In contrast, this same group found that two different
T-705 treatment dosage regimens against EBOV in NHP only delayed the
time until disease endpoints were reached, but did not provide any survival
benefit [218] (Table 3.2). The lack of survival benefit against EBOV may be
attributed to the oral dosing route, as intravenous administration of T-705 in
NHP against infection by a related filovirus Marburg virus (MARV) resulted
in 83% protection. Since T-705 is an orally available drug that has shown a
good safety profile in thousands of patients worldwide, the French drug safety
agency (ANSM) approved it for compassionate use in patients with EVD [264].
In late 2014, separate studies conducted in Guinea and Sierra Leone treated
EBOV-infected patients with T-705. The controlled trial conducted at the Sierra
Leone-China Friendship Hospital administered T-705 to 39 patients (17–39
years old) at doses based on recommendations for use in influenza infections,
along with supportive treatments [219]. Results from this study indicated a
significantly lower mortality rate in the T-705 treatment group, along with
significant improvement of disease symptoms and concomitant decrease in
viremia [219, 243]. However, in the single-arm, historically controlled trial
conducted across four treatment centers in Guinea which enrolled 111 patients
(1–99 years old), despite administering higher initial doses of T-705 than in the
trial in Sierra Leone, it was shown that T-705 only had a detectable antiviral
effect in patients with medium to high viremia (qtr.-PCR Ct≥ 20), as opposed
to those with very high viremia (qRT-PCR Ct< 20) [220, 264]. A subsequent
pharmacokinetic study of 66 patients from the JIKI trial in Guinea indicated
that T-705 plasma concentrations failed to reach the target exposure levels as
predicted [265]. It is notable that the T-705-treated patients in the Sierra Leone
study all had medium to high viremia, which may partly explain the relative
success in patient outcomes observed [219]. Taken together, these two studies
provide a foundation by which to design future studies to optimize T-705 dosing
so as to attain maximum antiviral potency against EVD in humans.

In April 2014 amidst the West African EVD outbreak, a collaboration between
Gilead Sciences, the US Centers for Disease Control and Prevention (CDC),
and the US Army Medical Research Institute in Infectious Diseases (USAM-
RIID) resulted in the discovery of a nucleotide analog Remdesivir (GS-5734)
which showed very promising therapeutic efficacy against Ebola virus in NHPs
[80, 81, 83]. GS-5734 is a monophosphoramidate nucleotide prodrug of the
parent adenosine nucleoside analog GS-441524 (Nuc), which was shown to
inhibit viruses across Filo-, Paramyxo-, Pneumo-, and Coronaviridae families
in the single-digit micromolar EC50 range [83, 266] (Figure 3.8). The prodrug
of the parent increased the potency of GS-5734 over Nuc by 20 to 100-fold
depending on the assay and cell type used. Furthermore, GS-5734 was able to
reduce infectious virus titers by over 4 orders of magnitude at low nanomolar
potencies in primary macrophages and a hepatic cell line, both of which repre-
sent primary cellular targets of EBOV infection [81, 83]. Due to the presence
of serum carboxylesterases which inactivate the prodrug moiety of GS-5734,
typical small rodent models for EBOV infection were not suitable to evaluate the
efficacy of GS-5734. Pharmacokinetic studies in NHPs (cynomolgus macaques)
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showed rapid conversion of GS-5734 to its active triphosphate form as well
as its distribution into cells of mononuclear origin. Moreover, radiolabeled
GS-5734 and its metabolites were detected in various tissues including testes,
eye, and brain within 4 hours of administration. Intravenous administration of
a 10 mg/kg loading dose of GS-5734 on day 3 post-EBOV infection followed
by daily doses of 3 or 10 mg/kg for 12 days provided complete protection in
the rhesus macaque NHP model for EBOV infection (Table 6.2). The rapid
pharmacokinetics of GS-5734, along with its tissue and cellular targeting,
makes it a suitable candidate for postexposure and therapeutic interventions.
An ongoing phase 2 clinical trial is evaluating whether five doses of GS-5734
can accelerate eradication of EBOV RNA from the semen of convalescent
survivors of EVD [221]. GS-5734 has been administered to a nurse who suffered
EBOV-related relapsing meningoencephalitis, in which levels of EBOV RNA in
her cerebrospinal fluid gradually decreased with commencement of treatment
and was undetectable after 14 days [222]. In addition, a combination treatment
of ZMapp, a buffy coat transfusion from another EBOV survivor, and a 14-day
regimen of GS-5734 resulted in survival of the first neonate born to a mother
diagnosed with EBOV infection [223]. While these cases of survival in response
to GS-5734 treatment are encouraging, further studies are needed in regard to
clinical efficacy and mechanism of action to better characterize the potency of
GS-5734 against EVD in humans.

3.7 Conclusions

From the initial outbreak of EVD until the present, a significant body of EBOV
research in vitro and in vivo has resulted in development of multiple therapeutic
strategies to fight this highly pathogenic disease. While preclinical development
of novel small-molecule therapeutics against the Ebola viruses should undoubt-
edly continue, future studies should provide more detailed pharmacokinetic data
for the most promising therapeutics in humans to optimize future dosing regi-
mens; and should also determine the optimal synergistic drug combinations that
can be feasibly deployed in future EVD outbreaks.
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4.1 Introduction

Researchers in the field know there are precious few clinical compounds and
late-stage preclinical candidates available for Chagas disease therapy. Despite
more than a decade of contemporary drug discovery for this disease, including
drug repurposing, screening campaigns, and lead optimization programs, very
few new chemical entities have moved forward to clinical trials. The scope of this
review is not to present an overview of the compounds and chemical scaffolds in
various stages of development as potential new chemical entities to treat Chagas
disease, as this has been extensively described in recent years and can be found
elsewhere (see, for example, [1, 2]). Rather, we consider how current screening
paradigms can be used to support drug discovery and lead optimization programs
for Chagas disease and identify the potential gaps and challenges to be addressed
in the future. Indeed, we believe that a better understanding of the complex
pathology of Trypanosoma cruzi is a sine qua non condition to aid drug design by
driving the development of new in vitro and in vivo assays and testing paradigms
relevant to assessing all aspects of compound efficacy. These data can then be
used to better inform structure optimization, compound evaluation, and triage
for improved pharmacodynamic outcomes and to guide medicinal chemistry
beyond in vitro potency optimization for Chagas disease drug discovery.

4.2 Chagas Disease Overview

American trypanosomiasis, better known as Chagas disease (CD), was first
described by Carlos Chagas [3] more than a century ago. Since then, CD
epidemiology has changed: while still endemic in Latin America, the disease
has become a global public health issue following its spread in non-endemic
countries due to population migration [4–7]. CD is the major cause of infectious
cardiomyopathy worldwide [8]. Globally, around 6–7 million people are infected
and 10 000 die annually [9, 10]. The disease is the result of human infection by
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the protozoan parasite T. cruzi. Its clinical presentation can be separated into
two main phases. The acute phase is asymptomatic and typically undetected,
lasting for a couple of months during which the parasite is readily identified
through blood examination. The chronic phase can last for decades; the infection
is controlled by the immune system and the parasite is hardly detectable. While
most infected patients in the chronic phase will remain asymptomatic, a certain
proportion – between 10% and 40% will eventually develop symptoms, mainly
cardiomyopathies and, in certain cases, digestive tract megasyndromes, or both
[11]. Progressive heart failure and sudden death remain the major causes of
mortality in these patients [12].

Current treatment relies on two old nitro heterocyclic trypanocidal
drugs, benznidazole (Abarax/ELEA and Rochagan/LAFEPE) and nifurtimox
(Lampit/Bayer). Although these drugs have been shown to be efficacious in both
phases of the disease, particularly in children, their use is limited due to side
effects occurring during treatment. Access to the medication can also be an issue
[13, 14]. New and safer drugs are clearly needed for CD, and various initiatives
have emerged to address this need as well as public–private partnerships (PPPs)
with the involvement of multiple stakeholders, and incentives such as the FDA
priority review voucher to promote the involvement of other institutions in
R&D for neglected diseases [15]. This has led to a radical change in the Chagas
R&D landscape during the past decade with the introduction of new tools
and collaborative approaches and, consequently, to novel ways of identifying
and assessing chemical entities as potential inhibitors of T. cruzi [16, 17].
However, many challenges remain in both clinical and preclinical settings [18].
A major hurdle for the clinical development of new drugs for CD is the absence
of an adequate test that can assess successful treatment in a timely manner.
Treatment efficacy relies on serological tests showing the disappearance of T.
cruzi antibodies (seroreversion), which can take decades to occur. The need for
surrogate markers of cure is further underlined by the approval by the FDA of
benznidazole monotherapy only for the treatment of chagasic children between
2 and 12 years of age [19, 20]. Although there is no absolute proof in patients that
parasitological cure is synonymous with clinical cure, i.e. stopping progression
of the disease toward cardiac or gastrointestinal symptoms, there is a consensus
that parasite persistence is needed for the development of CD. All current CD
drug discovery and development efforts are therefore focusing on strategies to
eliminate T. cruzi from the human body (drugs and therapeutic vaccines). How to
model this outcome in a preclinical setting is still a major challenge to the field.

4.3 Toward Sterile Cure in a Chagas Disease Mouse
Model: Which Way Forward?

The suitability of mouse models of infection for predicting human disease
pathology is an area of active interest and can only be validated with new
drugs and clinical trials to provide feedback into the optimization cycle (back
translation). Following drug treatment, achieving a 100% curative outcome for
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all T. cruzi-infected mice in an in vivo efficacy experiment with a new chemical
entity – so-called sterile cure – is a clearly defined goal for researchers in
the Chagas field [21], although it is still debated [22, 23]. On the one hand,
it represents an unambiguous endpoint in a gatekeeper assay to preclinical
development. On the other, it is a narrowly defined decision point in one
highly specific assay. Moreover, the ability to measure this endpoint beyond
reasonable doubt has been a challenge in both laboratory and clinical settings.
The bioluminescent imaging (BLI) mouse model is a recent addition to the CD
screening cascade and has the potential to bridge the translational gap [24].

Real-time bioluminescence imaging of mice inoculated with transgenic T. cruzi
parasites gives a fascinating insight into the highly dynamic nature of the infec-
tion. In acutely infected mice, parasites are visualized in almost every tissue, the
major hotspots (highest luminescence intensities) being predominant in cardiac
tissue and smooth and skeletal muscle. In chronically infected mice, the GI tract
appears to be a privilege site for T. cruzi persistence. During that phase, it is pos-
tulated that foci of parasites seemingly appearing and disappearing from detec-
tion are due to the trafficking of parasites or infected cells from the gut to other
sites, possibly through the lymphatic route. Even after drug treatment, images
can reveal persistent, low levels of infection in immune-privileged sites (reservoir
sites) such as the lower GI tract, skin, and adipose tissue [25].

Interestingly, the BLI model successfully differentiated the sterilizing efficacy
of nitroimidazole drugs (benznidazole and fexinidazole) from the nonsterilizing,
suppressive action of T. cruzi CYP51 inhibitor posaconazole [26]. This result
reflected the outcome of two independent clinical trials [27, 28], which showed T.
cruzi parasite recrudescence as assessed by PCR during follow-up in up to 100%
of patients treated with posaconazole, while this phenomenon was observed
in only 10–20% of benznidazole-treated patients. This provides preliminary
evidence of the ability to translate an efficacy outcome in a preclinical animal
model into a clinical setting. The result needs to be further validated with other
compounds acting through different biochemical mechanisms. A potential
front-runner is the benzoxaborole AN6759 that was shown to achieve sterile
cure in another Chagas murine model [29]. The mode of action of this compound
is yet to be fully elucidated.

In the meantime, sterile cure is a very high bar for new compounds to over-
come in order to progress out of the discovery phase, creating a concern that
the criterion is too stringent and will lead to the rejection of good compounds.
Getting the screening cascade correct for a smooth translation of in vitro activity
into in vivo efficacy, and ultimately clinical efficacy, is a goal for all drug discov-
ery efforts. The Chagas field has matured considerably in this respect over the
past 10 years thanks to the input of a growing research community and funding
support. In the sections to follow, we consider how good medicinal chemistry
design and newly developed biological assays (issued from a better understanding
of host and T. cruzi parasite interactions) need to merge in order to deconvo-
lute aspects of sterile cure and provide new treatments for this global health
problem.
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4.3.1 Feeding the Chagas Disease Pipeline: Compound Selection
and Identification of Potential Hits/Starting Points

Using target-based or phenotypic screens to find compounds to feed CD
discovery programs is a constant activity. Fortunately, the move to medium-
and high-throughput automated screening, using either colorimetry [30] and/or
imaging (high content) as readouts [31, 32], has facilitated the evaluation in
recent years of a high volume of compounds that have been made available
by academic laboratories, research institutes, and pharmaceutical companies
[33, 34]. The data generated from several whole-cell phenotypic screening
campaigns measuring intracellular amastigote inhibition has been published,
injecting compound diversity and new opportunities into the field. The Euro-
pean Union has created a target-based screening initiative, in which targets
submitted can be tested against a collection of compounds issued from various
pharmaceutical companies [35, 36], while a consortium of industry partners
has engaged with DNDi – a PPP research & development organization – in a
neglected tropical disease drug-booster initiative allowing partners to evalu-
ate and optimize seed compounds in the absence of committed biology and
chemistry resources [37].

There is certainly room to accommodate a variety of approaches to generating
new hits in this area, with both target-based screens and whole-cell assays tak-
ing their place in the lineup. The pros and cons of driving research efforts with
either one of these approaches have been discussed elsewhere [38]. Simplistically,
it can be seen as a matter of timing. Target-based assays facilitate rational com-
pound design, mechanistic understanding, and optimization of on-target selec-
tivity and hence safety. The well-recognized drawback is a possible lack of trans-
lation between target activity and potency in an infected whole cell. While poor
compound permeability is often cited as a reason for this disconnect, protein
binding (extra- and intracellular) is a common culprit. Whole-cell assays (phe-
notypic screens) fast track compounds with cellular penetration, a very impor-
tant checkpoint for compounds targeting an intracellular pathogen, but sacrifice
the opportunity to use structure-based design in the first instance. Any mech-
anistic information that could guide compound evaluation is also left unused.
For example, designing into the active space of a human homolog of the para-
site target can be avoided to improve selectivity and safety margins, and poten-
tially undesirable off-target effects that are flagged by knowing the mechanism of
action can be investigated at an early stage.

4.3.2 Choosing the “Right” Starting Points

The treatment of intracellular infections is a complex and challenging task,
due to the many biological barriers and elimination mechanisms that drugs
must overcome to reach the site of infection in sufficient concentration to illicit
the desired pharmacodynamic response. Designing compounds to overcome
these hurdles is an interesting challenge for medicinal chemists. The mobile
distribution of T. cruzi and its ability to penetrate almost any nucleated mam-
malian cell type in any tissue suggests that close attention should be paid to
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the physicochemical and pharmacokinetic attributes of molecules during hit
assessment and optimization, rather than to potency alone. Achieving a high
intracellular compound to pathogen concentration depends on molecules lasting
long enough in the body to achieve critical levels inside the cell. This is aided by
unimpeded movement through biological barriers and water, which contributes
up to 70% of the content of the cytosol (where the parasite resides). We postulate
that T. cruzi may be targeted most effectively by low-molecular-weight, polar
molecules (with a weakly basic center) that are highly stable toward metabolic
degradation. These simple molecular descriptors positively impact common
aspects of translational failure in the T. cruzi discovery pipeline, such as (i) pro-
tein target to whole-cell assay disconnect due to low permeability or high protein
binding; (ii) unsuitable in vitro absorption/distribution/metabolism/excretion
(ADME) profiles, e.g. low-solubility and high-oxidative metabolism, predictive
of poor systemic exposure after oral dosing; and (iii) insufficient systemic
exposure or free-drug levels to demonstrate parasite knockdown in vivo or
curative activity. The proposed molecular template is consistent with drug
design for other intracellular pathogens, e.g. bacteria and Leishmania and is a
characteristic of benznidazole and fexinidazole, two drugs with 100% curative
efficacy in the BLI mouse model of T. cruzi infection [39].

Ligand efficiency metrics are a relatively recent medicinal chemistry evaluation
tool that targets potency and physicochemical properties of molecules to define
how effectively structural features are used to interact with biochemical targets in
vitro [40]. These metrics have been applied to guide hit evaluation and progres-
sion using data from whole-cell assays, although not strictly designed for this pur-
pose. Efficiency metric LELP (ligand-efficiency-dependent lipophilicity) incor-
porates a molecular weight descriptor into the analysis, reducing the emphasis
on potency [41]. A comparative LELP/ lipophilic ligand efficiency (LLE) analy-
sis for compounds pertinent to the CD field (Table 4.1 and Figure 4.1) shows that

Table 4.1 A ligand efficiency analysis for compounds of interest for the treatment of Chagas
disease and visceral leishmaniasis.

Code IC50 Am. pIC50 MW g LogD Sol pH6.5 LELP LLE

Benznidazole 4.648 5.3 260.2 1.2 100 3.121 4.133
Fexinidazole 9.207 5.0 279.3 2.25 100 6.196 2.790
Posaconazole 0.002 8.7 700.8 3.6 6.3 15.410 5.099
EPL-BS1246 0.007 8.2 459.9 4.5 1.6 11.280 3.655
GNF6702 0.12 6.9 429.4 3.5 NA 11.810 3.421
AN6759 7.769 5.1 339.1 2.57 100 9.178 2.540
VL-6148 Undisclosed 5.244 4.494
VL-2098 0.03 7.5 359.3 2.45 2 5.943 5.073

IC50 Am. μM – IC50 amastigotes killing in primary in vitro assay; pIC50; MW – molecular weight;
g LogD – distribution coefficient estimation using chromatography at pH 7.4; Sol pH 6.5 – kinetic
solubility estimation using nephelometry (pH 6.5 phosphate buffer);
LELP – ligand-efficiency-dependent lipophilicity; LLE – lipophilic ligand efficiency.
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benznidazole and fexinidazole score well (LELP= 3.1 and 5.2, respectively), while
higher molecular weight T. cruzi CYP51 inhibitors posaconazole and fenarimol
analog EPL-BS1246 [42] (as representative examples of this compound class) are
out of the optimized zone for oral drugs (−10<LELP< 10). Oxaborole AN6759
and GNF6702 are representative of two other compound series with impressive
pan kinetoplastid activity (human African trypanosomiasis, CD, visceral leishma-
niasis) [43, 44]. VL-2098, a reference compound, preclinical candidate for leish-
maniasis stopped for safety reasons, is included for comparison given that it also
targets an intracellular kinetoplastid pathogen. Although this is a simplistic anal-
ysis for a complicated problem with many caveats, calculating a value for LELP
and considering that the best hits may actually be fragment-like, could eliminate
a bias toward choosing the most potent compounds as the best starting points.

Alongside putting potency into perspective, the value of starting with a
chemical scaffold highly resistant to metabolic degradation cannot be under-
estimated. A significant amount of time can be spent tweaking structures to
slow down degradation via oxidative metabolism when a fundamental flaw
exists in the chemical scaffold itself. The level of compound coverage required
to treat infectious diseases demands molecules that have high AUCs and long
half-lives in order to achieve high free-drug concentrations for an extended
time. Liabilities with the scaffold should be identified and fixed early to guide
structural optimization in a productive direction.

4.3.3 Using In Vitro Assays to Guide Structural Optimization

Selecting for compounds able to kill all parasites in a host cell over compounds
that leave a few amastigotes remaining may lead to better outcomes in vivo with
respect to achieving sterile cure in animal models and hence treatment of human
infection [45, 46]. Along with potency, additional parameters that can be deter-
mined from a digitally imaged high-content screening assay using amastigotes as
the relevant intracellular multiplying life stage include host cell toxicity, efficacy
(Emax), and speed of kill [47]. Figure 4.2a shows a typical dose–response from a
high-content screening assay that is used to rank compound activity via measure-
ment of the lowest compound concentration required to kill 50%, 90%, or 99% of
the amastigotes present, the comparison parameter being determined by what
the team decides is the most important or relevant criterion. The assay format
concomitantly assesses compound toxicity toward the host cell. Calculating an
IC50 value toward the host cell prevents over interpretation of compound potency
if the selectivity index (SI) is low (Figure 4.2b). Maximal efficacy (Emax), the max-
imum response achievable from an applied compound to a biological system,
refers in this context to the complete elimination of parasites from infected host
cells (Figure 4.2c). Ensuring compounds are fully efficacious in vitro is indicative
of a cidal mode of action, as recovery of the amastigote population is prevented.
Accounting for assay variability, a practical cutoff value would be c. Emax > 95%.

T. cruzi CYP51 inhibitors are a compound class with lower efficacy in this
assay format (Emax ∼ 85%) (Figure 4.2d). Exemplar compounds posaconazole and
ravuconazole were shown to be very potent in in vitro phenotypic assays (low
nanomolar IC50), but did not achieve an Emax > 95% [45]. Clinical studies with
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these azole compounds were unsuccessful. Indeed, these drugs did not lead to
parasitological cure as parasite rebound, as assessed by PCR in blood, occurred
within six months to one year of follow-up in 80–100% of the patients treated,
demonstrating suppressive rather than curative efficacy [28, 48]. Unfortunately,
T. cruzi CYP51 is an extremely promiscuous enzyme and structural changes typ-
ically made during the medicinal chemistry optimization process can lead com-
pounds into this pharmacophoric space by accident (Figure 4.3). This can hap-
pen after introduction of a sterically unencumbered basic nitrogen heterocycle
such as pyridine, imidazole, pyridazine, etc. or even a pendent nitrile or primary
amine, for example. In the absence of a specific CYP51 counter assay [49], look-
ing at the in vitro data for an Emax value <95% coupled with a surprising boost in
activity is an indication that this might have happened.

Speculation about a dormant or metabolically quiescent form of T. cruzi is
becoming more relevant as discovery groups strive to optimize compounds
toward achieving 100% sterile cure in vivo. Reactivation of a dormant T. cruzi
infection in patients coinfected with HIV, for example, or following transplan-
tation is a clear indication that the parasite can survive in a latent form [50].
Cellular quiescence is a common mechanism used by pathogens to survive
following stresses such as drug pressure or immune surveillance, and dormancy
very often underlies chronic infection [51]. This phenomenon can be observed
in liver stages of relapsing malaria parasite Plasmodium, for example [52], and is
now a well-understood mechanism of Mycobacterium tuberculosis contributing
to symptom-free latent TB [53]. It has also been described in Salmonella and
Leishmania, among others [54, 55]. Rather than exhibiting genetic resistance
(mutations in specific genes following drug pressure), the quiescent physiological
state of pathogens exhibits phenotypic drug resistance, allowing these pathogens
to survive for an extended period of time without causing any symptoms. This
was a challenge for TB drug discovery programs until the development of
specific assays targeting the nonreplicating form of M. tuberculosis [56, 57]. It
is very tempting to postulate a similar hypothesis for CD that could explain the
current challenges encountered in CD discovery programs and to encourage the
CD community to develop an in vitro screening assay for drugs targeting the
nonreplicating T. cruzi parasite.

4.3.4 Getting Compounds to the Site of Action

Strategies to optimize in vivo efficacy require an understanding of the rela-
tionships between drug concentrations and effect, and are expressed as the
pharmacokinetic–pharmacodynamic (PK/PD) relationship. These are deduced
from pharmacokinetic studies measuring compound concentration over time
and the outcome of in vivo efficacy studies. Time, minimum inhibitory concen-
tration (MIC), and maximum plasma concentration (Cmax) are key parameters
that have been used to correlate efficacy with drug dosage for antibiotic use [58],
and it may be possible to learn from and apply drug treatment strategies devel-
oped in this field, particularly with respect to intracellular bacterial infections,
to successfully optimize activity against T. cruzi.
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Individual PK parameters may drive the PK/PD relationship: (i) time –
corresponding to the length of time compound concentration is above the
MIC – is critically dependent on the half-life of the compound, dosage, and
frequency of administration over a given time period; (ii) peak plasma concen-
tration (Cmax), which relates efficacy to drug concentration and depends on the
dose given and the volume of distribution of the drug; and (iii) area under the
concentration–time curve (AUC)/MIC, which combines both types of effect
since it corresponds to the total amount of drug to which the infectious agent is
exposed over a time period and is inversely proportional to drug clearance [58].
The in vivo free-drug concentration in the plasma is an additional important
PK/PD parameter, as only free drug is available to engage in target interaction
[59]. Optimizing compounds to influence PK/PD parameters is a tricky business.
Several excellent reviews highlight the pitfalls and caveats of adopting medicinal
chemistry design strategies to target volume of distribution [60], plasma protein
and tissue binding [61], and half-life [62]. Selecting the correct dosing paradigm
is also a critical factor for success [63].

A few examples of PK/PD relationships in the kinetoplastid field have been
reported – fexinidazole [64] for Chagas disease and oxaboroles for stage II HAT
[65]. Work on an early T. cruzi CYP51 series, derived from an agricultural herbi-
cide fenarimol, established a useful PK/PD criterion for the triage of compounds
into lengthy efficacy studies. Compounds were found to be able to reduce para-
sitemia to undetectable levels in a mouse model of acute infection after 20 days
of dosing when compound concentration was greater than the unbound in vitro
IC90 at 24 hours following oral dosing. The PK/PD relationship was an indicator
of efficacy rather than curative activity [66]. Significant progress has been made
in in vivo parasite detection since this work was done, and no curative activity was
observed in the BLI mouse model with these series analogs. This begs the ques-
tion as to whether it is realistic to expect a PK/PD relationship based on systemic
PK parameters to predict cure for a T. cruzi intracellular infection.

Other important issues to consider when designing compounds to target T.
cruzi at their site of action are the infection dynamics, and the presence of poten-
tial reservoir sites allowing long-term parasite persistence and escape from the
host immune response and/or drug pressure. The presence of reservoirs in var-
ious tissues and organs of the human body is a common feature of pathogens;
adipose tissue, for example, has been shown to serve as a reservoir for HIV, M.
tuberculosis, and various parasites, including T. cruzi [67–70]. This raises addi-
tional challenges not only for the medicinal chemist but also for the bioengineer
and drug delivery expert.

Structure–kinetic relationships, which describe the kinetics of drug binding
and residence time, provide growing importance for better understanding drug
effects and improving clinical efficacy [71–74]. While general pharmacokinet-
ics relates to the absorption, distribution, metabolism, and elimination of drugs
in the body, cellular pharmacokinetics is centered on evaluation of the penetra-
tion, distribution, degradation, and efflux of drugs in individual cells. Knowledge
of the biochemical target is obviously critical to being able to explore the possi-
ble impact of the drug–target half-life on in vivo efficacy. In antibiotic research,
the measurement of the intracellular concentration of antibiotics over time has
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been shown to provide useful correlations with pharmacodynamic effects; this
may provide an interesting perspective on strategies to optimize in vivo efficacy
against T. cruzi, i.e. sterile cure versus parasite suppression [63].

In order to avoid the technical challenge of measuring intracellular drug
concentrations, a separate study showed how modeling the chemical kinetics of
drug–target binding could help predict optimum dosing regimens for antibiotics
[63]. Of the four factors controlling drug effects identified (i.e. the half-life of
the antibiotic–target complex, the diffusion barrier between the extracellular
antibiotic and its target, the threshold of bound target required to suppress bac-
terial growth [target occupancy at MIC], and drug effects when the antibiotic is
present only at sub-MIC levels), it was concluded that the rate of cell penetration
and half-life of the drug–target complex were sufficient to identify the most
effective antibiotic treatment strategy. Modeling potential PK–PD scenarios
avoids lengthy testing cycles that rely on empirical optimization strategies to
drive progress. Would it be possible to apply this modeling strategy to optimize
the dosing paradigm for promising T. cruzi drugs to achieve sterile cure?

4.3.5 Mechanism of Action: Is There a Need for Target Deconvolution
before Starting a Lead Optimization Program?

One parameter the medicinal chemist cannot control is, of course, the mode
of action, especially if the hit set under assessment has been generated using
a phenotypic screen. Efforts have been made recently to deconvolute hits from
these screens in an attempt to quickly identify T. cruzi targets of potential inter-
est. This has led to the addition of a few new targets to the already long list of
putative targets for the parasite, in particular T. cruzi proteasome, cytochrome
b, PEX14–PEX5 interaction disruption essential for the glycosomal/peroxisomal
import and amino-acyl-tRNA synthetases, to name a few [2, 44, 73–76]. History
has shown, however, that there is a long way from the in vitro and in vivo valida-
tion of a target to its proof of potential in clinical settings, the latest examples of
the CYP51 inhibitors that failed in proof-of-concept clinical trials for CD, rais-
ing the issue of target validation for CD. The question arises then: are all targets
equally good, and, if not, what is a good target for Chagas disease? If one believes
that anti-chagasic compounds should aim at getting rid of all forms of the T. cruzi
parasite, then one should ensure that their target is present and expressed not
only in all life stages of the parasite but possibly also in the parasite’s quiescent
state. One could therefore challenge the methodology for parasite target identifi-
cation; indeed, very often and, for good reason (practicability and speed), quickly
replicating parasites (epimastigotes) are being used to generate resistant mutants
before whole-genome sequencing and characterization of changes leading to the
identification of the putative target. Even the cross-check in a growth inhibition
assay of intracellular amastigotes is not necessarily a guarantee of the right target,
as the standard assays might not be able to differentiate replicative from non-
replicative intracellular parasites.

This raises the potential issue of the effectiveness of the mechanism of
action (MoA) of identified compounds currently in lead optimization for CD.
Benznidazole, a compound with a modest systemic exposure after oral dosing,
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has demonstrated a 100% cure rate in mice models following a five-day treatment;
therefore, there is no obvious reason why compounds that have a very good PK
profile and high volume of distribution should not have a 100% cure as well, unless
their MoA or target(s) are inadequate or possibly not targeting quiescent forms
of T. cruzi (see Section 4.3.1), or they are not reaching putative reservoirs sites.

Metabolic plasticity of T. cruzi as it switches from one stage to another, i.e.
from replicating to nonreplicating phases during its life cycle in the different
hosts, is crucial to its survival in different environmental conditions. This phe-
nomenon implies changes in the expression of specific proteins and a rigorous
regulated adaptive metabolic mechanism. A switch from glucose to consump-
tion of amino acids, for example, was shown to occur in epimastigotes; amino
acid consumption was more abundant in the induced stationary phase of para-
sites in that stage as shown through metabolomics profiling [77]. It remains to be
determined which pathways – energetic metabolism, replication pathways, pro-
tein synthesis and translation, or specific enzymes – and how many are required
to be targeted by lead compounds to achieve a sterile cure. The development of
new assays using quiescent forms of T. cruzi or different phenotypes of the par-
asite – if judged essential and if at all possible – could become important before
investing resources in a long lead optimization program on a potentially inade-
quate starting point.

4.4 Conclusion

There is a growing momentum in the Chagas drug discovery community. Rapid
progress in the field in the past decade is evident, particularly in increasing knowl-
edge of the required properties of compounds to make good anti-T. cruzi entities.
Recent identification of novel biochemical targets of the parasite may lead to
other focused medicinal chemistry design efforts. Together with a greater under-
standing of T. cruzi infection dynamics and tissue tropism, and the confidence
that current mice models translate well into efficacy against human infection
(with further data expected from ongoing clinical trials of different doses and reg-
imens that include benznidazole), there is hope that future drug discovery efforts
will ultimately lead to drug candidates that meet the criteria detailed in the target
product profile for chronic and acute forms of CD.

However, there is still a significant gap in our knowledge of host/parasite inter-
actions and disease progression [78]. This gap has prevented medicinal chemists
from integrating biological knowledge into the design of new compounds; the
answer to the question, “How can we optimize a compound that will lead to ster-
ile cure?” is an ongoing question in Chagas drug discovery teams.

So far, aside from the standard improvement of ADME properties for com-
pounds of interest, the focus has often been on the optimization of in vitro
potency – a very small part of the puzzle – coupled recently with efforts not
to fall back into the CYP51 inhibitor chemical space. Efforts not to target
TcCYP51 inhibitors followed new knowledge issuing from CD clinical trials and
nonclinical studies with azoles as well as the development of assays able to filter
out such compounds.
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All drug discovery programs rely on the quality of hit molecules selected as
starting points; recent developments have shown, however, that even when tak-
ing these points into account and selecting starting points based on the newest
knowledge in the CD field, lead optimization programs have not, thus far, led
to new chemical entities as potential CD drug candidates. One might argue that
designing compounds that will lead to sterile cure in animal models may be a
too stringent pass criterion; on the other hand, one could emphasize the utmost
importance of the relevance of the mechanism of action and targets of new hit
molecules. It is emerging that when designing compounds, we may need to tar-
get different phenotypic forms of T. cruzi, with the dormant or quiescent form
becoming increasingly more important. In that respect, the application of knowl-
edge gained from other fields such as tuberculosis, HIV, and malaria could be
useful (e.g. assays using nonreplicative forms of the parasite, the targeting of
reservoir sites, or a combination treatment). The generation of data on the MoA
and its integration into optimization programs will also be important, not only to
predict potential safety issues (e.g. the need for a higher safety margin considering
the risk/benefit ratio in asymptomatic Chagas patients) but to assess, if possible,
the adequacy of a compound series MoA and/or target identified to start a medic-
inal chemistry program. In the latter case, the identification of new targets could
open up new avenues for CD drug discovery currently not being pursued, such
as target-based screens, structure-based drug design, and fragment-based drug
design, to name but a few.

In summary, designing drugs and treatment strategies to cure T. cruzi infec-
tions is clearly a complex process requiring the optimization of multiple param-
eters, many of which remain unknown or are not possible to measure. More
biological understanding is required in order for medicinal chemists to design
appropriate molecules that are able to reach highly adaptive, phenotypically var-
ied, and promiscuous intracellular parasites.
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5.1 Overview of Disease

Human African trypanosomiasis (HAT) is a parasitic disease caused by Try-
panosoma brucei (Figure 5.1) and is one of 20 neglected tropical diseases (NTDs),
as designated by the World Health Organization (WHO). HAT is confined to
sub-Saharan Africa, and around 50 million people are estimated to live in the
affected area. However, due to recent efforts to eradicate HAT, the number of
infected people has been reduced to an estimated 15 000 cases worldwide; but
due to a variety of sociopolitical and economic factors facing the region, that
number can vary wildly [1]. This is contrasted by the 2184 new cases reported
in 2016 [2], although this number may be misrepresented by a factor of 4 or 5 [3].

T. brucei is transmitted through the bite of an infected tsetse fly, which is a
blood-feeding insect that preys on mammalian hosts. T. b. gambiense and T. b.
rhodesiense are both human infective, but differ in their geographical distribution
as well as in the time frame for disease progression. T. b. brucei only affects certain
nonhuman animal types, but can still have further economic impacts on these
poorer regions [4].

As evidenced by the declining numbers of new HAT cases, the large-scale
implementation of control tools is having a positive impact on the effort to
eliminate HAT. Despite this, HAT continues to be a risk for a severe epidemic
and this has been seen numerous times. Current treatments for this disease are
aging and are associated with complex treatment regimens and often result in
the development of long-term health issues; in addition, reports of resistance
are becoming more frequent. Combined, these factors contribute to the need for
new lead compounds to fill the drug discovery pipeline for HAT.

5.2 Etiology and Epidemiology

The T. brucei life cycle has two distinct stages, which are denoted by its current
host (Figure 5.2). Infection with HAT occurs through the bite of an infected tsetse

Neglected Tropical Diseases: Drug Discovery and Development, First Edition.
Edited by David C. Swinney and Michael P. Pollastri.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.



116 5 Drug Discovery and Development for Human African Trypanosomiasis

Figure 5.1 Giemsa-stained light
photomicrograph of a blood smear
contains two Trypanosoma brucei
parasites. Source: https://phil.cdc.gov/
Details.aspx?pid=11821 [83].
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Figure 5.2 Life cycle of Trypanosoma brucei in both the tsetse fly and human. Source: https://
www.cdc.gov/parasites/sleepingsickness/biology.html [5].

fly and can lead to the formation of a chancre at the bite site. Once the parasite is
in the bloodstream, it converts itself from a metacyclic trypomastigote to a blood-
stream trypomastigote, and begins to multiply by binary fission in several differ-
ent types of body fluid. The parasites in the bloodstream are then transferred to a
new tsetse fly the next time that human is bitten. The bloodstream trypomastig-
ote changes into a procyclic trypomastigote in the tsetse fly’s midgut, and the par-
asite undergoes binary fission to replicate. The procyclic trypomastigote changes
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itself into an epimastigote, travels to the salivary gland, and finally changes into
a metacyclic trypomastigote. The newly infected tsetse fly bites another human,
and the cycle begins again.

HAT is a focal disease with 84% of all reported cases due to T. b. gambiense
in 2012 coming from the Democratic Republic of Congo [6]. T. b. gambiense
accounts for 98% of all cases and is found almost exclusively in Central and
West Africa, whereas T. b. rhodesiense is found almost exclusively in East
Africa and these two parasites currently share no overlap in endemic areas
(Figure 5.3) [9, 10]. Beyond geographical differences, there are also differences
in how the disease presents between the two subspecies. HAT progresses in two

(a)

(b)

Figure 5.3 Distribution of human African trypanosomiasis worldwide as seen in 2017 (a)
depiction of the spread of HAT caused by T. b. gambiense [7], and (b) depiction of cases caused
by T. b. rhodesiense [8]. Source: Reproduced with permission of World Health Organization.
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stages, the first is referred to as the hemolymphatic stage, where the parasites
reside in the blood and lymphatic systems, the second stage (also known as the
meningoencephalitic stage) occurs once the parasite crosses the blood–brain
barrier (BBB) and affects the central nervous system (CNS). Infection with T.
b. gambiense leads to a chronic infection whereby patients experience a longer
Stage 1 phase, lasting months or even years before the parasite crosses the BBB.
T. b. rhodesiense has a much shorter disease course, and can cause death within
3–12 months of initial infection [11].

Initially, symptoms include joint pain, headaches, fever, drowsiness, and
swelling of the lymph nodes. However, none of these alone are sufficient to
diagnose HAT, especially because there are various other tropic and subtropic
diseases that can mimic or coexist with HAT, such as HIV infection, meningitis,
malaria, enteric fever, tuberculous meningitis, or even the common cold. Once
the parasite enters the CNS, the Stage 2 symptoms clinically manifest and there
are a host of neurological features including motor, psychiatric, sensory, and
sleep abnormalities [12]. Psychiatric manifestations include lassitude, irritability,
personality changes, and psychosis [13]. One of the primary neurological
conditions associated with HAT is the reversal of the sleep–wake cycle, with
the patient experiencing nocturnal insomnia and daytime somnolence. Patients
can die from complications associated with their immunocompromised state,
which causes an increased risk of opportunistic infections such as pneumonia
or meningitis. Otherwise, HAT leads to seizures, coma, and eventual death.
However, patients with Stage 2 T. b. rhodesiense infections present with sup-
pressed clinical symptoms, with many experiencing only drowsiness or tremors
[14]. This is not to say that it is less fatal, with the majority of deaths from T. b.
rhodesiense infection occurring within six months of the onset of the illness due
to congestive heart failure, arrhythmia, and pericardial effusion [12].

Over the past century T. b. rhodesiense and T. b. gambiense have been responsi-
ble for a number of epidemics [5]. The first started in 1896 and lasted for 20 years,
and was located in Uganda and the Congo Basin [11]. During this 20-year span, an
estimated 700 000–800 000 people were killed. The next major epidemic began in
Uganda in 1901 and made its way to Sudan, Tanzania, Zambia, and Malawi over
the next seven years [11]. By 1905, one-third of the population had died from
HAT and it is thought to have been exacerbated by the spreading of trade and cul-
tural contact due to colonialism. Using modern disease control techniques, the
epidemic was finally ended in 1960. However, due to the ban of dichlorodiphenyl-
trichloroethane, a potent mosquito toxin, and the relaxation of regulations after
1960, another epidemic began in 1970. This epidemic mainly affected Angola,
Congo, Sudan, and Uganda and lasted until 1990 and ended with the introduction
of eflornithine [15].

As mentioned previously, T. b. brucei infects mammals other than humans; this
is called African animal trypanosomiasis (AAT or nagana), which is an infection
in livestock with T. congolense, T. vivax, or T. b. brucei. AAT is also transmitted
through infected tsetse flies and is responsible for infections in a variety of domes-
tic animals; however, humans are immune to the AAT form of trypanosomiasis
[15]. Across sub-Saharan Africa, 65% of the labor force and 32% of the GDP comes
from agriculture, and current estimates have shown that cattle density is reduced
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by 37–70% and the yearly offtake rate is reduced by 50% because of the effects of
AAT [3]. In addition, these livestock are also one of the primary food sources for
many villages in the region [9]. AAT has significant economic consequences in
areas of the world that are already struggling.

5.3 Current Treatments

The current treatments for HAT consist of suramin and pentamidine for Stage 1
HAT infections, and melarsoprol, eflornithine, or nifurtimox-eflornithine com-
bination therapy (NECT) for Stage 2 infections (Figure 5.4). They are summarized
in Table 5.1, and described in detail later.

5.3.1 Stage 1 Treatments

Suramin was the first treatment identified for Stage 1 HAT and came about
after it was discovered that various naphthalene dyes had notable trypanocidal
activity. It is a symmetrical drug that is readily soluble in water, and through
extensive research into the structure–activity relationship (SAR) around this
molecule, it has been noted that any changes to the structure significantly
hamper the efficacy against trypanosomes [16]. Due to suramin’s large size and
polar structure, it is unable to cross the BBB, which renders it only viable as a
Stage 1 treatment. Suramin is also known to bind a variety of serum proteins,
including low-density lipoproteins (LDLs). Typically, suramin will bind to an
LDL and enter the parasite through receptor-mediated endocytosis. Apoprotein
B uses its positively charged amino acids to bind to the negatively charged
residues on LDL. This process is inhibited when LDL is bound to suramin,
inhibiting the cholesterol uptake the parasite needs for growth. In addition,
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Figure 5.4 Current chemotherapeutics for HAT.
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Table 5.1 A summary of the current treatments for HAT including the mechanism of action,
dosing regimen, and known problems associated with its use.

Indication Drug
Mechanism
of action

Dosing
regimen

Associated
problems

Stage 1 Pentamidine
(1940)

Inhibits
P2-mediated
adenosine uptake;
thought to have a
variety of
nonspecific
interactions which
contribute to the
potency

4 mg/kg/d
intramuscularly or
intravenously
(diluted in saline,
in 2-h
infusions)× 7 da)

Preferred treatment
for T. b. gambiense
infections
Has been used as a
prophylactic
treatment; highly
plasma protein
bound –∼70%
which leads to a long
elimination half-life
(∼several weeks)

Suramin
(1920s)

Binds a large variety
of serum proteins,
including
low-density
lipoproteins; also
inhibits many
positively charged
glycolytic proteins

Test dose of
4–5 mg/kg
intravenously,
then 20 mg/kg
intravenously
once per week × 5
wk (maximum
1 g/injection)

Used primarily for
Stage 1 T. b.
rhodesiense HAT
Associated with
toxicity issues

Stage 2 Melarsoprol
(1947)

Thought to be
related to its ability
to bind purine
transporters

Series of four
injections given
over 4 d. Ten-day
treatment hiatus
to recover and the
injection
procedure is
repeated. After
another 10 d, the
final four doses
are
given.b)Treatment
is extremely
painful

Due to poor aqueous
solubility, it is stored
and injected into the
body while
solubilized in
propylene glycol
Highly toxic, with
∼5%
treatment-related
mortality.
Increasing number
of treatment failures
(up to 30% in some
regions); particularly
in patients with
mutations of the
purine transporters

Eflornithine
(1981)

Irreversibly inhibits
ornithine
decarboxylase,
which is important
in the biosynthesis
of polyamines

Administer
400 mg/kg/d
intravenously in
four 2-h infusions
(each dose diluted
in 100 ml of water
for
injection)c)× 14 db)

Resistance is easy to
develop in the
laboratory through
loss of amino acid
transporter
Not recommended
for T. b. rhodesiense
infections
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Table 5.1 (Continued)

Indication Drug
Mechanism
of action

Dosing
regimen

Associated
problems

Nifurtimox–
eflornithine
combination
therapy – NECT
(2009)

Nifurtimox
15 mg/kg/d orally
in three
doses× 10 d;
Eflornithine
400 mg/kg/d
intravenously in
two 2-h infusions
(each dose diluted
in 250 ml of water
for
injection)c)× 7 db)

Favored over
eflornithine
monotherapy as it
simplifies the
treatment regimen
Nifurtimox trialed as
a monotherapy,
although it failed
due to variable cure
rates and toxicity
with high doses and
prolonged treatment
Resistance is a
problem

a) Pentamidine can be given after the first trimester of pregnancy.
b) Nifurtimox, eflornithine, and melarsoprol, all of which are theoretically contraindicated, in

practice are given when the mother is in advanced second-stage disease and her condition does
not permit waiting. If postponement of treatment until childbirth is judged possible, a full
course of pentamidine should be administered, principally to prevent vertical transmission.

c) Children weighing <10 kg: dilute in 50 ml of water for injection. Children weighing 10–25 kg:
dilute in 100 ml of water for injection. If water for injection is unavailable, eflornithine can be
diluted in 5% dextrose or saline.

suramin binds to and inhibits many of the positively charged glycolytic proteins
in trypanosomes [17]. Side effects for this treatment are extremely common, and
they include nephrotoxicity, peripheral neuropathy, and bone marrow toxicity
with agranulocytosis and thrombocytopenia. Rarely, it is possible for acute and
late hypersensitivity to occur [17]. Currently, suramin has not seen resistance
in either T. b. gambiense or T. b. rhodesiense, but that is not to say it is not
possible. Research into T. evansi, a different trypanosome species that infects
large mammals, but not humans, has shown that trypanosome resistance is
possible and genetically stable. With enough selective pressure, it seems likely
that resistance would occur in the relevant strains [18].

Pentamidine is the second treatment for Stage 1 HAT. It was introduced in 1941
as a trypanocide, and is still the treatment of choice for Stage 1 T. b. gambiense
infection. Typically, pentamidine is given intramuscularly over the course of a
week. However, if there are facilities available for an IV infusion, then that is the
method of choice, as it only takes two hours [18]. After injection, pentamidine
will stay in the body for a significant amount of time as the elimination half-life
can be several weeks, depending on the patient’s age, sex, and general health.
While pentamidine is most effective against Stage 1 HAT due to its poor pene-
tration of the BBB, it has shown promising effectiveness in early Stage 2 patients.
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Once in the body, around 70% of the drug is bound to plasma proteins which
are then brought into the parasite using membrane transporters [18]. Pentami-
dine has been shown to inhibit P2-mediated adenosine uptake, and is effective at
adenosine levels increased 100-fold over natural T. b. brucei. Pentamidine does
not rely solely on any one transporter, making it unlikely for transport-related
pentamidine resistance to occur. This could be one of the reasons that resistance
to this drug has been seen only a few times clinically, even when it was being
used as a mass prophylactic [17]. Pentamidine is a very common form of treat-
ment for HAT even though the mechanism of action is not very well understood.
Due to the high accumulation levels in the body, it is thought that there are a
variety of nonspecific actions which contribute to potency. The first is due to pen-
tamidine’s ability to bind nucleic acids and form complexes with various types of
double-stranded DNA, excluding human DNA. It has also been shown to be an
effective agonist for the N-methyl-d-aspartate glutamate receptor and the delta2
receptor, both of which are necessary for a trypanosome’s survival [18]. Pentami-
dine has relatively mild side effects compared to the other treatments, and, when
given intramuscularly, the most common side effects include site pain and tran-
sient swelling, abdominal pain and gastrointestinal problems, and hypoglycemia.
Other side effects frequently seen when pentamidine is used to treat other dis-
eases are leucopenia, thrombocytopenia, hyperkalemia, and QT prolongation [4].

5.3.2 Stage 2 Treatments

Melarsoprol was first used to treat HAT in 1947, and continues to be the treat-
ment of choice for Stage 2 T. b. gambiense or T. b. rhodesiense infections. This is
mainly because very few drugs have shown the ability to both pass through the
BBB and have strong activity against the parasite. The dosing schedule typically
starts with a series of four injections over four days. The patient is then given 10
days to recover before the injection procedure is repeated. After another 10 days,
the patient is given the final four doses. Due to the poor aqueous solubility, it is
stored and injected into the body while solubilized in propylene glycol [17]. This
is extremely painful for the patient, and commonly causes thrombophlebitis and
severe necrosis at the injection site. Furthermore, melarsoprol itself is extremely
toxic due to the trivalent arsenic serving as the active moiety. Dimercaprol is used
to moderate this toxicity, although this has also been shown to induce convul-
sions and coma [18]. This combination therapy has side effects which include
encephalopathy in 10% of patients and mortality in 5% of patients. The mecha-
nism of action for melarsoprol is thought to be related to its ability to bind purine
transporters. Trypanosomes are not able to synthesize their own nucleic acids
and must take them from their host, making the purine transporters an impor-
tant step in replication. Providing evidence for this theory, melarsoprol has shown
failures in treating patients with a mutation of the purine transporter. In some
places, this resistance has reached levels as high as 30% [17].

Eflornithine was first synthesized in 1978 as a possible cancer chemother-
apeutic. Around the same time, it was independently discovered to have
strong trypanocidal properties. However, due to differences in trypanosome
subspecies, it is only effective against T. b. gambiense, and not T. b. rhodesiense
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infections. The dosing regimen typically consists of 100 mg/kg injections every
six hours for two weeks. In addition to this being an extremely time-consuming
regimen, the sheer amount of material used per person can make distribution a
challenge. After two weeks, the average patient will have been dosed with 300 g
of eflornithine [18]. The side effects of this intense regimen are very similar to the
side effects of most cytotoxic cancer chemotherapeutics, including convulsions,
gastrointestinal disturbances, bone marrow toxicity, hearing impairment, and
alopecia. The bone marrow toxicity frequently causes anemia, leucopenia, and
thrombocytopenia. In mice, rats, and rabbits, eflornithine has also been shown
to halt fetal development. The mechanism of action comes from eflornithine’s
ability to selectively and irreversibly inhibit ornithine decarboxylase (ODC) [19].
ODC acts as a catalyst for the transformation of ornithine to putrescine, the
rate-limiting step in the synthesis of the polyamines spermidine and spermine.
These polyamines assist in nucleic acid production, regulate protein synthesis,
and are vital for the growth of all eukaryotic cells. However, eflornithine is much
more effective in trypanosomes than in human cells, likely due to the slower
turnover of the enzyme, and as a result halts the growth of the parasite. As such,
this allows the host’s immune system to respond to the infection; however, it
is imperative that the host has a strong immune system [11]. Eflornithine is
relatively new as the first-line treatment for Stage 2 HAT, so there have been
no clinical reports of resistance. However, it was shown that the deletion of an
amino acid transporter gene, TbAAT6, decreased the efficacy of eflornithine
40-fold when compared to the wild type. Two independently derived lines have
shown the ability to produce this mutation [20].

To overcome the complex treatment regimen of eflornithine, a combination
therapy known as NECT was developed by DNDi. NECT is a combination of
nifurtimox, which is currently used to treat American trypanosomiasis, and eflor-
nithine [21]. While eflornithine alone has high efficacy and reversible side effects,
it has a logistically challenging administration method. The combination therapy
has a much easier regimen to follow. Eflornithine is given intravenously every
12 hours for 7 days, while nifurtimox is given orally every 8 hours for 10 days
[20, 21]. Testing has shown that NECT has a higher cure rate (96.5–97.9% versus
91.6–92.3%) as well as a 10% non-inferiority margin when compared to eflor-
nithine monotherapy [21]. NECT also had half the major adverse event reports
compared to eflornithine and other adverse events were also reduced due to the
shorter eflornithine treatment. As with eflornithine, NECT is only effective when
used to treat T. b. gambiense infections. Patients with T. b. rhodesiense must still
rely on melarsoprol for their treatment [22]. Given the increasing levels of resis-
tance and the severity of the observed side effects with respect to current treat-
ments, there is a significant need to develop novel treatments for HAT which
target both stages of the diseases and all parasite subspecies.

5.4 Diagnostics

Due to the lethality of HAT, as well as the clinical symptoms that are indiscernible
from other tropical diseases, there is a dire need to create a rapid diagnostic
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test. A rapid diagnostic is defined as a test that “yields results during the same
clinic visit, and can also be used in health centers with minimal infrastructure or
trained personnel, particularly without the use of electricity” [23]. One of the pri-
mary challenges for early HAT detection is that there is no easy way to determine
which stage of the disease the patient has without the use of a lumbar puncture to
identify the parasites and white blood count within the cerebrospinal fluid (CSF)
[23]. This is critical for selecting the necessary treatment as the CNS-penetrant
drugs melarsoprol and eflornithine would be necessary for Stage 2. Due to this,
the most efficient method of diagnosis is to focus on serological tests for para-
site confirmation, and to identify which individuals require a lumbar puncture to
stage the infection.

According to the WHO, HAT is considered to be in the second stage if the
CSF contains one or more of the following: trypanosomes, raised white blood
cell count (>5 cells/μl), or increased protein content (>370 mg/l) [24]. If patients
are found to have a white blood cell count in the range of 6–20 cells/μl in the
CSF, they are often referred to as being in the intermediate stage as they often do
not have symptoms of neuroinflammation [24]. These patients are treated imme-
diately with pentamidine as it may still be effective; however, if the white blood
cell count is in the range of 11–20 cells/μl in the CSF, the effectiveness of pen-
tamidine is greatly diminished and these patients are treated with melarsoprol or
eflornithine [25]. If trypanosomes are detected in the CSF, the infection is imme-
diately categorized as Stage 2, and melarsoprol or eflornithine treatment begins.
Finally, protein content can be greatly elevated in patients with HAT, ranging
from 100 to 2000 mg/l [25]. However, the protein content in the CSF can be arti-
ficially high even in the first stage of HAT due to the diffusion of IgG into the CSF.
To confirm that the trypanosome has reached the CSF, a protein elevation level
of 750 mg/l is often used. White blood cell count, and trypanosome identifica-
tion in the CSF are the two primary methods for staging HAT following a lumbar
puncture; this is because there is no standard procedure for measuring protein
content elevation.

One of the cornerstones of serological tests is the card agglutination test for
trypanosomiasis (CATT) developed in the late 1970s [26]. The CATT is a direct
agglutination assay for the detection of T. b. gambiense-specific antibodies in the
blood, plasma, or serum of HAT patients; this is always followed up by para-
sitological confirmation tests in detected individuals. Some of the drawbacks of
the CATT are that it is designed for mass screening programs, and therefore is
manufactured in vials of 50 test units which must be discarded once the vial has
been reconstituted. In certain endemic areas, this can lead to unnecessary waste
as they may not see 50 patients in a day. Furthermore, the CATT has poor ther-
mal stability and degrades within one month of exposure to high temperatures,
which greatly limits its storage in health facilities that lack access to proper refrig-
eration. The Institute of Tropical Medicine in Antwerp, Belgium, has developed
a new form of the CATT that is based on a thermostable lyophilization medium
and is manufactured in 10-unit vials called the CATT-D10 [27]. This test has
been shown to be thermally stable after exposure to very high or alternating tem-
peratures, ranging from 4 to 45 ∘C, over a period as long as 18 months. While
having only 10 doses increases the shipping and production costs, it is intended
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for peripheral health care facilities that often see less than 20 patients per day, thus
resulting in a net improvement in cost efficiency [27]. The CATT is also specific
for infections of T. b. gambiense and does not detect T. b. rhodesiense infections.

Another field diagnostic option for HAT is an immunochromatographic lateral
flow device which is capable of testing one person at a time [28, 29]. It is more
sensitive than CATT as it can detect nanogram amounts of antibodies to tar-
get antigens in biological fluids, primarily through a finger prick. The antibodies
tested are the T. b. gambiense-specific LiTat 1, 3, and 5, which can be detected
as early as 3–4 weeks postinfection; however, care must be taken in patients who
have previously been treated for HAT as these antibodies can persist for up to
three years after cure [30].

As mentioned earlier, there is currently no T. b. rhodesiense version of the
CATT that is widely available, although there have been promising results for
trypanosomiasis agglutination tests [31]. There are immunofluorescence- and
ELISA-based serological tests; however, the sensitivity is variable and it requires
highly trained technicians, which greatly hinders ease of access for endemic
areas. Due to this, the primary method of diagnosing infection due to T. b.
rhodesiense is through the identification of clinical symptoms. After HAT has
been staged, it is generally a straightforward process to determine which parasite
has infected the host due to the geographical distribution of T. b. gambiense
(being found in Central and Western Africa) and T. b. rhodesiense (found in
Eastern Africa), with the parasites currently sharing no overlap in endemic areas
[9]. The distribution of bloodstream trypanosomes of T. b. rhodesiense are also
much more numerous than that of T. b. gambiense, making a stained thick or
thin blood smear a viable option for parasite confirmation as well [19].

The diagnosis of HAT remains difficult due to the lack of reliable access to rapid
field diagnostics in endemic areas, as well as less invasive staging techniques.
Serological tests currently only exist for the T. b. gambiense infection, while infec-
tions due to T. b. rhodesiense rely heavily on trypanosome discovery. The only way
to properly stage either form of HAT is through a lumbar puncture, followed by
white blood cell count and parasite detection. Although small advances have been
made in the past few decades on HAT diagnosis, it is getting easier to identify
clinical signs of infections, and there has been a push to create more accessible
and specific diagnostic instrumentation for endemic areas.

5.5 Medicinal Chemistry

While increasing the ease of diagnosis would certainly benefit patients, this alone
is not able to cure HAT. Out of 1556 approved drugs from 1975 to 2004, only 1.3%
were specifically developed for NTDs, even though NTDs account for 11.4% of
the global disease burden [32]. Due to this, there has been an emergence of orga-
nizations focusing on drug discovery for NTDs such as the Bill & Melinda Gates
Foundation, Drug & Diagnostics for Tropical Diseases, and the DNDi, which
specifically focuses on the development of drugs for the treatment of trypanoso-
miasis and leishmaniasis, among others [32]. The DNDi target product profile
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Table 5.2 Target product profile for HAT as determined by DNDi.

Effective against T. b. gambiense T. b. rhodesiense

Effective in melarsoprol-refractory patients Yes
Clinical efficacy >95% at 18 mo follow-up
Safe for Pregnancy Breastfeeding Children
Formulations Children Adults
Monitoring of adverse effects needed No
Stability Zone 4
Shelf life >3 yr
Treatment timetable <7 d
Dose administration Oral Intravenous
Trypanocidal or static Cidal
Spectrum Multi-target
Cost <30€ per course

for a new chemotherapeutic is presented in Table 5.2. Ideally, new chemothera-
peutics for HAT will be orally (p.o.) administered, treat Stage 1 and 2 infections
(thereby eliminating the need to stage disease progression), and will be effective
against HAT infections caused by both T. b. gambiense and T. b. rhodesiense [33].

There have been several authoritative reviews highlighting the current
approaches used in HAT drug discovery efforts [34–37]. The two primary meth-
ods for hit identification are phenotypic- or target-based screening, of which both
have advantages and disadvantages. In phenotypic screening, a small molecule
is screened against an organism’s phenotype in a whole-organism-based assay.
The advantage of this is that the molecule is tested against a fully functioning
biological system; cellular systems often lack the complexity of whole biological
systems and thus are unable to adequately provide a sufficient model for drug
discovery. In whole-organism-based assays, the only compounds that appear
as hits are ones that have biological activity and cell penetration. However, in
phenotypic-based drug discovery, the molecular mechanism of action (MMOA)
is often unknown. In target-based screening just the opposite is done, the small
molecule is tested against a specific receptor or receptor family, often with the
aid of computational modeling. The advantage of this is that the MMOA is
known, and can therefore provide a greater understanding of what attributes of
the drug are contributing to its overall efficacy. However, because target-based
drug discovery is performed on a single target, it does not account for polyphar-
macology or hits with multiple MMOA. One of the reasons why target-based
screening is taking a back seat to the phenotypic version is that many drugs that
are effective in target-based studies show a lack of efficacy in whole-cell analysis,
often due to permeability issues [38].

While both methods are routinely used in drug discovery, the data shows
that phenotypic screening is superior for the discovery of first-in-class drugs
[39]. However, for follower drugs, target-based screening is vastly superior
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[39]. These results are intuitive, as using the whole biological system as a
model would be fruitful for finding a drug, but knowing the exact MMOA
would be beneficial for optimizing a drug. This is not to say that target-based
high-throughput screening (HTS) is ineffective for first-in-class drug discovery;
valuable lead anti-trypanosomal drug candidates have come from target-based
HTS campaigns such as a recent hexokinase small-molecule inhibitor as well as
a trypanothione reductase inhibitor, both of which show promise [40, 41].

One of the largest open-source phenotypic HTS campaigns was performed
by GlaxoSmithKline (GSK), wherein they screened 1.8 million compounds
against three kinetoplastids, Leishmania donovani (L. donovani), Trypanosoma
cruzi (T. cruzi), and T. b. brucei, over the course of two years [42]. From this
herculean effort, 27 000 compounds showed >40% inhibition of T. b. brucei at
4.2 μM; subsequent confirmation of activity left 15 200 compounds. From these,
4200 showed >80% inhibition at 4.2 μM as well as various “drug-like” criteria:
calculated properties forecast index (cPFI) <8, <5 aromatic rings, MW< 500 Da,
and positive predicted CNS penetration. These were then screened against T.
b. brucei with an orthogonal ATP-based luminescence assay and cytotoxicity
was assessed in HepG2 cells. Seven hundred noncytotoxic anti-T. b. brucei
compounds were identified, 88% of which were not previously published and the
remaining 12% were published with uses unrelated to the activity against T. b.
brucei [42]. After this, MMOA hypotheses were created on the basis of historical
screening data of similar inhibitors. By far the highest target hit were kinases,
with roughly 58% of all active hits most likely being kinase inhibitors. This is
not surprising as kinases are a known target when pursing anti-trypanosomal
drug discovery; the trypanosoma genome contains less than 200 kinases, and
at least 43 of those are essential in cell cycle and differentiation based on in
vitro RNAi screenings [43]. Also identified in the potential MMOA hypotheses
analysis were phosphodiesterases (PDE), cysteine peptidases, and cytochromes
(CYPs). There are five PDEs present in T. brucei, but PDEs B1 and B2 (TbrPDEB1
and TbrPDEB2) are known drug targets as they regulate cyclic AMP, which
is crucial for the control of cell growth, differentiation, and osmoregulation in
trypanosomatoids and are currently under active investigation [44]. The cysteine
peptidases of kinetoplastids are also a known target as T. brucei deactivates the
protective action of human apolipoprotein LI via an active cysteine [45, 46]. And
the primary mechanism of iron uptake in T. brucei is through ferric reductase,
which has a homology sequence to cytochrome P450, and recent advances have
been made on exploiting that similarity [47–49]. All of these potential targets
present an interesting opportunity for the identification of a lead in the drug
discovery process, and provides a prime example of how the discovery models
can work together in an HTS campaign.

A rational medicinal chemistry strategy can be an excellent starting point for hit
identification through repurposing known chemical matter for further optimiza-
tion [50]. The advantage of this is that the drug, candidate, or lead compound has
a well-established safety profile and published SAR that can be exploited [51].
A known drug can also be directly repurposed without further optimization, a
strategy known as drug repurposing. The majority of drugs fail due to a lack of
safety or efficacy; and because a safety profile is already established, the drug can
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piggyback off of the original drug. This may lead to faster approval, requiring
less upfront cost, and in some cases the drug can progress without phase I and
II clinical trials [51]. One of the most successful cases of drug repurposing for
HAT was the discovery of eflornithine. Eflornithine was initially developed as
a potential antineoplastic agent, but was shown to have activity against Stage 2
T. b. gambiense infection as previously discussed [52]. In a further example of
drug repurposing, nifurtimox, which was previously registered to treat Chagas
disease, was tested against Stage 2 HAT as a monotherapy but showed limited
efficacy. Further evaluation as a combination therapy led to the identification of
NECT, which yielded improved safety and efficacy.

In a similar approach to drug repurposing, a library of biased leads can
be screened against a disease-causing agent; this is known as lead repurpos-
ing [50]. As highlighted previously, trypanosomes express multiple essential
kinases and have been shown to be a fruitful focus point in the discovery of
anti-trypanosomal drugs [35, 53–57]. In 2012, a number of hydroxamic acid
derivatives which had shown human histone deacetylase (HDAC) activity were
screened against T. b. brucei [58]. Histone modifications are well described in T.
brucei as being involved in transcription, chromatin assembly, replication, and
DNA repair of chromosome biology, and inhibition of these processes has been
shown to suppress bloodstream form (BSF) T. brucei [59–61]. A large library
of HDAC inhibitors was screened with the intention of identifying anticancer
activity, resulting in the identification of Belinostat. This was later repurposed
against BSF T. brucei with the intention of decoupling the activity against human
HDAC; activity levels were achieved in the sub-micromolar range [59]. The
result was three different hydroxamic acid scaffolds that presented opportunistic
leads for a drug candidate against BSF T. brucei [59–61].

The Pollastri Laboratory is currently pursuing a number of repurposing
strategies in efforts to identify T. brucei inhibitors [62–65]. A whole-organism
high-throughput screen against T. b. brucei using a library of known human
kinases led to the identification of various scaffolds as inhibitors of trypanosomal
proliferation, a number of which are currently being explored via medicinal
chemistry optimization [66]. In a separate project, a number of late-stage
clinical candidates and compounds already approved for use in the clinic were
screened against T. b. brucei [67, 68]. This led to the identification of lapatinib, a
known tyrosine kinase inhibitor which was approved with capecitabine to treat
breast cancer in 2007 as a combination therapy, as a trypanosomal proliferation
inhibitor [55, 67, 68]. In addition, the laboratory is also currently working to
repurpose a series of human PDE4 inhibitors and a carbazole-derived drug for
HAT [62, 64, 65, 69].

A third approach that has been gaining more traction is the use of in silico
HTS. Screening done in silico uses computational models and docking algorithms
to predict molecular scaffolds and conformations that could lead to a hit. The
primary advantage of in silico HTS is the reduced financial burden when com-
pared to traditional HTS methods, having a physical library of compounds for
phenotypic- and target-based HTS, as well as the robotic assembly to test them
is costly. For in silico HTS, a physical library of both compounds and biological
targets is unnecessary; only a computer-generated library of compounds and a
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crystal structure or homology model of the intended target are necessary. The hit
percentage of in silico modeling is often also higher than that of phenotypic- and
target-based screening campaigns, which is generally around 1%; in silico mod-
eling has been shown to get hits as high as 50%, mostly due to the fact that the
molecular scaffolds chosen can be tailored to fit into a particular active site of
an enzyme [70, 71]. While in silico modeling has been successful in the past for
diseases like cancer, Alzheimer’s, and diabetes, little success has come in the way
of anti-trypanosomal drug discovery [72–75]. In addition, in silico modeling is
often used to complement phenotypic- or target-based screening as a means of
confirming an MMOA or optimizing a drug candidate.

5.6 Future Drug Candidates

While the NTD drug discovery pipeline for HAT has seen a significant reduc-
tion, it has not stopped. There are currently three drugs with promising results
that are in different stages of the clinical trial process. Acoziborole (formerly
known as SCYX-7158) is currently in phase IIb/III trials, fexinidazole is currently
being developed by Sanofi and the DNDi and is in phase IIIb clinical trials, and
GNF6702 was discovered in 2013 by Novartis and is currently undergoing pre-
clinical toxicity studies [76, 77].

Acoziborole (Figure 5.5) was discovered in 2009 by Anacor Pharmaceuticals
through a screening effort that discovered benzoxaborole 6-carboxamides as lead
candidates for the treatment of HAT [78]. Benzoxaborole 6-carboxamides exhib-
ited good in vitro as well as in vivo pharmacokinetic properties, and eventually
resulted in SCYX-6759, which was the first compound with acceptable potency,
pharmacokinetic properties, and BBB permeability to provide a complete cure
in the Stage 2 murine model of HAT. However, SCYX-6759 was only active as a
twice-daily, oral dose; and drug concentrations fell below the required minimum
inhibitor concentration (MIC) in the brain after roughly 12 hours. To address
this issue, SCYX-6759 was further optimized to acoziborole with two additional
methyl groups at the benzylic methylene, which greatly reduced the metabolism
and enabled administration as a once-daily, oral dose [76]. Acoziborole exhibited
a 100% cure rate for Stage 2 HAT infection in mice when administered as a
25 mg/kg oral dose over seven days starting on day 21 postinfection. However, the
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SCYX-6759

T. b. brucei 427 EC50: 0.070 μg/ml

L929 EC50: 9.5 μg/ml

Acoziborole (SCYX-7158)

T. b. brucei 427 EC50: 0.29 ± 0.019 μg/ml

L929 EC50: >50 μg/ml

Figure 5.5 Identification of acoziborole, formerly SCYX-7158, from SCYX-6759 which shows
significantly improved metabolic stability, enabling once-daily dosing in mice.
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mechanism by which it acts is currently unknown. Potential biochemical targets
were assessed to elucidate the MMOA, but none exhibited significant binding or
inhibition with the addition of acoziborole [78]. This does, however, support the
toxicity profile of acoziborole, which presents a very low risk of mechanism-based
toxicity. Acoziborole has passed phase I human trials and is currently in phase
IIb/III trials in the Democratic Republic of Congo, where it presents a very
promising drug candidate for the cure of Stage 2 HAT caused by T. b. gambiense.

Fexinidazole, a nitroimidazole, was identified as a promising drug candidate
from a diverse set of over 700 nitroheterocyclic compounds that were assessed
for antiparasitic activity and toxicity [77]. Fexinidazole had previously been
in preclinical development in the 1970s as a broad-spectrum antibiotic by
Sanofi-Aventis, and had been tested as an anti-trypanosomal drug in 1983,
but the development was not pursued further due to a lack of commercial
viability [79, 80]. Fexinidazole has shown potent inhibition in in vitro labo-
ratory strains of T. b. rhodesiense (IC50: 0.48–0.82 μg/ml) and T. b. gambiense
(IC50: 0.30–0.93 μg/ml); however, fexinidazole exhibited little to no nonspecific
cytotoxicity, making it a much more attractive option than current chemothera-
peutics. For Stage 1 in vivo, it has been effective against T. b. rhodesiense and T.
b. gambiense models of infection with an oral dose of 100 mg/kg/d for four days.
It is even effective against the Stage 2 variant with a dose of 200 mg/kg/d over
five days, exhibiting an 88% cure rate against T. b. brucei GVR35 in a group of
eight mice. Fexinidazole is well absorbed upon oral administration and has two
primary metabolites, fexinidazole sulfoxide and fexinidazole sulfone, shown in
Figure 5.6, that have in vitro trypanocidal activity similar to that of the parent
[81]. The parent compound exhibits a half-life between one and three hours and
up to 24 hours for the metabolites. While fexinidazole is rapidly metabolized in
vivo to the sulfoxide and sulfone derivatives, its metabolism is not expected to

Fexinidazole
T. b. brucei BS221 IC50: 2.38 ± 0.88 μM

T. b. rhodesiense STIB900 IC50: 2.17 ± 0.29 μM

T. b. gambiense STIB930 IC50: 1.84 ± 1.1 μM
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T. b. brucei EC50: 1.63 ± 0.92 μM
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Figure 5.6 Fexinidazole and the sulfone and sulfoxide metabolites show potent trypanocidal
activity.
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Figure 5.7 Progression from the initial hit (GNF5343) to GNF6702 which shows potent
pan-kinetoplastid activity against L. donovani, T. cruzi, and T. b. brucei.

be significantly affected by other drugs because it is metabolized extensively by
multiple CYP450 isoforms. The clinical trial design allowed a window of 13%
inferiority for fexinidazole versus NECT based on regional health care providers’
experiences given that oral dosing could be achieved. When compared with
NECT, fexinidazole showed 91.2% positive outcomes (97.6% positive outcomes
for NECT), a difference of 6.4% which led to the clinical trial being labeled a
success. Fexinidazole is currently in phase IIIb clinical trials to test the feasibility
of outpatient treatment.

The most recent new drug in the pipeline for HAT is known as GNF6702
(Figure 5.7) and was identified by Novartis in 2013. It has shown potent inhibition
of three kinetoplastids: L. donovani, T. cruzi, and T. b. brucei [82]. A three million
compound library was screened, and through a triage of active compounds with
an EC50 < 10 μM and a >five-fold preference in selectivity over mammalian cells,
GNF5343, an azabenzoxazole, was identified. After the synthesis of roughly 3000
additional compounds to improve potency and bioavailability, GNF6702 was
identified which exhibited a 400-fold increase in potency against L. donovani
compared to GNF5343, and showed desirable results against both T. cruzi and
T. b. brucei. Efficacy against Stage 2 HAT was assessed by administration of
GNF6702 to infected mice at 100 mg/kg once daily. The higher dosage is due to
the limited exposure of the drug into the brain, with roughly 10% partitioned to
the brain versus the plasma. After seven days of treatment, a sustained clearance
of parasitemia was observed and mice treated with GNF6702 had no detectable
parasitemia in the brain at the termination of the experiment [82].

Due to this drug showing pan-kinetoplastid activity, MMOA studies were per-
formed and the primary mechanism of parasite growth inhibition is through the
inhibition of proteasome activity. Further studies showed that GNF6702 blocked
the chemotrypsin-like activity within the beta-5 subunit without competing
with substrate binding. Resistance against GNF6702 is due to mutations in the
beta-4 subunit, a subunit in direct physical contact with the beta-5 subunit.
GNF6702 is currently being tested preclinically for toxicity issues; there is
some concern that increased toxicity may be a risk due to the pan-kinetoplastid
activity [82]. However, this remains a promising lead and the ability to tailor
the activity toward different kinetoplastids is currently being explored and the
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value of the identification of a target that is common to three of the most deadly
kinetoplastids cannot be understated.

5.7 Conclusion

HAT has long suffered from lack of investment due to the lack of financial incen-
tive for profit-driven companies making it a typical NTD. With the expected
addition of novel, safe, oral drugs to the treatment arsenal, as well as the develop-
ment of more cost-effective diagnostic tools, we are making progress toward the
goal of eliminating HAT as a public health problem by 2020, and to have zero inci-
dences of HAT by 2030. Historically, a rapid resurgence in the number of cases of
HAT has occurred from similar levels, making continued diligence essential for
complete control and elimination to be realized.
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Leishmaniasis is caused by over 20 species of the protozoan Leishmania and
occurs in five different continents. It follows that the disease manifests in a variety
of clinical forms, the main ones being visceral, cutaneous, and mucocutaneous
leishmaniasis. These manifestations result from different tissue tropisms that are
primarily determined by the Leishmania species, although host factors (such as
immunosuppression) can play a role, too. Understanding these different clinical
syndromes is important for scientists working on antileishmanial drug develop-
ment because the requirements of an effective drug (the target product profile
[TPP]) will vary depending on the targeted syndrome.

6.1 Visceral Leishmaniasis (VL)

Two species are principally responsible for VL, Leishmania donovani and
Leishmania infantum. The former occurs in South Asia (India, Bangladesh, and
Nepal) and East Africa (Sudan, Ethiopia, Somalia, and Kenya). In South Asia,
L. donovani is anthroponitic (humans are the only proven reservoir host). In East
Africa, humans and animals (rodents and domestic dogs) serve as reservoirs.
L. infantum primarily occurs in the Mediterranean (including Spain, France, and
Greece), Iran, Afghanistan, Pakistan, and Brazil. Visceral leishmaniasis in Brazil
(and sporadically in other South American countries) was formerly attributed
to Leishmania chagasi; however, genomic sequencing indicates that it is the
same species as L. infantum, which was apparently introduced to the Americas
from the Old World by human migration in recent centuries [1]. Approximately,
200 000–400 000 new VL cases and 20 000–40 000 deaths from VL occur each
year [2].

The primary mode of transmission for VL (and all leishmaniases) is via the
bite of female sand fly vectors. Less important modes of transmission include
shared needles by injection drug users, blood transfusion, and congenital infec-
tions [3, 4]. After inoculation in the skin by the sand fly, promastigote forms are
taken up in dermal macrophages and transform to round-shaped amastigotes.
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They multiply within a phagolysosome compartment, rupture the host cell, and
spread to other cells of the reticuloendothelial system. With L. donovani, ulcer-
ative skin lesions may not occur. Instead, the organisms surreptitiously migrate
to the liver, spleen, and bone marrow where they may replicate to high densi-
ties. Depending on the parasite strain, host genetics, and nutritional status, the
infection can lead to the syndrome known as kala-azar (“black fever”). Fortu-
nately, the majority of patients infected with L. donovani remain asymptomatic
[5]. Symptoms of kala-azar come on slowly after a typical incubation period of
two to six months with progressive malaise, weight loss, fever, and enlargement
of the spleen and/or liver. Due to infiltration of the bone marrow and splenic
involvement, patients develop severe anemia and thrombocytopenia. Definitive
diagnosis is made with an aspirate of bone marrow or spleen, and demonstra-
tion of Leishmania amastigotes on smears, culture, or polymerase chain reaction
(PCR). With advanced kala-azar, patients experience cachexia, hepatic dysfunc-
tion, bleeding, and secondary infections. Without treatment, kala-azar is almost
always fatal. Coinfection with HIV is associated with increased mortality [6].

6.1.1 Current Treatment Regimens for VL

Because the infection involves internal organs of the body, treatment for
VL needs to be administered systemically. Currently used drugs include
amphotericin B, pentavalent antimonial drugs, paromomycin, and miltefosine.
Liposomal amphotericin B is the preferred drug due to high therapeutic effi-
cacy and a comparatively favorable side effect profile. It requires intravenous
administration given in daily or intermittent doses. Cure rates are reported
to be 88–100% [7, 8] in Africa and 96–100% in India [9–11]. The liposomal
formulation is preferred over amphotericin B deoxycholate due to the lower
toxicity. However, toxicity from liposomal amphotericin B (infusion-related
fevers/chills and nephrotoxicity) is not negligible. Furthermore, the cost of
liposomal amphotericin B is a substantial barrier in resource-limited settings
or for uninsured patients. The pentavalent antimonial drugs, sodium stiboglu-
conate and meglumine antimoniate, have historically been the most widely
used treatments for VL, but are falling out of favor due to their comparatively
worse side effect profiles and high rates of resistance in parts of India and Nepal.
The drugs are either given by intravenous or intramuscular injection over 28
days, and can cause serious toxicity (cardiac and pancreatic) usually related
to the cumulative dose. Monitoring for toxicity with electrocardiograms and
blood tests adds to the cost of providing treatment with antimonial drugs.
Miltefosine was first approved for clinical use (in India) in 2002, and later by
the FDA in 2014. It is the only oral drug available for treating VL, administered
once daily for 28 days. Cure rates in India are in the 90–95% range [12–14]. In
recent years, failure rates have been rising, presumably due to spreading drug
resistance [15, 16]. Miltefosine is not without side effects, causing vomiting in
up to 65% of patients, diarrhea (5–20%), and transaminase elevation (15–30%).
Importantly, miltefosine is teratogenic in animal models and should be avoided
during pregnancy and used with extreme caution in women of child-bearing
age. Paromomycin is a parenterally administered aminoglycoside with efficacy of
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88–95% for VL in clinical trials done in India [17–19]. Efficacy of paromomycin
(monotherapy) against VL in East Africa appears to be lower [20, 21]. Side effects
are similar to other aminoglycosides, including nephrotoxicity and ototoxicity.
The drug pentamidine has been used historically for treating VL, but it is out of
favor due to suboptimal efficacy and well-known side effects. There is a growing
consensus that use of combination therapy is desirable in endemic regions to
help stave off resistance and enable shorter treatments, although guidelines for
specific regimens have not been established.

6.2 Cutaneous Leishmaniasis (CL)

This summary only covers localized cutaneous leishmaniasis, although other
cutaneous syndromes exist, including diffuse cutaneous leishmaniasis and leish-
maniasis recidivans. Localized cutaneous leishmaniasis occurs on exposed skin
at the site of the sand fly bites. It typically begins with a pink-colored papule that
enlarges and leads to a painless ulceration with a firm border [22]. The lesions
can be single or multiple, and can take on a variety of appearances (plaques,
verrucous, etc.). Small, satellite lesions may develop near the central lesion
and sometimes nodular lesions develop along draining lymphatics (so-called
sporotrichoid spread). Healing takes place slowly over months or even years, the
time depending on the Leishmania species and, presumably, the host factors.
The most common species responsible for CL are listed later. It is useful to
categorize them by the geographic regions from which they derive: Old World
(Asia, Africa, Europe) versus New World (Americas).

• Old World CL:
– Leishmania major: Incubation period of weeks; often multiple lesions; usu-

ally self-heals within six months. Treatment may be optional, particularly if
lesions do not involve the face and are few in number.

– Leishmania tropica: More chronic than L. major, evolving over months to
years. Treatment is often recommended due to the slow rate of spontaneous
resolution.

– Leishmania aethiopica: Usually consists of a solitary facial lesion of long
chronicity.

– L. infantum: Although known to cause VL, this species can cause
slow-growing cutaneous lesions that may persist for months or years. Skin
manifestations do not necessarily imply visceral disease, but treatment is
usually recommended.

• New World CL:
– Leishmania mexicana complex (L. mexicana, Leishmania amazonensis):

Typically produce small-sized lesions, sometimes on the ears (known as
“Chiclero’s ulcer”). L. mexicana ulcers usually heal within three to four
months [23]; therefore, treatment may not be warranted.

– Leishmania viannia complex (Leishmania braziliensis, Leishmania guya-
nensis, Leishmania panamensis): Lesions from these species are frequently
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large and may be associated with lymphangitic spread. Furthermore, these
species have the potential to cause mucosal leishmaniasis, and therefore
treatment is usually recommended.

Since other diseases (fungal, mycobacteria, neoplasms, etc.) can resemble CL,
a biopsy is required for definitive diagnosis. Needle aspirates or punch biopsies
are tested by (preferably) three methods: histopathology (looking for intracellular
amastigotes), culture, and PCR. A culture and/or PCR are highly desirable since
species identification helps direct treatment decisions.

6.2.1 Current Treatment Regimens for CL

As indicated earlier, some Leishmania species are associated with a self-resolving
clinical course and may be managed without antiparasitic chemotherapy. A
topical ointment containing paromomycin has been shown to hasten time to
healing for cases caused by L. major and perhaps non-Viannia species of New
World leishmaniasis [24]; however, it is not FDA approved. Direct injection of
leishmanial lesions with antimonial drugs is reportedly effective [25], but it is
impractical when the lesions are numerous or on sensitive locations such as the
face. Other topical treatment options include cryotherapy and thermotherapy,
but these require repeated applications with specialized equipment and are
impractical.

Cases of “complicated” CL infection usually require systemic antileishmanial
treatment (either oral or parenteral). Complicated CL includes infections due to
species in the Viannia complex since “watchful waiting” or topical treatment will
not protect against potential spread to the nasopharyngeal mucosa. Complicated
infections also include situations with multiple or large-size (≥5 cm) lesions,
lesions on the face, fingers, or toes, subcutaneous nodules, immunosuppressed
hosts, and some other circumstances. The options for systemic treatment are
discussed later, but they all have significant drawbacks. Perhaps the biggest
deficiencies are the limited options for oral therapy, since most patients with CL
are capable of taking medicines by mouth.

Azole antifungal drugs such as ketoconazole and fluconazole are attractive
options since they are administered orally; however, studies about their efficacy
are conflicting, some being favorable [26, 27] and others unfavorable [28]. Azoles
should probably not be used for CL due to L. braziliensis (and other species asso-
ciated with mucosal leishmaniasis) [26, 29]. Ketoconazole and fluconazole act by
inhibiting the sterol 14𝛼-demethylase enzyme (CYP51) of the sterol biosynthesis
pathway [30, 31]. Azoles are fungistatic at normal concentrations [32], and it
seems likely that azoles may only have cytostatic activity on Leishmania too as
inferred by their mediocre clinical efficacy. Ketoconazole is also problematic due
to associated QT prolongation and risk of dangerous cardiac arrhythmias. Some
case reports indicate activity of newer generation azoles (i.e. posaconazole) [33],
although these have not been subjected to rigorous study.

The other oral option for treating CL is miltefosine. As discussed, this drug was
developed for treating VL and has some safety/tolerability issues. Most of the
data regarding its use in CL relates to New World CL where it appears to have



6.3 Mucosal Leishmaniasis (ML) 143

good efficacy against Viannia species in Columbia, Brazil, and Bolivia, but not in
Guatemala [34–38]. Miltefosine is an alkylphosphocholine that exerts antileish-
manial activity by multiple mechanisms of action that relate to interacting with
membrane and organelle components of the parasite [39, 40]. It was approved by
the FDA in 2014 for treating VL due to L. donovani and CL due to L. braziliensis,
L. guyanensis, and L. panamensis.

The other treatment options for CL are the same parenteral therapies used
for treating VL. Liposomal amphotericin B is generally preferred over ampho-
tericin B deoxycholate due to better tolerability. The former compared favorably
to sodium stibogluconate in patients with L. braziliensis (healing in 97% and 71%
of patients, respectively) [41]. Treatment typically involves placing a peripher-
ally inserted central catheter (PICC) for multiple injections given over a two- to
three-week period with close clinical monitoring of blood chemistries and kidney
function. The treatment is expensive not only from the high cost of the medicine
but also due to infusion charges and monitoring expenses. Amphotericin B is a
polyene antifungal drug that binds ergosterol precursors (also present in Leish-
mania) in preference to host cholesterol.

Parenteral pentavalent antimonial drugs have been used for decades to treat CL
(both Old and New World disease). They include sodium stibogluconate (Pen-
tostam) and meglumine antimoniate (Glucantime). Generally, their efficacy is
good and serves as the bar against which other drugs are compared. However,
parenterally administered antimonials, usually given for three weeks, are very
poorly tolerated. Patients frequently report myalgias, rash, nausea, and headache,
and run the risk of experiencing pancreatitis, hepatitis, or cardiotoxicity that can
be life-threatening. Close clinical monitoring is imperative to avoid potentially
disastrous side effects. The pentavalent antimony drugs act through a variety of
nonspecific mechanisms, affecting leishmanial cell functions [42] as well as effect-
ing cytokine responses in infected host macrophages [43].

6.3 Mucosal Leishmaniasis (ML)

This is a relatively uncommon manifestation of leishmaniasis, but one that com-
mands attention because of the horrific disfigurement it can produce in the face
and mouth of victims. Known as espundia, it can even result in fatal compli-
cations. ML is primarily associated with the leishmanial species of the Viannia
subgenus, especially L. braziliensis, L. guyanensis, and L. panamensis. It can occur
concurrently or following cutaneous lesions (as much as 10 years later). The risk
of mucosal disease following primary CL is less than 10%. ML has also been
described in Old World species (L. infantum, L aethiopica, and L. tropica), but
generally in immunocompromised hosts [44].

6.3.1 Current Treatment Regimens for ML

Treatment for ML is provided with systemically administered drugs that are
usually given for longer durations than used for CL. The familiar selection of
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antileishmanial drugs (antimonials, amphotericin B, and miltefosine) are known
to be effective (∼70% cure rates); but these drugs have significant failure rates,
with the need for retreatment [45, 46].

6.4 Medicinal Chemistry

Drug discovery efforts for leishmaniasis suffered from the fact that it does not
attract big pharmaceutical companies as it involves large cost of development
followed by low return on investment. Further, the parasitic diseases suffer from
a “translation innovation gap,” where drugs rarely progress from in vitro drug
screening to the preclinical phase [47]. One of the powerful approaches to fill this
gap is through collaborative efforts of academia, industry, and nonprofit organi-
zations [48]. There are well-established TPP for leishmaniasis by the Drugs for
Neglected Diseases initiative (DNDi) [49–51]. The TPPs of an optimized new
chemical entity for the treatment of VL and CL are listed in Table 6.1.

The drug discovery approaches in the field of leishmaniasis have been reviewed
by several authors [52–54]. There are several approaches which were effectively
utilized for the leishmaniasis drug discovery efforts: (i) phenotypic screening
approaches comprised of high-throughput screening (HTS) campaigns fol-
lowed by hit-to-lead optimization, repurposing strategies, and fragment-based
lead discovery; (ii) target-based approaches; and (iii) in silico computational
approaches.

6.4.1 Phenotypic Screening Approach Versus Target-Based Approach

Both the approaches are widely utilized in drug discovery of neglected diseases
(NDs) [55]. Phenotypic screening, especially in the drug discovery of NDs, has
the advantage over target-based screening since the molecule is exposed to the
fully functional biological system and the hits obtaining are actual actives with
cell penetration. The target-based screening approach lacks the actual complex-
ity of biological systems and oftentimes the hits obtained through this approach
show no or poor efficacy in whole-organism or whole-cell assays. The disadvan-
tage of target-based drug discovery over the phenotypic approach is that it does
not account for polypharmacology or multi-target activity. With the careful selec-
tion of biological targets, the target-based drug discovery for neglected diseases
can be successfully used; however, the limitation of this approach is that there are
only few validated targets known for leishmaniasis and other NDs [55–57].

6.4.2 Phenotypic Screening Approaches

HTS with whole-cell phenotypic assays are often used in primary screenings
where parasites cultured in macrophages provide complexity similar to that of
the intracellular parasite in the human host [58]. The GlaxoSmithKline HTS
program was the first parallel program against the three kinetoplastids most
relevant to human disease, where 1.8 million compound libraries were screened



Table 6.1 Target product profile for leishmaniasis as determined by DNDi.

Visceral leishmaniasis (VL) Cutaneous leishmaniasis (CL)

Attribute Ideal Acceptable Ideal Acceptable

Species All species L. donovani All species of Leishmania L. tropica or L. braziliensis
Resistance Active against resistant strains — —
Distribution All areas Either India or Africa — —
Safety and tolerability No adverse events

requiring monitoring
One monitoring visit in
mid/endpoint

No adverse events requiring
monitoring

No major safety concerns
and monitoring by Primary
Health Care (PHC)

Target population Immunocompetent and
immunosuppressed

Immunocompetent Should be effective in
immune-compromised
patients

None

Clinical efficacy >95% >90% >95% 60% for L. tropica
70% for L. braziliensis

Improved scar formation — — Minimal scar No worse than natural
healing

Contraindications None Pregnancy/lactation None Can be assessed at PHC
level

Drug–drug interactions None None for malaria, TB, and
HIV therapies

— —

Route of administration Oral/im depot Oral/im depot Topical/oral Non-parenteral or few
doses if parenteral

Treatment regimen Once per day for 10 days
p.o. or three shots over
10 days

Bid for <10 days p.o. or <3
shots over 10 days

14 d topical or <7 days p.o. 28 days for topical or bid
for 28 days p.o.

Product stability Three years in relevant
climates

Stable under conditions
that can be reasonably
achieved in the target
region (>2 yr)

No cold chain, at least 3 yr at
37 ∘C

Two years at 4–8 ∘C

Cost <$10 per course <$80 per course <$5 per treatment <$50 per treatment
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against L. donovani, Trypanosoma cruzi, and Trypanosoma brucei [59]. From
the primary screening, 67 400 primary hits (>30% inhibition at 5 μM) were
identified, with an overall hit rate of 4%. The primary hits were then narrowed
down to 32 200 compounds, which were then tested in an intracellular assay of
L. donovani–infected THP1-derived macrophages. The subsequent confirmation
resulted in 5500 active compounds selective for L. donovani over macrophage
cells. The confirmed active hits were then refined on the basis of physicochem-
ical properties, and 351 noncytotoxic anti L-donovani compounds with MW
<500 Da, calculated Property Forecast Index (cPFI) <8, and <5 aromatic rings
were identified. Representative examples of L. donovani inhibitor hits identified
through GSK HTS campaign are highlighted in Figure 6.1 [59].

One of the best medicinal chemistry approaches for the drug discovery of
NTDs is rational medicinal chemistry optimization of the hit compounds identi-
fied via HTS screening. An excellent example was the discovery of GNF6702 by
Novartis in 2013 [60]. The approach followed by Novartis involved screening of 3
million low-MW compounds against three kinetoplastids parasites, viz. L. dono-
vani, T. cruzi, and T. brucei followed by refinement of active compounds over
a selectivity window (EC50 < 10 μM and >fivefold selectivity over mammalian
cells). This led to the identification of an azabenzoxazole compound, GNF5343,
as a hit against L. donovani and T. brucei. The HTS screening was followed by
extensive medicinal chemistry optimization of GNF5343 involving design and
synthesis of ∼300 compounds. Some of the key highlighted modifications are
highlighted in Figure 6.2. The replacement of azabenzoxazole with imidazo- and
triazolopyrimidine resulted in a boost in potency (20-fold, GNF2636). Further,
the risk of toxicity issues related to the furan group was removed by replacing
it with dimethyloxazole, and replacement of the chlorophenyl group with a
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fluorophenyl resulted in GNF3849 with improved selectivity. The optimization
of GNF3849 led to GNF6702 with low plasma clearance, high selectivity, and a
400-fold increase in potency compared to the original hit GNF5343. GNF6702
at 10 mg/kg twice daily orally was more effective in reducing liver parasite levels
than miltefosine in mice infected with L. donovani. In CL efficacy model, 3 mg/kg
twice-daily regimens of GNF6702 were superior to the 30 mg/kg once-daily
miltefosine regimen [60].

The work done by DNDi in developing amino-pyrazole ureas is another
example of the HTS campaign followed by the hit-to-lead optimization studies.
From the 95 000 small molecules library of Pfizer, a novel aminopyrazole hit
was identified. The optimization of aminopyrazole (Figure 6.3) resulted in a
lead compound with excellent in vivo efficacy via the oral route in a hamster
model of VL. The treatment of an L. infantum–infected hamster with the lead
compound at 50 mg/kg b.i.d. for five days resulted in 92.7% and 95% reduction in
parasitemia levels in the liver and spleen, respectively [61]. Further, optimization
efforts of the lead compound in collaboration with Takeda Pharmaceuticals
resulted in a preclinical candidate, DNDI-5561 (structure not yet disclosed) [62].
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The drug discovery efforts and hit-to-lead optimization for NTDs are mostly
performed in an academic environment with very few financial resources com-
pared to big pharmaceutical companies. A popular strategy for academic labo-
ratories is “repurposing,” which can be drug repurposing, target repurposing, or
lead repurposing [63]. The drug repurposing strategy for the treatment of leish-
maniasis has been highlighted in other reviews [64, 65]. The classical example of
drug repurposing is miltefosine. Miltefosine was originally developed as an anti-
cancer candidate and later was developed as antileishmanial drug by WHO in
public private partnership with a pharmaceutical company, Asta Medica [66]. The
development of amphotericin B and paromomycin are the other examples of the
drug repurposing strategy; these drugs were effectively utilized for the treatment
of leishmaniasis [64]. The repurposing strategy was widely explored by the Pollas-
tri research group for the identification of lead compounds for the treatment of
NTDs [67–71]. The Pollastri group has repurposed human kinase inhibitors for
neglected disease drug discovery, and medicinal chemistry optimization efforts
have identified potent inhibitors of L. major (CL) NEU-1923 [72] and NEU-952
[73] by repurposing lapatinib and GW837016X, respectively (Figure 6.4).

Another promising effort made in the area of discovery of antileishmanial
compounds using the repurposing strategy was done by the Drug Discovery
Unit (DDU), University of Dundee, in collaboration with GSK, Tres Cantos, and
DNDi. The novel series of pyrazolopyrimidines were identified as an L. donovani
inhibitor. The pyrazolopyrimidine series was developed by medicinal chemistry
optimization of a T. brucei GSK3 kinase (TbGSK3) inhibitor diaminothiazole
compound, which was originally discovered from the DDU kinase set of com-
pounds [74]. The optimization of the diaminothiazole T. brucei inhibitor by
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utilizing the “scaffold hopping” approach led to the discovery of the pyrazolopy-
rimidine compound as an L. donovani inhibitor. A further series of optimization
efforts resulted in a preclinical candidate, DDD853651/GSK3186899 (Figure 6.5).
In the mouse model of VL infection, DDD853651 demonstrated activity compa-
rable to miltefosine and the parasitemia levels were reduced by 99% at a dose of
25 mg/kg p.o. twice a day for 10 days [75, 76].

The development of nitroimidazoles by DNDi is another example of repur-
posing, where the 72 nitroimidazoles similar to antitubercular drug pretomanid
(PA-824) were evaluated for antileishmanial activity and led to the identification
of nitroimidazo-oxazole compound DNDI-VL-2098 as a preclinical candidate
for the oral treatment of VL. It was effective in both mouse and hamster models
of infection with ED90 values of 3.7 and <25 mg/kg, respectively [77, 78]. The
development of DNDI-VL-2098 was terminated due to toxicity issues. The
backup compound DNDI-0690 was later selected as a preclinical develop-
ment. DNDI-0690 was developed by scaffold hopping from the antitubercular
drugs delamanid and PA-824. DNDI-0690 was superior to DNDI-VL-2090
in terms of thermodynamic solubility, lower log D value. Furthermore, it
had similar high-permeability properties and was better in terms of safety
parameters. DNDI-0690 was not mutagenic (Ames test), had no CYP3A4 inhi-
bition (IC50 > 100 μM), and demonstrated low hERG inhibition (IC50 > 30 μM),
which makes it a better candidate for development than DNDI-VL-2098 [79].
Recently, DNDi developed DNDI-8219 in their lead optimization program
against VL, to mitigate development risks. The library of ∼900 compounds with
pretomanid-related scaffolds was screened against VL, followed by a systematic
medicinal chemistry approach to develop a new lead compound. DNDI-8219 is
a very promising VL backup candidate (Figure 6.6) with better solubility and PK
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properties, and >97% parasite clearance in a hamster infection model at a dose
of 25 mg/kg twice daily as well as minimal hERG inhibition (IC50 > 30 μM) [49].

The boron-containing compounds, benzoxaboroles, have been explored
against different kinetoplastid parasites by Anacor Pharmaceuticals [80–83].
The highlight was SCYX-7158, currently in phase IIb/III clinical trials for HAT
diseases [80, 84]. Furthermore, in collaboration with DNDi, they developed
DNDI-6148 (L. donovani IC50 = 1.62 μM; in vivo minimum effective dose in
mice = 25 mg/kg twice daily for 10 days), a benzoxaborole compound (structure
not yet disclosed) which completed preclinical studies in 2017. The decision
has been taken to advance this compound to phase I clinical studies in healthy
volunteers in parallel to the ongoing toxicological investigations [85].

6.4.3 Target-Based Approaches

The phenotypic approach is favored over target-based approaches in the drug
discovery of NDs, but careful selection of targets can make target-based drug dis-
covery successful [55]. A good example of the target-based approach in leishma-
niasis drug discovery is the inhibition of Leishmania spp. N-myristoyltransferase
(NMT) [86–89]. NMT is a validated target for the development of new thera-
peutics against VL [90]. Groups at Imperial College London and University of
York have discovered several potent antileishmanial compounds targeting the
L. donovani NMT (LdNMT). The Pfizer Global Diverse Representative Set con-
sisting of 150 000 compounds was screened. All hit compounds (IC50 < 5 μM)
were counter-screened for selectivity against human NMT, and four compound
series that displayed selectivity for Leishmania NMT over human NMT were
identified [86–88]. The DDU at the University of Dundee also identified orally
active trypanocidal NMT inhibitors that inhibited both T. brucei and L. dono-
vani NMTs [91–93]. The selected examples of L. donovani NMT inhibitors are
summarized in Figure 6.7.

Protein kinases are potential drug targets against trypanosomatid parasites
[94]. The Cdc2-related kinase (CRK), CRK3 of Leishmania, is essential for the
proliferation of the parasite and can therefore be utilized as a potential drug tar-
get. CRK3 forms a complex with CYC6 and remains active in both the life cycle
stages of the parasite, viz. the insect stage promastigote and the mammalian
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stage amastigote [55, 95]. The Mottram group at the University of Glasgow
screened the chemical library of 634 compounds against L. mexicana CRK3,
followed by validation of active hits against L. donovani amastigotes. The screen
identified 12 compounds with 95–98% potent inhibition and 26 compounds with
90–95% inhibition against CRK3 kinase. The 27 most potent compounds were
then screened against L. donovani–infected mouse peritoneal macrophages
and the results were broadly similar [95]. The representative examples (NG58
and 98/146) are summarized in Figure 6.8. Similarly, DDU-Dundee screened
3383 compounds from the kinase library against Leishmania CRK3–CYC6.
The primary screen identified 73 compounds with >40% inhibition at 30 μM,
followed by confirmation of 46 compounds with IC50 values of ≤30 μM. This led
to the identification of eight different chemical series and seven singletons. Out
of the eight series, four were followed up with hit-to-lead optimization studies
to obtain high-potency and high-selectivity compounds over the mammalian
cyclin-dependent kinase 2−cyclin A complex (CDK2−CYCA). The optimization
program led to the development of selective CRK3 inhibitors, but, unfortunately,
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these compounds did not show promising activity against the tested parasite
L. major [96], which demonstrates how potent inhibitor hits identified through
a target-based approach do not always result in efficacy against the whole cell or
the organism.

Leishmania casein kinase 1.2 (LmCK1.2) is an exoprotein kinase which has
been recently shown to be essential for the proliferation and survival of the
parasite [97, 98]. In an attempt to discover new compounds against leishmaniasis
using the target-based approach, Duriue et al. screened 5018 compounds from
the kinase library against LmCK1.2 and obtained 88 compounds with more than
50% inhibition at 10 μM. The active compounds were then screened against
L. donovani cultures to validate the hits. Out of the 88 compounds tested, 75
were found to be active (>40% inhibition at 10 μM) against L. donovani. Two hit
compounds PP2 and compound 42 (Figure 6.9) were selected further for their
ongoing Leishmania program [97].

6.4.4 In Silico Computational Approaches

The in silico computational approach is an attractive method for developing
new drugs against NDs, where the initial screening to identify primary hit can
be speeded up and overall cost can be reduced using computational models
and docking algorithms [99, 100]. The in silico approach can also be utilized for
structure-based drug design (SBDD), which uses the structural knowledge of
the target protein to design hits. Currently, 285 protein structures of Leishmania
are available in the Protein Data Bank (PDB). The other popular in silico tool
is ligand-based drug design (LBDD), where information of known active and
inactive compounds are used to build computational models such as quantitative
structure–activity relationships (QSAR), pharmacophore-based methods, and
similarity searching methods [101].

The group at Imperial College has utilized the SBDD approach (Figure 6.10) in
designing selective inhibitors against Leishmania NMT [89]. The binding modes
were identified using the co-crystal structure of a known NMT inhibitor with the
protein. The crystal structure was then used to enhance the protein affinity by
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Figure 6.10 L. donovani
N-myristoyltransferase (LdNMT) inhibitor
discovered using the SBDD approach.
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hybridization of two different binding modes, which led to the development of
potent LdNMT inhibitors with improved solubility [89].

The NTD Drug Discovery Booster project was initiated by DNDi in 2015 in
collaboration with eight pharmaceutical companies: Abbvie, Astellas Pharma
Inc., AstraZeneca, Celgene, Eisai, Merck, Shionogi & Co. Ltd., and Takeda
Pharmaceuticals. This initiative was supported by the funding from Global
Health Innovative Technology (GHIT) Fund. The aim of this project was
to speed up the process, and to find new treatments for leishmaniasis and
Chagas disease at low cost. This project involves computational approaches
where collaborators mine their compound libraries and conduct a similarity
structure search to identify molecules that could be used by DNDi to design
the next-generation oral treatment for Chagas and leishmaniasis. DNDi shares
the newly identified hit compound (the “seed”) with weak or moderate activity
against the parasite. The pharmaceutical companies then perform a similarity
search in their compound libraries in order to identify similar compounds,
followed by screening of the similar compounds by DNDi against parasites, and
then the company creates a large dataset of compounds around the initial seed.
The results are shared between all partners, and they perform repeated structure
mining for related compounds. These compounds are then sorted into different
classes and provided to DNDi for further optimization. To date, 17 seeds have
been released by DNDi, out of which 12 are currently being pursued and 5 have
been stopped [102].

6.5 Conclusion

Leishmaniasis is a major health problem faced by many developing countries,
and an estimated 700 000 to 1 million new cases occur annually. The emergence
of resistance- and toxicity-related issues for available treatment makes it urgent
to develop novel oral treatments with better safety and efficacy profiles. The
initiatives of academia laboratories, nonprofit organizations, and public private
partnerships have led to significant progress in the search for novel treatments
for the diseases. The advancement of candidates like GNF6702, DNDI-5561,
DNDI-8219, DNDI-0690, and benzoxaboroles are some of the noteworthy
examples in the drug discovery efforts for leishmaniasis. However, there is still a
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long road to travel, perhaps best achieved by increasing industrial–academic col-
laborations, along with better knowledge of validated targets and opportunities
for repurposing of clinical candidates and approved drugs.
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7.1 Introduction

Onchocerciasis or river blindness is a vector-borne disease caused by Onchocerca
volvulus, a filarial nematode transmitted by blackflies (Simulium spp.) [1].

In 1875, Irish naval surgeon John O’Neill recovered what he described as micro-
filariae from skin samples of local habitants on the Gold Coast (Ghana) who were
suffering from “craw craw” [2]. Subsequently, in 1893 Rudolf Leuckart, a German
zoologist, described the adult parasites [3] and Rodolfo Robles, a Guatemalan
physician, associated these subcutaneous nodules with the eye lesions [4]. In
1926, Donald Blacklock, a Scottish physician, elucidated the full life cycle of
O. volvulus (Figure 7.1) [5].

7.1.1 The Vector

The prevalent vector of river blindness is the black flies of Simulium damnosum
complex. The S. damnosum complex is composed of several species with simi-
lar morphology, but different capacity in transmitting O. volvulus L3 larvae. In
West Africa, pairs of black flies of the S. damnosum complex spread the disease
in savannah regions (S. damnosum–Simulium sirbanum and Simulium sancti-
pauli–Simulium leonese) and in forest regions (Simulium squamosum–Simulium
yahense). In East and Central Africa, Simulium neavei also transmit the disease
in addition to the black flies of the S. damnosum complex [6]. S. damnosum flies
breed in large rivers or in small streams with adequate water flow. Larvae develop
in “whitewater” rapids created by exposed rocks, and the female flies feed on
humans within a range of a few kilometers surrounding the breeding site. Wind
facilitates their flight over several hundred kilometers, allowing proliferation to
different breeding sites. In some instances, female flies can also feed on bovines,
horses, and small ruminants [7, 8].

Clinical manifestation of river blindness is different in forest areas compared to
savannah areas; in the latter, blinding lesions are more severe. This phenomenon
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Figure 7.1 Life cycle and transmission of O. volvulus.

can be explained by the existence of different strains of O. volvulus. The use
of PCR techniques, however, established that the vector transmits both strains
equally in forest and savannah regions. Another explanation lies in the environ-
mental differences between savannah and forest regions. Savannah regions have
a dry atmosphere with exposure to dust, and the increased photophobic effect
and ultraviolet radiation may cause exacerbation of clinical symptoms [9–11].

7.1.2 Life Cycle of O. volvulus

In onchocerciasis, adult worms (macrofilaria) live in subcutaneous nodules or in
subcutaneous tissues, whereas the larval stage (microfilariae) is predominantly
present in nodules, upper dermis, and eyes. The microfilariae migrate to these
areas from adjacent skin or, in the case of severe infection, from blood, urine,
or other body fluids. Transmission to the vector occurs when the microfilariae
present in the skin are consumed upon feeding. Few microfilariae are able to
migrate from the gut of the blackfly into their thoracic muscles and mature into
the infective larvae, L3 stage, via molting twice. The series of molts require 6–12
days, and the subsequent transmission to a human host occurs in the course of the
next blood meal. The L3 stage larvae migrate to the subcutaneous tissues where



7.2 Epidemiology 165

they develop into adult stage over several months, requiring two additional molts.
Mature adult female worms release microfilariae in the skin 10 to 15 months fol-
lowing infection. The estimated life span of an adult female worm is between 9
and 11 years. During this period, it is estimated that 500–1500 microfilariae are
produced per day on average by each adult female worm. The severity of an infec-
tion in humans can be determined by measuring the number of microfilariae per
milligram of skin [7, 8].

7.2 Epidemiology

It is estimated that 198 million people living in the regions of Africa, the Amer-
icas, and the Eastern Mediterranean are exposed to transmission of O. volvulus.
In 2013, a modeling approach approximated that 17 million of those exposed to
the parasite developed onchocerciasis. In 2015, onchocerciasis was estimated to
contribute 1.1 million disability-adjusted life-years (DALYs).

The control of onchocerciasis relies on preventive chemotherapy (PC) pro-
grams analogous to the other neglected tropical diseases (PC-NTDs): lymphatic
filariasis, schistosomiasis, soil-transmitted helminths, and trachoma. Onchocer-
ciasis elimination depends on the ivermectin (IVM) donation program run by
Merck & Co. Merck made this commitment in 1987 and agreed to make available
as many treatments as needed for as long as the program was necessary [12].

Prior to 2016, the African Programme for Onchocerciasis Control (APOC)
organized and empowered local communities to combat river blindness in their
own villages. APOC coordinated community-directed treatment initiatives with
IVM (CDTI) to relieve clinical symptoms, interrupt transmission, and increase
coverage in order to ensure elimination goals. In 2015–2016, a total of 251 mil-
lion IVM treatments were distributed, providing 67% overall coverage in Africa.
In 2016, during the 69th session of the World Health Assembly and following
the end of APOC, AFRO (the World Health Organization’s Regional Office for
Africa) announced the launch of the five-year Expanded Special Project for Elim-
ination of Neglected Tropical Diseases (ESPEN). The aim of this project was to
provide technical and fundraising support for control and elimination of the five
PC-NTDs [13, 14].

The Onchocerciasis Elimination Program for the Americas (OEPA) approved
the regional strategic plan of Action for Neglected Infectious Diseases and Post
Elimination Actions (CD55/15). The target date for elimination in all regions has
been set for 2022. In four countries, elimination has already been verified: Colom-
bia, Ecuador, Mexico, and Guatemala. In the north-east region of the Bolivarian
Republic of Venezuela, requirements have been met for posttreatment surveil-
lance, as defined in the 2016 WHO guidelines. The Mass Drug Administration
(MDA) program remains active in two foci of the Yanomami Indigenous Terri-
tory transmission zone, which is shared with the State of Brazil and the Bolivarian
Republic of Venezuela. To achieve elimination goals and expand MDA programs,
a mapping of the infection is required. A result of this mapping has been the
identification of potential transmission areas such as Yemen that are outside the
well-known transmission zone [13, 14].
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7.3 Clinical Manifestation

7.3.1 Skin Lesions

The stages of onchocerciasis are classified through a grading system of cuta-
neous alteration. The recognized categories are acute popular onchodermatitis,
chronic popular onchodermatitis, lichenified onchodermatitis, skin atrophy, and
skin depigmentation. In many cases, a combination of these categories coexists
in the same individual [8, 15]. For example, in Africa, skin lesion and depigmenta-
tion are common on the legs but may appear on the entire body. These lesions are
caused by death of microfilariae in the skin. Many patients afflicted by onchocer-
ciasis live in endemic regions; therefore, reinfection is constant. As a result, the
disease gradually progresses over many years. The lesions determine the sever-
ity of the disease. Itching and rash are the most common and earliest clinical
manifestation of onchocerciasis. The latter is caused by small abscesses which
appear as papules and can cause an intense itching, often resulting in a secondary
infection due to scratching. Over time, this condition can cause lichenification
or thickening of the skin (lizard skin). Subsequent stages of the disease cause the
skin to lose elasticity due to premature aging. Finally, degradation of the dermal
collagen and thickening of the epidermis cause loss of pigment called leopard
skin [8, 16]. Sowda is a clinical manifestation of river blindness most common
in Yemen, but not exclusive to this region. Sowda is a term derived from Arabic,
meaning black or dark. It is a local form of onchodermatitis caused by an intense
immune response, which is characterized by strong itching. As a result, the skin
becomes swollen and dark with scaly papules [8].

7.3.2 Nodules

Formation of granulomas is the immune system’s response to confining the adult
worms in tissues. These granulomas are called onchocercomata or nodules,
which are formed most often in subcutaneous tissues. It is estimated that
approximately 25% of nodules form in deep tissues, with sizes ranging from a
few millimeters to several centimeters [8, 17]. It is believed that localization of
nodules on the body is dependent on the site vector inoculation [18]. In Africa,
palpable nodules are commonly found in the pelvic girdle, abdomen, chest wall,
head, or limbs; while in Central America, they are typically found on the head.
Nodules are believed to be harmless for patients; however, they are perceived as
unsightly and are removed surgically whenever possible [7].

7.3.3 Eye Lesions

The eyes are an important target organ for onchocerciasis. Lesions can occur in
both the anterior and posterior chamber of the eyeball [7, 8, 19]. Anterior seg-
ment lesions, punctate keratitis, or snowflake opacities are the result of acute
inflammation caused by microfilariae in the eye. These lesions, which are analo-
gous to papules in the skin, are reversible and often occur in young patients. Dur-
ing the course of the infection, excessive scarring of the cornea occurs, starting
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at the limbus, which can result in blindness. Furthermore, the death of micro-
filariae in the ciliary body causes an inflammation of the iris, iridocyclitis, and
formation of synechiae [19]. Posterior segment lesion blindness can be caused
due to chronic inflammation of the choroid, called chorioretinitis. The choroid
is the vascular layer of the eye, containing connective tissues, lying between the
retina and the sclera. Atrophy of the optic nerve causes visual impairment such
as decrease of visual acuity or constriction of the visual field. Treatment with
diethylcarbamazine (DEC) (Figure 7.2), a drug causing rapid death of microfilar-
iae, has been linked with accelerating damage to the optic nerve [19].

7.3.4 Nodding Syndrome

Characterized by the nodding of the head, nodding syndrome affects the neu-
rological system, causing stunted growth and dysfunction of cognitive aptitude.
There is no direct correlation between nodding syndrome and individuals
infected with onchocerciasis. Nonetheless, this condition has been reported
in children between 5 and 15 years in hyperendemic areas for O. volvulus, the
United Republic of Tanzania, South Sudan, and Uganda [20].
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7.4 Diagnostics

7.4.1 Clinical Diagnosis

In regions endemic for onchocerciasis where transmission of O. volvulus has not
been interrupted by PC programs, the observation of skin lesions, eye lesions,
and/or subcutaneous nodules can lead to diagnosis. Onchodermatitis (itching),
which is a typical clinical manifestation of onchocerciasis, can be caused by other
infections such as Mansonella streptocerca or scabies. Infection with Treponema
pallidum causes yaws, in particular tertiary yaws, superficial mycoses, leprosy,
and chronic eczema and can confuse the diagnosis of an O. volvulus infection
[7, 8].

7.4.2 Ultrasonography

Ultrasonography is a technique allowing the detection of nodules in patient’s tis-
sues. This technique can be used to detect deep and non-palpable nodules [21].

7.4.3 Mazzotti Test

In 1948, patients affected by onchocerciasis developed reactions following
administration of DEC, the Mazzotti reaction. Clinical manifestations of fever,
urticaria, swollen and tender lymph nodes, tachycardia, hypotension, arthralgia,
edema, and abdominal pain were observed within seven days of administration
of DEC. During the test, a controlled reaction is induced by either topical
or oral administration of a subtherapeutic dose of DEC (50 mg for an adult).
The severity of the Mazzotti reaction correlates with the intensity of infection
[22, 23].

7.4.4 Parasitological Diagnosis

Parasitological diagnosis is based on identification of microfilariae from skin
snips. Clinical manifestation of onchocerciasis in patients is often accompanied
by positive skin snips; however, this is not always the case. Skin snips are
performed either with a needle and a razor blade or with a Walser corneoscleral
punch and should not contain any blood. Approximately, 1 mg of sampled skin
is immersed in a 0.9% saline solution and within 24 hours microfilariae move out
of the sample and are counted using a microscope. O. volvulus is differentiated
from other microfilariae species which may contaminate the skin snips, such as
Mansonella streptocerca in Africa, Mansonella ozzardi in South America, and
other blood microfilariae such as Wuchereria bancrofti, Loa loa, and Mansonella
perstans based on its characteristic length (270–320 μm) and shape (head and
pointed tail) [24, 25]. The sensitivity of this method depends on the number of
performed skin snips, the intensity of the infection, and the optimal location for
skin snips. In Africa, the iliac crest or below is the preferred location to sample
patients. In Mexico, the deltoid or the scapula regions are more appropriate.
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7.4.5 Immunological Tests and PCR

Several immunodiagnostic tests have been developed for onchocerciasis using
antigens of different Onchocerca host species. Tests based on the detection of
antibodies, however, have low sensitivity to O. volvulus infection, low specificity
to non-helminth infections and cross-reactivity to other helminth infections.
Specificity of tests has been improved by the detection of specific IgG4 antibod-
ies and the identification of specific antigens. An ELISA test, using a mixture
of O. volvulus-specific antigen, Ov16, has demonstrated high specificity and
sensitivity. Recently, a rapid diagnostic test package with a positive control for
Ov16 was developed with stability under field conditions for over 15 weeks.

Another ELISA assay based on different linear epitopes of the O. volvulus
motif peptide has been evaluated. The sensitivity, specificity, and cross-reactivity
were determined using several panels of clinical isolates. Using a combination
of two O. volvulus motif peptides, excellent results for sensitivity, specificity,
and cross-reactivity were obtained. It was also demonstrated that these peptides
were reactive to IgG but not to IgG4; thus, there is no correlation with the
Ov16 IgG4, making them promising candidates to complement the existing test
[26–28]. An antigen-specific and sensitive, neurotransmitter-derived secretion
metabolite from O. volvulus, N-acetyltyramine-O-glucuronide (NATOG), has
been identified in the urine of infected patients, opening up the possibility to
develop urine diagnostic tests [29, 30]. O. volvulus microfilariae-recovered skin
biopsies and third-stage infective larvae, L3, recovered from black flies, can be
distinguished from other parasite strains using PCR [26, 31].

7.5 Current Therapies and Approaches

Therapeutic approaches for targeting filarial diseases include utilizing
direct-acting agents to target parasitic nematodes, an antibacterial approach to
target the endiosymbiotic bacteria, Wolbachia, or surgical removal of nodules.

7.5.1 Direct-Acting Approach

Current therapies for filarial diseases rely on three direct-acting agents for MDA
of DEC, IVM, and albendazole (ABZ) (Figure 7.2) as either single agents or com-
binations. The current strategy for controlling human filarial infections is focused
on killing microfilariae, larval stage, by repeated administration of IVM or DEC,
usually in combination with ABZ. Concerns of serious Loa loa-related post-IVM
serious adverse events and the possible emergence of IVM-resistant O. volvu-
lus have prompted the need for compounds that exhibit adult-stage selectivity
(macrofilaricidal) or long-lasting sterilizing effects. However, due to emergence
of drug resistance, there is also a need for new microfilaricides, chemical enti-
ties that target the larval stage (microfilariae) [32]. It has been suggested that
IVM treatments will probably not lead to onchocerciasis elimination in Africa
[12]. Future therapies for targeting onchocerciasis include a macrofilaricidal reg-
imen that increases the rate of elimination, is safe to use in co-endemic regions
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of O. volvulus and L. loa, and provides a rapid method to resolve recrudesced
infections [33]. An ideal chemotherapy for treatment of onchocerciasis should
target the adult stage of the parasite by eliminating adult worms, macrofilaria, or
by inducing a long-term sterility by preventing appearance of microfilariae. The
preferred target product profile (TPP) should provide a 70–95% macrofilarici-
dal effect, wherein there is an improvement in clinical signs and symptoms by 12
months. An ideal treatment regimen would be once a day (QD) oral (PO) dosing
up to three days; however, twice a day (BID) and up to 14 days of treatment or
one single intramuscular (IM) or subcutaneous (SC) injection, biweekly, would
be acceptable.

7.5.1.1 Diethylcarbamazine
DEC, a potent microfilaricide with an unknown mechanism of action and with
varying degrees of macrofilaricidal activity, has been used extensively to treat
lymphatic filariasis since 1947. Loiasis, a rare filariasis that is caused by the nema-
tode worm, Loa loa, has become increasingly important as a result of the serious
adverse neurological events that were observed when patients infected with L.
loa underwent treatment for onchoceriasis. The neurological events in a lim-
ited patient population treated with IVM in areas of Cameroon and the Demo-
cratic Republic of Congo (DRC) where loiasis and onchoceriasis are co-endemic
included cases of coma, some of which result in encephalopathy, Parkinsonism,
or death [34]. Although DEC is effective against loaisis, it is not recommended in
areas of high levels of Loa loa microfilaremia due to severe adverse side effects,
including encephalitis, retinal hemorrhage, and Manzotti reaction, all caused by
rapid killing of microfilariae [1, 32].

7.5.1.2 Ivermectin
IVM, another potent microfilaricide and a member of the avermectin class,
is the standard of care for the treatment of onchocerciasis due to its safety
profile [1]. IVM functions by binding selectively to glutamate-gated chlorine
channels in invertebrate nerve and muscle cells. In a study held in the 1980s
[35], it was reported that more than 80% of the microfilariae were cleared from
the skin within 48 hours of administration, and low levels of microfilariae were
maintained for months before a gradual repopulation occurred. The induction
period before repopulation can be explained by temporary sterility of adult
females of approximately four months. After one year, it has been observed
that the microfilariae population reaches 20% of pretreatment levels [36, 37].
Due to these observations in a study, it was implied that treatment should
be repeated annually or biannually [38]. Recent concerns have been raised
regarding the suboptimal response to IVM treatment. Rapid repopulation
of microfilariae in communities after up to 18 years of treatment suggests
that IVM is unable to suppress reproduction and has reduced efficacy due
to emerging drug resistance [39]. Additional investigations were performed,
using the analogous host–parasite system Onchocerca ochengi in cattle, to
determine whether the protective immunity might develop in Africa where
transmission has not been eliminated and IVM-treated populations continue to
be exposed to infective larva (L3). Results showed no evidence of protection, the
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three-month IVM treatment group was significantly (P < 0.05) hypersusceptible
and the microfilarial densities and the rate of increase in the microfilarial
loads were significantly higher (P < 0.05) in the IVM-treated groups versus the
control animals. These findings raise concerns for IVM-based control of human
onchocerciasis, suggesting that humans exposed to ongoing transmission in
endemic areas while receiving IVM are unlikely to develop immunity and will
have increased susceptibility to infection upon drug withdrawal [40, 41].

7.5.1.3 Albendazole
ABZ is a broad-spectrum anthelminthic agent of the benzimidazole class com-
monly used to treat enteric helminthiasis and, more recently, to eliminate lym-
phatic filariasis. ABZ is used primarily in combination with DEC or IVM. The
benzimidazoles target free β-tubulin, an essential protein component of micro-
tubules, leading to the inhibition of tubulin polymerization and loss of cytoplas-
mic microtubules in worms [42].

7.5.1.4 Suramin
Suramin is a polysulfonated polyaromatic urea (Figure 7.2) developed by Bayer in
1916. Formerly a cancer therapy, suramin has been used extensively for macrofi-
laricide treatment of African river blindness and African sleeping sickness. The
diverse range of biologically important targets that suramin has been reported
to inhibit is attributed to its nonspecific mode of binding. As a result, its clinical
applications are significantly limited because this leads to side effects and high
toxicity. Recently, the use of suramin for treatment of onchocerciasis was halted
due to safety concerns [43, 44].

7.5.2 Antibacterial Approach

Targeting Wolbachia endobacteria in filarial species has emerged as a new
promising target for the treatment of human filariasis [45, 46]. O. volvulus
harbors rickettsial endobacteria, of the genus Wolbchia, as symbionts, while
L. loa does not harbor these endosymbionts, and, therefore, would not lead
to adverse events following treatment [47–50]. It has been reported that use
of tetracycline-based antibiotics results in the slow death of adult worms [51].
It has also been demonstrated in animal experiments with O. ochengi that
the elimination of this endobacteria causes an inhibition of embryogenesis
and a macrofilaricidal effect [52]. Trials with human onchocerciasis patients
using doxycycline (DOX), an antibiotic that is used in the treatment bacterial
infections, demonstrated a long-term sterilizing activity [53].

7.5.2.1 Tetracycline Derivatives
Administration of DOX (100 mg/d for six weeks) causes elimination of
endobacteria, decreased insemination of female worms, and an interruption of
embryogenesis [54]. This was observed for up to 18 months, the longest period
of female sterility achieved by an antifilarial drug without severe side effects
[46, 55]. Although the new strategy showed promising results, DOX is limited
in its use because it is contraindicated in children under the age of nine and
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women who are pregnant or breastfeeding [56]. Minocycline (MIN), another
broad-spectrum tetracycline antibiotic, also showed depletion of Wolbachia in
Wolbachia containing the C6/36 insect cell line. Recent clinical data reported
have suggested that MIN (200 mg/d for three weeks) may be more efficacious
than DOX (200 mg/d for three weeks), since MIN showed an improved trend
for the absence of Wolbachia and the inhibition of normal embryogenesis. These
differences, however, were not statistically significant, as the pilot trial was not
sufficiently designed in power to detect such differences [57].

7.5.3 Nodulectomy

Nodulectomy is the surgical removal of nodules. The symptoms of onchocer-
ciasis cannot be controlled through nodulectomy due to the difficulty in com-
pletely removing all of the nodules. Some nodules are impalpable because they
are located in deep tissues and a systematic removal of nodules by surgery would
not be feasible in large-scale endemic areas. Although nodulectomy is generally
not effective for treatment of disease symptoms, it is often performed for cos-
metic reasons or because of nodule location [8].

7.6 Discovery Models

Testing of compounds for macrofilaricidal activity, against adult parasites, has
progressed significantly in recent years through refinement of culture conditions
and implementation of high-throughput automated imaging. However, a major
challenge for drug discovery is finding suitable preclinical animal models since
the parasite can only develop fully in humans and primates. The only known per-
missive hosts for the human parasite, O. volvulus, are chimpanzees and mangabey
monkeys. This requires the use of surrogate parasites for both in vitro and in vivo
evaluation.

7.6.1 Primary In Vitro Assays

Compounds are assessed in vitro on filarial worm motility, migration,
feeding, and development as well as on worm viability using MTT (3-(4,5-
dimethylthiazola-2-yl)-2, S-diphenyl tetrazolium bromide) [58]. Based on
previous reports, Brugia spp., such as B. malayi, a human pathogen, and B.
pahangi along with Litomosoides sigmodontis, are the most suitable sources of
viable microfilariae and adult worms for high-throughput screening. Surrogate
parasites for O. volvulus include onchocerca spp., such as O. gutturosa and O.
ochengi, with O. ochengi being the closest relative to the human parasite in that
it forms nodules that resemble those of O. volvulus [59].

To determine depletion of Wolbachia, whole-organism cell-based assays with a
Wolbachia-containing Aedes albopictus cell line (C6/36 Wp) are used as the pri-
mary in vitro assay [60]. In vitro counter screening, using either adult O. gutturosa
or B. malayi, determine direct-acting effects.
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7.6.2 In Vivo Efficacy Models

For in vivo studies, established animal models of filarial infection utilize L. sig-
modontis in mice or Mongolian jirds [61, 62] and B. malayi in jird [63]. Patent
infections with circulating microfilariae can be established in the Mongolian jird
(Meriones unguiculatus) [64]. The in vivo models with B. malayi or L. sigmodontis
in jirds allow for evaluation of macrofilaricidal activity, effects on female fertility,
and microfilarial production [59].

For models of onchocerca, O. ochengi, the cattle, its natural host, forms nodules
that closely resemble those of O. volvulus and can be enumerated noninvasively
or removed for analysis during studies [59]. Recently, there have been reports of
small animal models utilizing O. ochengi infections [65, 66].

In all in vivo models, the reduction of Wolbachia load following treatment
is measured by qPCR. For anti-Wolbachia depletion, in vivo screening using
L. sigmodontis in mice yields a visible and quantifiable phenotype of larvae
with retarded growth. Further evaluation in jirds assesses the reduction of the
Wolbachia load as a predictor of macrofilaricidal activity [45].

7.7 Medicinal Chemistry Approaches

Current efforts toward finding new therapies for onchocerciasis have been
primarily focused on reevaluating known molecules.

7.7.1 Benzimidazoles

7.7.1.1 Flubendazole (FLBZ)
FLBZ (Figure 7.3), a methylcarbamate benzimidazole (BZD), was initially
developed as a paste by Janssen Pharmaceutica N.V. for protection against
gastrointestinal nematodes in dogs and cats. FLBZ demonstrates lethal effects
on many filarial species in animal host models and is reported to be the best
macrofilaricidal molecule within the benzimidazole group [67]. Approved for
human use in Europe, FLBZ is a good candidate for therapy against filariasis.
Unfortunately, like other benzimidazoles, FLBZ has limited water solubility,
and the commercially available oral human administration as tablets or suspen-
sions provides low systemic bioavailability [68]. In 2012, Janssen and several
partners, including Drugs for Neglected Diseases initiative (DNDi) and AbbVie,
reported investigating an improved formulation of FLBZ as a macrofilaricide
with enhanced bioavailability in blood and tissues as a potential treatment of
parasitic diseases that cause lymphatic filariasis and onchocerciasis [69]. Efforts
to improve bioavailability have been reported. The systemic exposure of FLBZ,
formulated as either aqueous hydroxypropyl-β-cyclodextrin (CD) or aqueous
carboxymethyl cellulose (CMC) suspension or a Tween 80-based formulation
(TWEEN) in rats and jirds (Meriones unguiculatus), was evaluated. FLBZ,
5 mg/kg, was administered by both the oral or subcutaneous routes, and it was
shown that it was hydrolyzed (H-FLBZ) and reduced (R-FLBZ) (Figure 7.3).
Both metabolites were recovered in the plasma samples collected from rats
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and jirds treated with the different FLBZ formulations. In rats, FLBZ systemic
exposure (AUC0-LOQ) was significantly higher after the FLBZ-CD treatments,
both orally (4.8± 0.9 mg h/ml) and subcutaneously (7.3± 0.6 mg h/ml) when
compared to oral administration of FLBZ-CMC suspension (0.93± 0.2 mg h/ml).
Similar differences were observed in jirds. It was concluded that the enhanced
systemic exposure is observed with the CD-based formulations and has sig-
nificant therapeutic implications for a drug with poor or erratic bioavailability
[67].

Preclinical data showed that FLBZ dosed orally at 0.2, 0.6, and 1.5 mg/kg,
decreased the number of B. malayi microfilariae in Meriones unguiculatus by
43%, 61%, and 68%, respectively, compared to untreated animals. FLBZ was
also reported to show significant reductions in motile worm burdens in a SCID
mouse model implanted with O. ochengi male worms when treated with either
five daily SC injections of standard FLBZ formulation (10 mg/kg) or a single SC
injection (10 mg/kg) [70, 71].

FLBZ interferes with microtubules and has reproductive toxicity [72]. It
is reported that embryotoxicity had been observed at concentrations above
0.25 μg/ml in vivo [73–75]. The assessment of the results of the preclinical
toxicology studies will determine whether an oral formulation can be developed
clinically for MDA. Current information on whether, and when, an oral formu-
lation of FLBZ has, or is expected to enter clinical development, is not publicly
available at this time.

7.7.1.2 UMF-078
The University of Michigan researchers have reported 5-substituted ben-
zimidazole carbamate ester compounds as soluble analogs of FLBZ [76].
It was reported that UMF-078, methyl (±)-[5-[amino(4-fluorophenyl)
methyl]-1H-benzimidazol-2-yl]-carbamate (Figure 7.3), cured B. pahangi-
infected dogs when administered by IM injection over doses ranging from
12.5–50 mg/kg/d for two to three days. In addition, the dihydrochloride hydrate
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salt, UMF-289, cured B. pahangi-infected dogs when administered orally at
a dose of 200 mg/kg/d (155 mg/kg/d base equivalent) for one, three, or five
days in 10% suspension in HEC-Tween 80. In contrast to IM injection of FLBZ,
UMF-078 does not cause inflammation at the injection site. Administered orally,
UMF-078 is rapidly absorbed, and gives higher plasma levels relative to IM
dosing. UMF-289 has an enhanced absorption rate with a significantly shorter
Tmax than the freebase, but it does not increase the extent of absorption [77].
When delivered at 150 mg/kg IM, UMF-078 is a potent macrofilaricide against
O. ochengi. Due to data indicating that benzimidazoles can induce genotoxicity
and cytotoxicity, the development of UMF-078 has been halted [78].

7.7.1.3 Boron-Derived Benzimidazoles
Anacor (a subsidiary of Pfizer) reported several small-molecule boron-based

molecules for the potential treatment of river blindness. Fifteen compounds
(Figure 7.4) have been exemplified in this class, and were shown to kill adult
worms of B. malayi in one to two days at 10 mM in vitro. Compounds J13
and J15 were exemplified, with J15 being one of the most potent compounds
reported, killing 100% of the worms in 24 hours when administered at 0.01 mM
[79]. No further data on the oxaboroles has been disclosed to date.

7.7.2 Macrocyclic Lactones

7.7.2.1 Milbemycins
Milbemycins were discovered prior to the avermectins, but their anthelmintic
properties were realized only after that of the avermectins [80]. One member of
this class is moxidectin (Figure 7.5), a macrocyclic lactone glutamate-gated chlo-
ride channel (GuCl) binder, approved for veterinary medicine. The milbemycins
are structurally related to the avermectins; however, they differ by the absence
of the R-l-oleandrosyl-R-l-oleandrosyl disaccharide at position 13 and aliphatic
substitutions at position 25. The spectrum of biological activity of moxidectin is
derived from its unique methoxine and dimethylbutenyl side chains. Moxidectin
has shown macrofilaricidal activity in animal models of onchocerciasis and lym-
phatic filariasis. Preclinical studies have shown that a single treatment produces
slow death of adult worms in birds and dogs, and sterilization of worms in cattle.
Compared to IVM, moxidectin has a considerably longer half-life in plasma of 20
days compared to 2 days, allowing for either less frequent treatment or improved
efficacy with similar frequency of treatment compared to IVM. It is also effective
in animal helminth infections that are resistant to IVM [81]. Medicines Develop-
ment for Global Health (MDGH), through the Global Health Investment Fund
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(GHIF) program, reported development of moxidectin as a potential oral treat-
ment of African river blindness [72].

In March 2012, a phase III study comparing the efficacy, safety, and tolerability
of moxidectin and IVM in subjects infected with O. volvulus was completed. The
data suggested that moxidectin was efficacious and had a safety profile consistent
with MDA. In November 2015, further clinical data were reported. Using skin
microfilariae density (microfilariae per milligram of skin) 12 months posttreat-
ment as the primary efficacy outcome, the moxidectin group (adjusted geometric
mean 0⋅6 [95% CI 0⋅3–1⋅0]) was lower than that in the IVM group (4⋅5 [3⋅5–5⋅9];
difference 3⋅9 [3⋅2–4⋅9], p < 0⋅0001; treatment difference 86%) concluding that
moxidectin was shown to be superior to IVM [38].

7.7.2.2 Cyclooctadepsipeptides
Emodepside (BAY 44-4400) is a semisynthetic analog of PF-1022A, a

metabolite of Mycelia sterilia (Rosselinia sp.). Both emodepside and PF-1022A
(Figure 7.5) are 24-membered cyclooctadepsipeptides with known anthelmintic
activity [82]. Structure–activity relationships (SARs) suggested that incorpo-
ration of basic groups at the para position of the phenylalanine moieties in
PF-1022A leads to improved in vivo anthelmintic activity. Incorporation of the
morpholine group into PF-1022A led to emodepside [80].

Emodepside is registered in Europe and the United States as a combination
product for the treatment of parasitic diseases in companion animals. Recently,
there has been interest in the use of emodepside for the treatment of human
helminthiases due to its potency against adult filarial worms. Emodepside
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paralyzes adult filarial worms, via a mode of action distinct from previous
anthelmintics, and therefore is of interest as a new treatment for onchocerciasis
[72]. It is a novel modulator of the BK/SLO-1 Ca2+-activated K+ channels in
nematodes, insects, and humans [83]. In 2014, DNDi and Bayer HealthCare
completed a legal agreement for collaboration on development of emodepside. A
first-in-human (FIH) double-blind, placebo-controlled study of single ascending
doses in healthy Caucasian men has been completed with favorable preliminary
results. A repeat dose study was completed in March 2017, and evaluated
pharmacokinetic, safety, and tolerability of the liquid service formulation given
over 10 days [84].

Second-generation anthelmintic cyclooctadepsipeptides were recently
reported (Figure 7.5). Focusing on modifications to para position of pheny-
lalanine residues in PF-1022A was a means to improve pharmacological
properties. Click reactions such as the Paal–Knorr and Hantzsch syntheses
or the Huisgen azide-alkyne cycloaddition were utilized in order to replace
the morpholine of emodepside with heteroaromatic-substituted phenyl ring
systems such as phenylpyrrole, phenylthiazole, and phenyltriazole. New
heteroaromatic-substituted PF-1022A analogs, which appear to be structurally
similar to emodepside, were disclosed; however, no data to support potential
improved anthelmintic and/or pharmacological properties have been provided
[82].

7.7.2.3 Tylosins
AbbVie reported identification of Tylosin A (TylA) through screening of its repre-
sentative anti-infectives collection. Tylosin A (Figure 7.6) is a veterinary antibiotic
with potent anti-Wolbachia activity, EC50 = 24–36 nM. Tylosin A (50 mg/kg/d)
shows anti-Wolbachia efficacy, 99.9%, when dosed intraperitoneally (IP) for 14
days, but it is not sufficiently effective when dosed PO, 50.4%. TylA is an effective
macrofilaricidal agent; however, the pharmacokinetic properties of TylA make it
unsuitable for oral administration. Medicinal chemistry efforts were focused on
improving drug exposure upon oral delivery while maintaining anti-Wolbachia
activity. Over 150 4′′-0-substituted TylA analogs were reported with an increase
in potency of over 1000-fold over TylA [85].

In the Brugia malayi larval infection mouse model, A-1535469 reduced the
Wolbachia load by 99.9% at two weeks postinfection (wpi), when dosed QD at
50 mg/kg/d for 14 days. The Wolbachia load was also reduced by 99.8% at a lower
a dose of 25 mg/kg/d. A 99.8% reduction of Wolbachia was still observed at the
same dose when treatment duration was reduced to seven days. These results are
superior when compared to the standard of care, doxycycline (50 mg/kg/d for 14
days, 98.3% reduction). ABBV-4083 reduced Wolbachia by 99.5% at 2wpi, when
dosed PO at 50 mg/kg/d for seven days. A reduction of 97.9% was observed at the
lower dose of 25 mg/kg/d. Both compounds are superior to doxycycline, which
yielded a 77.4% reduction dosing at 50 mg/kg/d for seven days.

In a preclinical lymphatic filariasis model, the adult Brugia malayi jird model,
PO administration of ABBV-4083 at both 10 and 50 mg/kg daily for 14 days
resulted in a>90% reduction in Wolbachia. A dose-dependent reduction of 70.1%
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and 99.6% was observed in motile microfilariae recovered from the peritoneum
with 10 and 50 mg/kg daily PO treatment, respectively [85].

In the preclinical onchocerciasis model, the O. ochengi model, adult male
mice were treated with ABBV-4083 (75 mg/kg QD, seven days) and A-1535469
(250 mg/kg QD, 14 days) in separate studies, reducing Wolbachia loads (97.2%
and 99.7%, respectively) in a shortened dose time frame relative to the tetra-
cyclines. Both compounds demonstrated the potential of a shorter course of
treatment over minocycline, and doxycycline [85].

In an ex vivo assay of microfilaricidal assessment against changes in L. Ioa
microfilariae motility, ABBV-4083 and A-1535469 showed no effect in cessation
of microfilariae motility when compared with IVM, which rendered microfilar-
iae completely immotile after a period of 7 days and induced >90% reduction
in motility in +2 days. It can be concluded that ABBV-4083 and A-1535469
are ineffective against L. Ioa microfilariae, allowing for safe treatment of patients
coinfected with loaisis and onchocerciasis or lymphatic filariasis [85, 86].

7.7.3 Natural Products

7.7.3.1 Corallopyronin A
Investigation of natural products as potential new anti-Wolbachia agents
revealed corallopyronin A (Cor A, Figure 7.7). Corallopyronin A is a non-
competitive inhibitor of bacterial DNA-dependent RNA polymerase (RNAP)
which is active against gram-positive bacteria. In the C6/36 cell line infected
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with A. albopictus Wolbachia, corallopyronin A (1 μg/ml) depleted Wolbachia
to levels equivalent to that of doxycycline (4 μg/ml). In BALB/c mice infected
with L. sigmodontis, treatment with Cor A for 28 days at 35 mg/kg/d resulted
in a >99.9% reduction in the Wolbachia load (4.7-log reduction) compared to
the control and a larger reduction than doxycycline (3.9-log reduction). The
phenotype of significantly shorter worm length is indicative of effective therapy
and the blocking of larval development and was seen in mice treated with Cor A.
Cor A, at this dosing regimen and a shorter time, was equivalent to treatment
with doxycycline, at a higher dose. It was also reported that Cor A at 35 mg/kg/d
for 28 days was well tolerated by the mice, with no visually apparent toxic effects
[87–89].

SAR studies suggested that for myxopyronin A, changes in the left-side por-
tion of the molecule, which is identical to that of corallopyronin A, result in
diminished antibacterial effects. It has been reported that the left-side portion
of the molecule interacts with the target RNAP in multiple ways and is sensi-
tive to structural changes. The improved antibiotic activity of corallopyronin A
in comparison to myxopyronin A has been attributed to the longer lipophilic
left-side chain of corallopyronin A, which occupies an extra binding pocket in the
RNAP. Metabolites and semisynthetic analogs of corallopyronin A were prepared
and evaluated, and revealed that modifications at the hydroxy group at carbon
C-24 on the left-side chain of Cor A altered binding at the target site. Acyla-
tion and oxidation of the C-24 hydroxyl group resulted in less active or inactive
molecules. However, precorallopyronin A (PreCor A), the des-OH analog of Cor
A, demonstrated in vitro activity against Wolbachia that was comparable to that
of Cor A, suggesting that the OH group at C-24 minimally enhances the antibiotic
activity of Cor A. Replacement of the central pyrone ring with the open-form ana-
log, methyl-N-(6-[sphingosyl-N-carbonyl]hexyl)carbamate (Figure 7.7), resulted
in no antibacterial activity, showing that the pyrone ring is a critical feature for
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arranging Cor A in the binding pocket. In silico analyses of Cor A and PreCor A
in the RNAP binding pocket were performed to explain the antimicrobial effects.
Any increase in bulk or rigidity off the left-side chain results in loss of activity
due to the tight binding pocket of the RNAP target [90]. Cor A appears to be an
attractive target for further development as an anti-Wolbachia antibiotic for the
control and elimination of filarial nematode infections.

7.7.4 Small Molecules

7.7.4.1 Pyrazolopyridine
Limited data has been reported on a series of 7-amino-pyrazolopyridine

analogs as potential treatment for lymphatic filariasis and onchocerciasis
[91]. Pyrazolopyridine analog AWZ-8051 (Figure 7.8) shows activity against
Wolbachia, EC50 = 19 nM. It was reported that AWZ-8051 has a preferred phar-
macokinetic profile (2 mg/kg IV, 50 mg/kg PO) in SCIDD mice, Cl = 2.6 l/h/kg,
V dss = 1.8 l/kg, t1/2 = 1.3 h, Cmax = 15 833 ng/ml, Tmax = 0.81 h, and AUC (0 to t)
= 44 980 ng h/ml. No further data regarding in vivo efficacy has been reported.

7.8 Conclusion

The current strategies for elimination of onchocerciasis have limitations since the
standard treatments are ineffective against the macrofilaria, or adult worms, and
require repeated and prolonged treatments. This is also further complicated by
the threat of emerging resistance. The need for a novel macrofilaricide is imper-
ative to achieve eradication of this disease. However, given the threat of drug
resistance, the need for novel microfilaricides is equally important and should
not be discounted. Future therapies for targeting onchocerciasis should include
a macrofilaricidal regimen that increases the rate of elimination and is safe to use
in co-endemic regions of O. volvulus and L. loa.
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8.1 Schistosomiasis: The Disease and the One Drug We
Have for Treatment, Praziquantel

Schistosomiasis is a neglected tropical disease (NTD) associated with poverty in
the developing world. This disease is caused by trematode flatworms of the genus
Schistosoma. There are more than 200 million people infected [1], with as many
as 700 million people at risk of infection [2, 3] and an estimated 280 000 deaths
annually [2–4]. Vulnerable populations include farmers, car washers, fisherfolk,
migrants, and women and children who use the water for work and/or recre-
ation [1, 2, 5]. Infection arises via direct contact with freshwater (ponds, lakes,
irrigation canals, and streams) that harbor the intermediate snail hosts.

Schistosome infections can last a lifetime [6–9], contribute to anemia and
malnutrition [9, 10], and are often associated with other parasitic infections, e.g.
roundworms and malaria. Chronic schistosomiasis is debilitating and painful,
leading to lost school days and a decreased stamina to perform manual labor,
which, in subsistence communities, is particularly consequential [9, 11, 12].
Often, infection symptoms are mistaken for simply being the norm [9].

The methods for control of schistosomiasis include education on the risks,
provision of piped water and sanitation infrastructure, snail removal, and drug
treatment [13]. The easiest and least expensive to engage and sustain, “preven-
tative chemotherapy,” via mass drug administration (MDA) programs has been
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Figure 8.1 Praziquantel.

the mainstay control approach for over 40 years, as recommended by the WHO
[13, 14]. Preventative chemotherapy delivers drug to those communities where
infection prevalence is highest in order to decrease morbidity and the trans-
mission potential [13]. Note that the emphasis of preventative chemotherapy is
not cure, but control of infection at the population level. The method evolved
as the drug deployed, the pyrazinoisoquinoline derivative praziquantel (PZQ;
Figure 8.1) is safe, including during pregnancy, reasonably (but not completely)
effective against all clinically relevant schistosome species, and affordable. PZQ
causes tetanic paralysis in the parasite and damage to the surface, potentially aid-
ing immune clearance [15, 16]; however, the exact mechanism of action is unclear.
Very recent evidence has shown that the clinically active enantiomer, (R)-PZQ,
acts as a GPCR ligand, engaging the human 5-HT2B receptor [17], consistent
with earlier reports showing that PZQ antagonizes the increased motor activity
of schistosome caused by 5HT [18]. PZQ may also act on voltage-gated calcium
channels [19] or destabilize the surface membrane [20]. Successful control pro-
grams using PZQ have been implemented in China, Brazil, and Egypt [13, 21].
These programs serve as an example and help bring international interest to the
control of schistosomiasis in sub-Saharan Africa where the disease is most preva-
lent [13]. As of 2015, 66.5 million people have received treatment.

PZQ has a number of pharmaceutical and pharmacological problems [22, 23]
that warrant discussion, including in the context of alternative drugs as exempli-
fied in this chapter. These include being rarely curative at the single dose offered,
poor metabolic stability, and an unpalatable taste especially relevant for children
who are most often the primary target population [24–26]. Also, being synthe-
sized as a racemate, half of the rather high 40 mg/kg recommended dose is clin-
ically useless. Finally, for reasons unknown, PZQ is much less effective against
immature schistosomes, meaning that individuals harboring parasites of different
ages go on to develop morbidity in spite of treatment. In this context, discus-
sions have included the combination of PZQ with other drugs that better target
the developing stages while potentially decreasing the risk of the development of
resistance [27, 28].

With the reliance on just one drug, the biggest fear is the emergence and
establishment of drug resistance. This concern is amplified in that there are no
well-supported transnational drug discovery and development partnerships for
schistosomiasis akin to the Medicines for Malaria venture (MMV) or the Drugs
for Neglected Diseases initiative (DNDi, which includes protozoan and filarial
parasites in its drug portfolio). Laboratory studies in rodents [29–31] and in
the intermediate snail host [32] demonstrate that increased tolerance to PZQ
can be selected for. Incidences of lower than anticipated cure rates with PZQ
have been reported clinically in Egypt, sub-Saharan Africa and Brazil [33, 34].
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As a result of increased international support over the past decade for MDA
programs coordinated by, for example, the Schistosomiasis Control Initiative
(SCI), the availability of PZQ is expanding [5]. This potentiates further the threat
of drug resistance [23, 35, 36]. Thus, there is a need to identify new drugs and
drug targets, and this chapter illustrates some of the exciting research being
performed to fulfill this need.

8.2 Drug Discovery for Schistosomiasis: Strategies,
Tools, Targets, and a Note on the Target Product Profile

In the absence of transnational agencies that support new chemical develop-
ment, efforts to discover and validate new drugs and drug targets have come to
rely on the academic sector. Hit identification typically relies on in vitro phe-
notypic screens (see subsequent text) with a variety of quantitative or partially
quantitative readouts [37, 38]. Phenotypic screens have been applied to a number
of small-molecule chemical libraries, including FDA drug libraries [39] and
natural products [40], as well as collections arising from industry [38] or product
development partnerships such as the MMV, which has released the Malaria
Box [41] and Pathogen Box [42], each of which contains 400 Lipinski-compliant
chemistries with validated antiparasitic activities. Subsequent chemical “lead”
optimization has also employed phenotypic- and, where possible, target-based
modalities. Finally, for proof-of-principle studies, there is a well-established
mouse model for Schistosoma mansoni and Schistosoma japonicum infections.
Schistosoma haematobium infections in mice are less robust and hamsters are
used as an alternative animal model.

Backing up these tools, there is now a well-annotated S. mansoni genome [43,
44], and improving S. japonicum [45] and S. haematobium [46] genomes. These
data have facilitated both the identification of potential drug targets and their
subsequent validation via chemistry [47] or reverse genetics, which is essentially
limited to transient RNA interference (RNAi) [48–50], although the development
and deployment of (CRISPR)/Cas9 will likely aid future efforts to understand
gene function [51–53]. As elaborated later, among the targets identified and val-
idated are molecules specific to the schistosome parasite, e.g. thioredoxin glu-
tathione reductase [54] and hematin formation [55], or orthologs of human pro-
teins, e.g. cysteine proteases [56], hydroxymethylglutaryl coenzyme A reductase
[47, 57], and histone deacetylases [58]. For well-conserved genes, Caenorhabdi-
tis elegans has also served as a tool to validate gene function and, potentially,
optimize chemical matter [38]. Finally, comparative analyses of gene function
have also employed the free-living flatworm Girardia tigrina [59] and Schmidtea
mediterranea [60].

Along with the improvement in tools, there has been a better appreciation of
the need to conceptualize the desired properties of any drug candidate using PZQ
as the gold standard comparator (target product profile [TPP]). Taking a cue from
[22, 61], many of the more obvious TPP provisions to establish early in a devel-
opment program would be (i) efficacy in a single oral dose, including against the
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PZQ-refractory juvenile worms; (ii) efficacy against all species of schistosomes or
at least against S. mansoni and S. haematobium which are sometimes co-endemic;
(iii) efficacy at a lower dose relative to PZQ; and (iv) that the molecule of interest
belong to a different chemical class and/or involves a different molecular target
such that cross-resistance is less likely to occur (even though it is not entirely clear
what the target of PZQ is [61]). Other desirable properties that may only become
clear as a development program progresses involve possessing a wide margin
of safety, including in young children and pregnant and nursing mothers (PZQ
is offered under minimal medical supervision), and a low risk regarding poten-
tial drug–drug interactions. Finally, stability (shelf life) and cost of goods will be
important factors in delivering drugs to resource-constrained communities.

For the remainder of this chapter, we discuss in more detail the current
approaches and the key chemistries that have been or are under investigation
to identify and characterize new drugs and drug targets. We focus wherever
possible on original papers published in the period 2015 to 2017. We also
briefly summarize the most promising data from schistosomiasis drug repur-
posing investigations, structure-based drug design, phenotypic approaches,
organometallics, and natural products. In addition, a perspective on kinases
as drug targets is included and, finally, two case studies regarding biarylalkyl
carboxylic acids (BACAs) and arylmethylamino steroids (AASs) are highlighted.
Excluded from consideration are meeting abstracts; natural product extracts
or mixtures; biochemical matter including fatty acids, vitamins, cytokines,
and other proteins; formulations of existing drugs; compounds that may affect
schistosome pathology but do not inhibit parasite growth; and enzyme inhibitor,
in silico, or theoretical studies without antischistosomal activity data. The reader
is referred to a number of excellent medicinal chemistry–type antischistosomal
reviews published from 2007 to 2017 [22, 62–70].

8.3 Drug Repurposing

Drug repurposing for schistosomiasis has borne some fruit, including the iden-
tification of new starting points for medicinal chemistry [67, 71, 72]. The earliest
and most widely investigated drug class are the semisynthetic artemisinins,
including dihydroartemisinin, artemether, and artesunate, which are effective
against the juvenile parasite stages but less so against adults [73, 74] (Figure 8.2).
Animal model and clinical trial data suggest that the artemisinins are synergistic
with PZQ and may be useful in the chemoprophylaxis and prevention of
schistosomiasis [55, 75].

As reviewed by Keiser and Utzinger [55] and Thétiot-Laurent et al. [62], other
classes of antimalarial peroxide compounds also have substantial antischistoso-
mal activity (Figure 8.2). For example, single 400 mg/kg oral doses of the ozonide
carboxylic acid, OZ418 (1) administered to S. mansoni-, S. japonicum-, or S.
haematobium-infected mice, achieved adult worm burden reductions (WBRs)
of 80%, 69%, and 86%, respectively [73, 76]. Thus, 1 is effective against all three
important schistosome species in the mouse model. Like the artemisinins, 1 is
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Figure 8.2 The semisynthetic artemisinins, dihydroartemisinin, artemether, and artesunate,
are effective against juvenile schistosomes, but less so against the adult form of the parasite
[73, 74]. Other classes of antimalarial peroxide compounds also have substantial
antischistosomal activity [55, 62].

even more effective against the juvenile form of the parasite; single 200 mg/kg
oral doses of artemether and 1 administered to S. mansoni-infected mice
reduced juvenile (21-day-old) worm burdens by 81% and 100%, respectively
[55]. However, with IC50 values of 44 and 39 μM against ex vivo S. mansoni
and S. japonicum, 1 has relatively low in vitro activity [76, 77]. Even so, a phar-
macokinetic study of 1 showed that a single 400 mg/kg dose achieved plasma
levels above its S. mansoni IC50 value for >72 hours [77]. Arterolane (ozonide
OZ277), developed as a three-dose combination product with piperaquine
(Synriam®) to treat uncomplicated malaria, also has antischistosomal potential
[78]. Administration of a single 100 mg/kg oral dose of arterolane or a single
fixed-dose combination of 40 mg/kg arterolane and 200 mg/kg piperaquine
to mice infected with adult S. mansoni reduced worm burden by 81% in both
experiments [78]. In a subsequent clinical trial, Barda et al. [79] demonstrated
that Synriam had low efficacy in individuals infected with S. haematobium and
S. mansoni with respective cure rates of just 11% and 7%.

Another structurally distinct ozonide (2) [80] had an IC50 value of 4.2 μM
against ex vivo S. mansoni, but administration of a single 400 mg/kg oral dose
of this ozonide to S. mansoni-infected mice led to a statistically insignificant
adult WBR of 44%. The 4-aminoquinoline trioxane, PA1259 (3), was comparable
to PZQ in its ex vivo antischistosomal effects [81]. Administration of four
50 mg/kg oral doses of 3 to S. mansoni-infected mice reduced juvenile and
adult worm burdens by 53% and 41%, respectively [81]. The same authors also
demonstrated that 3 alkylates heme in S. mansoni-infected mice, suggesting a
shared antimalarial and antischistosomal mechanism of action.
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The antimalarial, mefloquine, demonstrated promising antischistosomal effi-
cacy in animal models [55] (Figure 8.3). For example, WBR values ranging from
88% to 94% were observed when single 200 mg/kg oral doses of this quinoline
methanol were administered to mice infected with juvenile or adult stages of all
three major schistosome species. However, mefloquine did not increase the effi-
cacy of PZQ in S. haematobium-infected patients [82].

After a chemical and genetic validation of S. mansoni 3-hydroxy-3-
methylglutaryl coenzyme A reductase (SmHMGR) as a promising drug
target, Rojo-Arreola et al. [47] demonstrated that the two statin drugs, sim-
vastatin and lovastatin, had ED50 values of 90 and 190 nM against cultured S.
mansoni schistosomula; the two drugs were 2 orders of magnitude less potent
against adult S. mansoni. Worm death was prevented by excess mevalonate,
the enzymatic product of SmHMGR. Other more hydrophilic statin drugs were
less effective, including pravastatin and the nitrogen heterocycle-containing
fluvastatin, atorvastatin, and rosuvastatin. Using an in silico chemogenomics
approach, Neves et al. [83] predicted that the selective serotonin reuptake
inhibitors (SSRIs) antidepressant drug paroxetine would inhibit serotonin
transporters in S. mansoni. A subsequent in vitro study showed that paroxetine
decreased S. mansoni schistosomula and adult worm viability with EC50 values
ranging from 2.5 to 10 μM [84].

A phenotypic screen of S. mansoni with a 2160 compound collection, includ-
ing 821 known drugs, identified the antibiotics, anisomycin and lasalocid, and the
molluscicide and anti-tapeworm drug, niclosamide, as the promising leads [39]
(Figure 8.3). In this study, compounds at 1 μM were first tested against schistoso-
mula and then against adult parasites in vitro before progressing to in vivo efficacy
experiments. Administration of four 100 mg/kg daily oral doses of anisomycin to
mice infected with adult S. mansoni did not reduce worm burden but did decrease
hepatic egg burden by 36%; administration of four 100 mg/kg twice-daily doses
killed all of the mice. In this same experiment, lasalocid was both more effective
and better tolerated; four 100 mg/kg oral doses of lasalocid reduced worm burden
by 44% and hepatic egg burden by 39%. In contrast, niclosamide at total doses up
to 800 mg/kg administered either orally or intraperitoneally was completely inef-
fective. Consequently, the authors tested closantel, oxyclozanide, rafoxanide, and
nitazoxanide, four salicylanilide analogs of niclosamide [39]. Of these, rafoxanide
was by far the most effective; administration of four 50 mg/kg oral doses of this
salicylanilide reduced worm burden by 50–56% and decreased hepatic egg count
by 49%.

In another antischistosomal phenotypic screen of 1600 drugs, the authors
identified the antileprotic, clofazimine, and the veterinary anti-parasitic,
doramectin, as the most active leads [37] (Figure 8.3). In this study, compounds
were successively tested against schistosomula (10 μM) and adult S. mansoni
(33 μM) in vitro before progressing to in vivo efficacy testing in mice infected
with adult S. mansoni. Doramectin and clofazimine had IC50 values for viability
of 21 and 17 μM against adult S. mansoni in vitro. Single oral doses of doramectin
(10 mg/kg) and clofazimine (400 mg/kg) reduced worm burden by 60% and 83%,
respectively; a lower 200 mg/kg dose of clofazimine was completely ineffective.
The same authors [37] noted that ivermectin, a close structural analog of
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promising leads [37].
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doramectin, had minimal antischistosomal efficacy in animal models and in
clinical trials [85]. A recent clinical trial with the veterinary anthelmintic,
moxidectin, showed that this chemical cousin of doramectin had low efficacy in
patients infected with S. haematobium, but had some promise in reducing egg
production in patients infected with S. mansoni [79].

Eissa et al. [86] showed that cultured adult S. mansoni exposed to the anti-
cancer drug chlorambucil at 5 μg/ml for 72 hours led to complete worm death.
In the same study, administration of five 2.5 mg/kg oral doses of chlorambucil
to S. mansoni-infected mice reduced juvenile and adult worm burdens by 76%
and 72%, respectively. Beckmann and Grevelding [87] showed that cultured
adult S. mansoni exposed to 10 μM of the anticancer protein kinase inhibitor,
imatinib, for 96 hours led to >60% mortality; the treated worms had a notably
disintegrated gastrodermis (Figure 8.4). In a subsequent phenotypic screen of
an anticancer drug library, Cowan and Keiser [88] discovered that trametinib
and vandetanib, two other anticancer protein kinase inhibitors, had promising
antischistosomal activities (Figure 8.4). The compounds were successively
tested against schistosomula and adult S. mansoni in vitro before progressing
to in vivo efficacy experiments. Trametinib and vandetanib had respective
IC50 values for viability of 4.1 and 9.5 μM against ex vivo adult S. mansoni.
Single 400 mg/kg oral doses of trametinib and vandetanib administered to mice
infected with adult S. mansoni reduced worm burden by 64% and 48%, respec-
tively. Repositioning anticancer protein kinase inhibitors for schistosomiasis
chemotherapy has been thoroughly reviewed by Dissous and Grevelding [89] and
Gelmedin et al. [90].
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Figure 8.4 Anticancer drugs that are also antischistosomal. Adult S. mansoni exposed to
10 μM of the anticancer protein kinase inhibitor, imatinib, for 96 hours leads to >60% mortality
and a notably disintegrated gastrodermis [87]. Trametinib and vandetanib, two other
anticancer protein kinase inhibitors, also have promising antischistosomal activities [88].
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8.4 Structure-Based Drug Design

A milestone in structure-based drug design for schistosomiasis was the iden-
tification of several inhibitors of S. mansoni thioredoxin glutathione reductase
(SmTGR) [91] (Figure 8.5). The most promising of these was the nitric oxide
donor, oxadiazole 2-oxide (4), which irreversibly inhibited both the glutathione
reductase (IC50 = 0.32 μM) and thioredoxin reductase (IC50 = 1.7 μM) activities
of SmTGR, completely inhibited adult S. mansoni at 10 μM within 24 hours, and
after five intraperitoneal 10 mg/kg doses to S. mansoni-infected mice, reduced
juvenile and adult worm burdens by 89% and 94% [91]. 1,4-Naphthoquinone
ethers were recently identified as inhibitors of SmTGR [95]. As exemplars of
this compound series, 5 and 6 had respective IC50 values of 0.48 and 0.046 μM
against SmTGR and were an order of magnitude less potent against human
glutathione reductase and selenium-dependent thioredoxin reductase. At
50 μM, these 1,4-naphthoquinone ethers killed ex vivo adult S. mansoni within
24 hours, but none of these had any activity in the S. mansoni mouse model.
Using a QSAR-based virtual screening approach against SmTGR, Neves et al.
[92] identified the new antischistosomal chemotypes, 7 and 8. Although no
experimental SmTGR inhibition data was disclosed for these compounds, 7
and 8 inhibited ex vivo adult S. mansoni with respective IC50 values of 6.1 and
13 μM. As a measure of cytotoxicity, 7 and 8 inhibited the growth of the human
epithelial WSS-1 cell line with respective IC50 values of 16 and 28 μM.

Based on an X-ray structure of an S. mansoni histone deacetylase 8
(SmHDAC8)–ligand complex [96], hydroxamic acid 9 was identified as a
new lead. Compound 9 had an IC50 of 0.075 μM against SmHDAC8 compared to
IC50 values ranging from 0.026 to 6.3 μM against three human HDAC isoforms.
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Figure 8.5 Identification of S. mansoni thioredoxin glutathione reductase (SmTGR) [91]
inhibitors represents a milestone in schistosomiasis structure-based drug design (SBDD).
These SmTGR inhibitors include the irreversible inhibitor, oxadiazole 2-oxide (4), and exemplar
compounds in a naphthoquinone series (5, 6) [92]. Other antischistosomal compounds
include new chemotypes (7, 8), hydroxamic acid (9), and new inhibitors (10 and 11) of
β-hematin (hemozoin) formation [93, 94].
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Compound 9 was lethal to S. mansoni schistosomula and human HEK293 cells
with respective IC50 values of 16 and 200 μM, and thus appeared to possess
reasonable antischistosomal selectivity. The corresponding carboxylic acid and
esters of 9 had no activity against either SmHDAC8 or schistosomula.

In a search for new inhibitors of β-hematin (hemozoin) formation, Wang et al.
[93] identified 10 as a new lead. This carbazole amino alcohol inhibited β-hematin
formation, ex vivo adult S. mansoni, and the W138 lung fibroblast cell line with
respective IC50 values for mortality of 92, 14, and 7.9 μM. The data from the com-
pound series was suggestive of a correlation between inhibition of β-hematin
formation and parasite survival. In another investigation of β-hematin inhibitors,
Okombo et al. [94] identified 11 as a new lead. This pyrido[1,2-a]benzimidazole
inhibited β-hematin formation, ex vivo adult S. mansoni, and the CHO mam-
malian cell line with respective IC50 values of 52, 2.4, and 9.6 μM. There was no
correlation between inhibition of β-hematin formation and parasite survival for
this compound series. In S. mansoni-infected mice, a single 400 mg/kg oral dose
of 11 reduced worm burden by 59% despite its relatively low exposure due to
solubility-limited absorption and high hepatic clearance [94].

8.5 Phenotypic Approaches

We now briefly review the search for new antischistosomal lead compounds using
phenotypic approaches (Figure 8.6). Taking decoquinate as a lead, Wang et al. [93]
discovered that 10 μM of the amide derivative 12 was 100% lethal to ex vivo adult
S. japonicum; in contrast, decoquinate at concentrations up to 100 μM had no
effect. As a measure of cytotoxicity, the IC50 of 12 against HeLa cells was approx-
imately 70 μM.

As part of an investigation of indole chemistry, Jiang et al. [97] discovered
that 10 μM 13 was 100% lethal to ex vivo adult S. japonicum. With an objective
of targeting S. mansoni aldose reductase, Mäder et al. [98] conducted a small
structure–activity relationship (SAR) study starting with biaryl carboxylic
acid inhibitors of human aldose reductase (see Section 8.9 for more details).
Qualitative data from this study indicated that 14 and 15 had measurable
activity against ex vivo adult S. mansoni and neither compound at 100 μM had
significant cytotoxicity against the HepG2 and LS174T cell lines. de Brito et al.
[99] showed that 100 μM of the iminobenzoxazine 16 led to, respectively, a 50%
and 100% mortality of female and male S. mansoni adult worms in culture. As
a measure of cytotoxicity, 100 μM 16 inhibited the growth of four mammalian
cell lines by 12–28%. In a study of cinnamic acid esters, 17 had the most potent
antischistosomal activity [102]. S. mansoni schistosomula exposed to 5 μM 17 for
24 hours were degenerated and contained vacuoles; at 72 hours, all the parasites
were dead. However, 10 μM 17 had no effect on ex vivo adult S. mansoni. As
a measure of cytotoxicity, the IC50 of 17 against J774 cells was 32 μM. There
was no correlation between antischistosomal activity and cytotoxicity for this
compound series. An enone and unsubstituted phenyl ring in the cinnamic acid
substructure were required for optimal activity. The authors suggested that 17
interferes with autophagy.
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Based on preliminary data indicating the schistosomicidal potential of various
imidazolidines, de Silva et al. showed that administration of five 250 mg/kg
doses of compound PT-09 (18) to S. mansoni-infected mice reduced adult worm
burden by 54% (Figure 8.6). Data from this and lower doses of 18 indicated that
WBR was greater for female versus male worms. Pereira et al. [100] reported
the antischistosomal profile of a dinitro semisynthetic derivative (19) of the
lignan cubebin isolated from Piper cubeba. Compound 19 had LC50 values of
20, 180, and 100 μM against ex vivo schistosomula and juvenile and adult S.
mansoni, respectively. As a measure of cytotoxicity, the IC50 of 19 against V79
cells was 890 μM. Administration of five 50 mg/kg intraperitoneal doses of 19 to
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Figure 8.6 Antischistosomal compounds identified using phenotypic approaches.
Decoquinate (12) at concentrations above 100 μM was determined to be 100% lethal against
adult S. japonicum [93]. Compound 13 (10 μM) is 100% lethal against adult S. japonicum [97].
Qualitative data from a SAR study testing biaryl carboxylic acid inhibitors of human aldose
reductase showed that 14 and 15 had measurable activity against ex vivo adult S. mansoni [98].
The imino-benzoxazine 16 (100 μM) led to 50% and 100% mortalities of female and male S.
mansoni adult worms, respectively, in culture [99]. S. mansoni schistosomula exposed to 5 μM
17 for 24 hours became degenerate and contained vacuoles; and were dead at 72 hours.
Administration of five 250 mg/kg doses of compound PT-09 (18) to S. mansoni-infected mice
reduced adult worm burden by 54%. A dinitro semisynthetic derivative (19) of the lignan
cubebin isolated from Piper cubeba also has antischistosomal activity [100]. MMV665582 (20),
identified in a phenotypic screen of the 200-member MMV Malaria Box compound library [82],
identified a symmetrical N,N′-diaryl urea as a promising lead. Ro 13-3978 (21), identified by
scientists at Hoffmann La-Roche in the 1980s, is a promising antischistosomal lead compound
with high efficacy against the three major schistosome species, S. mansoni, S. haematobium,
and S. japonicum, in a range of animal models [101].
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S. mansoni-infected mice reduced juvenile and adult worm burdens by 52% and
49%, respectively. A subsequent proteomic investigation revealed that 19 seems
to act by targeting carbohydrate metabolism in the parasite [103].

In a phenotypic screen of the 200-member MMV Malaria Box compound
library, Ingram-Sieber et al. [82] identified the symmetrical N,N′-diaryl urea,
MMV665582 (20), as the most promising lead (Figure 8.6). The structure of
the relatively lipophilic 20 (Log P 5.2) is very similar to that of triclocarban
[104], an antibacterial agent used in detergents, cosmetics, and other products.
With an IC50 of 0.8 μM against ex vivo adult S. mansoni, 20 is only fourfold
less potent than PZQ and it has a 64-fold in vitro selectivity index. A single
400 mg/kg oral dose of 20 administered to S. mansoni-infected mice reduced
worm burden by 53%. N,N′-diaryl urea 20 has a half-life of 4.7 hours and
Cmax of 4.4 μM at a 46.3 mg/kg oral dose [82]. Two subsequent SAR studies
[80, 105] of this compound series established that substitution at positions
3 and 4 of the phenyl rings with H, F, Cl, CN, and CF3 groups was optimal,
substitution at positions 3 and 4 of the phenyl rings with OCH3, NH2 and other
electron-donating groups diminished activity, replacement of one of the phenyl
rings with alkyl substituents diminished or abolished activity, cyclization of the
urea to imidazoline-2-ones abolished activity, and replacement of the urea with
carbamates, thioureas, sulfonamides, or oxalamides diminished or abolished
activity.

In the 1980s, the aryl hydantoin, Ro 13-3978 (21), was identified by scientists at
Hoffmann La-Roche as a promising antischistosomal lead compound with high
efficacy against the three major schistosome species, S. mansoni, S. haemato-
bium, and S. japonicum, in a range of animal models ([101]; Figure 8.6). Confirm-
ing these data, Keiser et al. [106] showed that 21 had single-dose ED50 values of 15
and 140 mg/kg against adult and juvenile S. mansoni in a mouse model. Surpris-
ingly, high concentrations of 21 had little effect on ex vivo adult S. mansoni [106].
Data generated so far [93, 106] indicate that active metabolites do not account
for the disparity between the in vitro and in vivo antischistosomal activities.

Given the structural similarity of 21 and the anti-androgenic drug nilutamide,
the latter and three structurally diverse drugs, flutamide, bicalutamide, and
cyproterone acetate were assessed for their in vivo antischistosomal activity
[107]. Of these, only nilutamide had any activity, although it was weak. As schis-
tosome species do not appear to have androgen receptors [108], Wang et al. [109]
hypothesized that for 21 and similar aryl hydantoins, the structural requirements
for antischistosomal efficacy and androgen receptor binding interactions are dis-
similar. In this respect, 21 did not interact with the androgen receptor in a ligand
competition assay [109], but it did weakly inhibit dihydrotestosterone-induced
cell proliferation in the LAPC4 androgen-dependent cell line [110].

The SAR of this aryl hydantoin compound series from Hoffmann La-Roche
[101] established that a combination of halogens and/or trifluoromethyl
groups at positions 3 and 4 of the phenyl ring were optimal, methoxy and
dimethylamino at these same positions reduced activity, and 4-imino and
various N1-substituted derivatives were active. A subsequent SAR study
guided by incorporation of substructures and functional groups known to
reduce ligand–androgen receptor interactions revealed that the hydantoin
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core of 21 is required for high antischistosomal activity [110]. The same study
identified several compounds with high antischistosomal efficacy that were
less antiandrogenic than 21, as exemplified by 22. In S. mansoni-infected
mice, single 100 mg/kg oral doses of 21 and 22 produced almost identical
WBRs of 95% and 94%, respectively. However, 21 (IC50 = 4.4 μM), but not 22
(IC50 ≥ 10 μM), inhibited dihydrotestosterone-induced cell proliferation in the
LAPC4 androgen-dependent cell line [110]. Plasma exposures in mice to single
100 mg/kg oral doses of 21 and 22 were similar with respective Cmax values of
124 and 112 μM, and AUC0–last values of 2740 and 3019 μMxh [110].

8.6 Organometallics

Several recent studies have explored the antischistosomal potential of
organometallics (Figure 8.7). Khan et al. [111] found that bisquinoline tetraza-
macrocycle 23 and its Fe(II) (24) and Mn(II) (25) metal complexes had respective
IC50 values of 1.6, 1.3, and 4.1 against ex vivo adult S. mansoni and respective
cytotoxicity IC50 values of 8.2, 2.7, and 5.9 μM against the L6 rat skeletal myoblast
cell line. Despite this cytotoxicity, single 400 mg/kg oral doses of 24 and 25
administered to mice infected with adult S. mansoni reduced worm burden by
75% and 88%, respectively; 23 was inactive in this experiment. de Moraes et al.
[112] found that the Cu(II) (27) but not the Zn(II) or vanadyl(II) complexes
of bisoxindolimine 26 had moderate, but selective, antischistosomal activity.
Complex 27 had an IC50 of 39 μM against ex vivo adult S. mansoni and an
IC50 > 500 μM against the Vero African green monkey kidney fibroblast cell line.
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Figure 8.7 Organometallics as antischistosomals. Bisquinoline tetrazamacrocycle [111] (23)
and its Fe(II) (24) and Mn(II) (25) metal complexes have activity against adult S. mansoni and
Cu(II) (27) complexes of bisoxindolimine (26) have selective antischistosomal activity [112].
Finally, a ferrocene derivative of oxamniquine (28) has demonstrated promising activity
against S. mansoni [113].
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Hess et al. [113] found that a ferrocene derivative of oxamniquine (28) had
promising activity against S. mansoni, and, unlike oxamniquine, also against S.
haematobium. Compound 28 had an IC50 of 11 μM against ex vivo adult S. man-
soni and an IC50 of 78 μM against the L6 mammalian cell line. Oxamniquine was
inactive against cultured adult S. mansoni, and had an IC50 value> 90 μM against
the L6 mammalian cell line. Administration of single 100 mg/kg oral doses of 28
and oxamniquine to S. mansoni-infected mice reduced worm burdens by 81%
and 99%, respectively. Compound 28 at 100 μM killed all worms in an ex vivo
culture of adult S. haematobium; as predicted, oxamniquine was without effect
in this same experiment. The ferrocene substructure was not required for high
activity as the corresponding ruthenocenyl and benzyl analogs of 28 had very
similar in vitro and in vivo antischistosomal activities to that of 28. The antischis-
tosomal properties of these and other organometallics have been reviewed by
Hess et al. [66].

8.7 Natural Products

Finally, we consider recent studies of antischistosomal natural products
(Figure 8.8). In a screen of 38 monoterpenes, sesquiterpenes, and phenyl-
propanoids, Mafud et al. [119] discovered that the monoterpene alcohol,
dihydrocitronellol (29), had the best antischistosomal potency with an IC50
of 52 μM against ex vivo adult S. mansoni. Silva et al. [114] showed that a
single 400 mg/kg dose of the sesquiterpene alcohol, nerolidol (30), to S. man-
soni-infected mice reduced adult worm burden by 70%, but it had no effect
in mice infected with juvenile S. mansoni. Eraky et al. [115] showed that the
diterpene alcohol, phytol (31), produced a concentration- and time-dependent
reduction in the motility of ex vivo adult S. haematobium. At a concentration
of 150 μg/ml, 31 was uniformly fatal to the worms. In a study of eight Brazilian
plants for their antischistosomal effects, Viegas et al. [116] identified Miconia
willdenowii as the most promising. After bioassay-guided fractionation, the
author identified primin (32) as the active constituent. This benzoquinone
natural product had respective IC50 values of 34 and 260 μM against ex vivo S.
mansoni and peripheral human blood mononuclear cells.

Based on the diverse biological activity of garcinelliptone FC (33), a constituent
of the Brazilian plant, Platonia insignis, Silva et al. [117] profiled the antischisto-
somal activity of this prenylated benzophonone natural product. Compound 33
was uniformly fatal to ex vivo S. mansoni at 12.5 μM, but it had no effect on the
growth of the Vero mammalian cell line at 50 μM. Eraky et al. [115] demonstrated
that administration of single 100 mg/kg oral doses of the triterpene furanolac-
tone, limonin (34), to mice infected with adult and juvenile S. mansoni reduced
worm burdens by 60% and 83%, respectively. The authors also noted less severe
hepatic pathology in the treated animals. Kang et al. [118] demonstrated that
administration of five consecutive twice-daily 400 mg/kg intravenous doses of the
triterpene glycoside hederacoside C (35) to mice infected with adult and juvenile
S. japonicum reduced worm burdens by 48% and 44%, respectively. The authors
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Figure 8.8 Natural products as antischistosomals. The monoterpene alcohol dihydrocitronellol (29) has antischistosomal activity against adult S. mansoni
[114]. The sesquiterpene alcohol, nerolidol (30), reduced S. mansoni-infected mice adult worm burden by 70%. The diterpene alcohol, phytol (31), produced a
concentration- and time-dependent reduction in the motility of adult S. haematobium [115]. In a study of eight Brazilian plants for their antischistosomal
effects, Miconia willdenowii, with primin as its active constituent (32), was determined to be the most promising [116]. Garcinelliptone FC (33), a constituent of
the Brazilian plant, Platonia insignis [117] and a benzophonone natural product, has antischistosomal activity. Administration of five consecutive twice-daily
400 mg/kg intravenous doses of the triterpene glycoside hederacoside C (35) to mice infected with adult and juvenile S. japonicum reduced worm burdens by
48% and 44%, respectively [118].
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also noted less hepatic inflammation, reduced expression of IgG, and decreased
TNF-alpha, IL-4, and IL-17 levels in the treated animals. The antischistosomal
properties of these and other natural products have been reviewed by de Moraes
[65] and Neves et al. [67].

8.8 Perspective on Schistosome Kinases as Potential
Drug Targets

Kinases have emerged as one of the most successful drug targets of the
twenty-first century, with 46 small inhibitors approved for use by the FDA,
primarily for oncology indications [120]. This success has been built on decades
of consistent and diligent research into kinase signaling and kinase medicinal
chemistry by academic laboratories, biotech companies, and large pharmaceu-
tical companies. The scientific community has recognized that this massive
investment in human kinases can and should be leveraged to find treatments for
underserved diseases, be they rare cancers that affect but a few people, or NTDs
such as malaria and schistosomiasis that affect millions [90].

The structure and function of kinases are well enough conserved across
species that compounds synthesized as inhibitors of human kinases often
show cross-reactivity against, for example, parasite kinases. The Tres Cantos
Antimalarial Set (TCAMS) is a set of compounds from GlaxoSmithKline that
were found to be active against Plasmodium falciparum in a phenotypic screen
[121, 122]. A large number of these compounds are human kinase inhibitors.
Although the molecular targets for these compounds’ activity against the malaria
parasite are, for the most part, unknown, a simple and compelling hypothesis
is that they target essential plasmodial kinases. An even clearer example of
cross-species activity comes from efforts to target Trypanosoma brucei, the
parasite that causes human African trypanosomiasis. In an elegant chemical
proteomics experiment, Urbaniak et al. were able to use a set of promiscuous
human kinase inhibitors immobilized on beads to pull out more than 50 T.
brucei kinases from cell extracts [123]. The experiments clearly demonstrate that
a broad range of human kinase inhibitors can inhibit the kinases of the parasite
T. brucei. Accordingly, schistosomal kinases should be no different.

The S. mansoni genome encodes 357 kinases with representatives homologous
to human kinases from each of the kinome subfamilies [124, 125]. Of these, 351
are transcribed in the adult stage, with 268 and 83 representing protein kinases
and 83 nonprotein kinases, respectively [125]. Certain human kinase signaling
networks, such as the MAPK pathway, seem to be largely recapitulated in the
parasite kinome and a number of MAPK pathway members have demonstrated
contributions to worm development and reproduction [126]. Even with the suc-
cess of human kinase drug discovery, many human kinases have been largely
ignored and details of their biology are thus poorly understood [127]. This is also
the case for the schistosome kinome, although particular functions have been
suggested via RNAi, as already noted [126] and inferred by analogy. That stated,
there are efforts to explore the schistosome kinome in order to identify poten-
tial drug targets. Gasser et al. recently defined the kinome of S. haematobium
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and predicted essential targets that can be prioritized as potential drug targets
[128]. They noted that most kinases of this S. haematobium are very similar to
the kinases of S. mansoni, which means it may be possible to target both species
with the same compounds.

In light of the clinical success of human kinase inhibitors and the high like-
lihood of kinase involvement in critical pathogen biology such as the develop-
ment of S. mansoni reproductive organs, [126, 129] efforts have been made to
screen kinase inhibitors in the hope of identifying starting points for schisto-
somiasis drug discovery programs. Several examples are highlighted here, with
structures of the compounds discussed shown in Figure 8.9. Imatinib, the first
small molecule ATP competitive kinase inhibitor approved by the FDA, has been
shown to inhibit SmAbl2, one of three Abl kinases in S. mansoni. Dosing of the
compound affected the morphology of the parasite in vitro, leading to death.
Unfortunately, these results were not recapitulated in an in vivo mouse infection
model due to impedance of compound efficacy by infection-induced circulating
alpha-1 acid glycoprotein [130].

The National Cancer Institute’s approved oncology drug set was tested against
both schistosomula and adult stages of S. mansoni [88]. Several kinase inhibitors
had IC50 values below 5 μM against both stages. The kinase inhibitors bosutinib,
ponatinib, afatinib, vandetanib, and crizotinib all exhibited sub-micromolar
IC50 values against the larval stage of the parasite. Trametinib and vandetanib
(Figure 8.4) demonstrated some in vivo activity, reducing worm burdens in mice
by 64% and 48%, respectively. Dissous and colleagues sought to take advantage
of the similarity of the active sites of the kinases, SmVKR1, SmVKR2, SmIR1,
and SmIR2, and found one molecule that could inhibit all four, and thus serve
as a multipronged starting point to target schistosomiasis [131]. By screening
a set of tyrosine kinase inhibitors, they identified AG1024 as an inhibitor of
all four enzymes, albeit at different potency levels. First, this work highlights
an advantage of targeting kinases. The active site similarity can be exploited,
allowing one to pursue targeted polypharmacology and perhaps exploit two or
more parasite vulnerabilities simultaneously, ideally leading to more efficient
killing and enhanced in vivo activity. Secondly, the study also highlights an area
that needs to be addressed. AG1024 is a relatively old kinase inhibitor, and many
would not consider it a good lead. A much larger set of kinase inhibitors should
be screened against these targets, and when hits emerge, a medicinal chemistry
program should be initiated to drive to clinical candidates.

Long et al. identified SmPLK1 as a potential target for treatment of schis-
tosomiasis [132]. SmPLK1 is involved in mitotic processes in the parasite,
and is important in parasite reproduction. A human PLK1 inhibitor, BI2536,
inhibited SmPLK1 in Xenopus oocytes. In addition, dosing of BI2536 led to
significant morphology changes in the reproductive organs, consistent with
the high expression of SmPLK1 in these organs. This may prove important for
schistosome drug discovery as female schistosomes that transmit disease and
are primarily responsible for disease pathology produce large numbers of eggs
each day. As a follow-up to these initial findings, an expanded set of human
PLK1 inhibitors, in part pulled from the GlaxoSmithKline Published Kinase
Inhibitor sets 1 and 2 (PKIS1, PKIS2), were screened in phenotypic assays of
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both schistosomula and adult parasites [133]. A range of phenotypic descriptors
such as changes in movement and changes in shape, translucence, and surface
(tegument) integrity were noted and recorded. Based on these microscopical
observations, each compound was given a severity score in order to facilitate
compound comparison. Importantly, some compounds active against the adult
parasites were also active against the schistosomula.

There are several points of particular interest from this study that are worthy
of discussion in the context of exploring kinase inhibitors as potential schis-
tosomiasis treatments. Importantly, two different PLK1 inhibitor chemotypes
(BI6727/volasertib [pteridinone series] and GSK461364 [benzimidazole thio-
phene series]) were active in the phenotypic assays. In general, recapitulation of
a phenotypic response with a variety of chemotypes that inhibit the same target
builds confidence that the phenotypic response is actually due to the target
being queried. In addition, this is one of the only schistosome studies where
multiple analogs from a particular chemotype have been explored. Screening
multiple exemplars in phenotypic assays allows the medicinal chemist to learn
the features of the molecules that enhance activity. This is important to guide
the synthesis of new and improved molecules.

The clinical success of human kinase inhibition is built on two key features.
First, kinases are involved in critical biological processes that lead to the initi-
ation, progression, and/or maintenance of disease. Current literature suggests,
although there is much still to learn, that signaling through kinases is vitally
important in the life cycle of the schistosome parasite, and thus targeting the
appropriate schistosome kinases should lead to death. Second, kinases are emi-
nently druggable. The ATP binding pocket of kinases can be targeted efficiently
with small molecules, and these molecules can be designed such that they
possess the features that allow progression over the various hurdles that arise
in a drug discovery program. These features include cellular potency, adequate
selectivity, appropriate physical properties, and pharmacokinetic properties
suitable for desired dosing regimens. Selectivity is indeed a major challenge to
be overcome, but the medicinal chemistry literature is replete with examples of
careful optimization leading to compounds with the appropriate, and sometimes
exquisite, levels of selectivity.

In order to successfully bring a parasite kinase inhibitor through to registration
and patients, a few recommendations are in order. First, simply screening mar-
keted kinase inhibitors will not get the field to the drug molecules needed. These
compounds represent a very small fraction of the human kinase inhibitor chem-
ical diversity explored over the past 20 years or so. At best, these compounds can
serve as starting points for discovery projects. Rather, one should screen much
larger sets of kinase inhibitors, perhaps in collaboration with industrial partners
who have these compounds. Open science appears to be gaining steam, and argu-
ments can be made that open collaboration will make drug discovery faster and
more efficient [134, 135]. In addition, full-blown medicinal chemistry projects
need to be undertaken using both relevant phenotypic screens and target-based
assays for those targets for which there is good evidence of parasite essentiality.
Descriptions of many traditional medicinal chemistry campaigns can be found
for malaria, for example, but very few for schistosomiasis. Because kinases are so
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tractable and the vast and still growing human kinase experience is translatable
to the parasite problem, medicinal chemistry programs based on identified tar-
gets and integrated with appropriate parasite screens will lead to the creation of
molecules that possess the requisite features to become antischistosomal drugs.

8.9 Case Study 1: Biarylalkyl Carboxylic Acids (BACAs)
as Antischistosomals

Originally developed as options to prevent long-term complications of
diabetes [136], BACAs are also believed to impact metabolic processes involv-
ing drug-conjugating liver enzymes that combat cancer [137, 138]. The target
enzymes include aldose reductases (ARs) [139] or UDP-glucuronosyltransferases
(UGTs) [137, 138]. Because schistosomes live in a hostile environment, they
have developed strategies to neutralize toxic products, either produced during
intrinsic metabolic processes or due to host responses. Among the many insights
into schistosome biology obtained from the genome projects, a number of genes
with putative detoxification roles, such as putative AR and UGT orthologs (ARs:
Smp_150700, Smp_053220; UGT: Smp_083130), were discovered in S. mansoni
[43]. Gene expression studies indicated that one of the ARs, Smp_150700, has
a function in larval and juvenile stages, whereas the other, Smp_053220, is
found in adults (http://www.genedb.org). S. mansoni UGT, is also well expressed
in adults. Recently performed RNA-seq analyses confirmed the adult-biased
expression profiles of Smp_053220 and Smp_083130 [140, 141]. With the help of
an established in vitro culture system [142, 143], BACA derivatives were tested
and modified on the basis of their activity in a phenotypic screening.

From 32 BACA derivatives tested against adult S. mansoni in vitro, 18 induced
abnormal egg production. Of these, 12 also affected vitality and/or impaired the
integrity of the tegument and/or gut as demonstrated by confocal laser scan-
ning microscopy (CLSM; Figure 8.10). Some of these derivatives also caused the
separation of females and males, the degeneration of oocytes and/or their mis-
localization within the ovary, an accumulation of eggs in the uterus, tumor-like
outgrowths, spasm-like convulsions, and/or the disintegration of internal tissue
structures. This remarkable variety of phenotypes suggests that one ubiquitously
expressed target is being targeted or that different molecules are being engaged.

A parallel study of the AR ortholog from S. japonicum aimed at find-
ing an inhibitor targeting this enzyme. A molecule containing two linked
anthraquinone scaffolds, called bianthrone, inhibited the activity of the S.
japonicum AR ortholog inducing >90% mortality of adult worms during a
three-day treatment period in vitro [145]. Anthraquinones are structurally
different from the BACA derivatives, and it is assumed that they bind to different
target molecules. However, like the BACA derivative–induced phenotypes in S.
mansoni, it was interesting to note that bianthrone induced similar phenotypes
in S. japonicum such as a decrease in vitality and tegumental defects including
the formation of surface blebs. Therefore, it is tempting to speculate that
bianthrone and some BACA derivatives may share one or more targets or affect
the same target processes.
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Figure 8.10 Phenotypic alterations induced by biarylalkyl carboxylic acids and
arylmethylamino steroids. A selection of phenotypes obtained by incubating adult S. mansoni
(a, f: controls; a, anterior part of a control couple, untreated; f, close-up of the ovary of a paired
adult female, untreated) with derivatives of biarylalkyl carboxylic acids (b–e) or
arylmethylamino steroids (g, h; see Section 8.11) and analyzed by confocal laser scanning
microscopy [98, 144]. A loss of integrity of inner structures (b), including the testes and the
ovary (e, g), was observed. Tegument disruption (c) and/or deformation (h), reduced numbers
of spermatogonia (e) or oogonia (g), gut dilatation (d, h), and the formation of aggregates,
probably representing precipitates of degraded gastrodermis tissue (h, see asterisks), were
also observed. Scale bars: 100 μM.

As to the question whether BACA derivatives engage one or more targets,
both scenarios are inherently attractive. In the first case, a function important for
schistosome biology and survival may have been shut down. In the alternative
scenario, engaging different targets by a single compound, or a compound mix,
will diminish the probability of the development of resistance. A prerequisite for
the latter would be that more than one gene has to be mutated at the same time
under drug selection pressure. In summary, the obtained data suggest that BACA
derivatives are fatal to adult S. mansoni and, thus, are interesting candidates for
further development (see Section 8.10).

With the identification of two schistosomal AR orthologs and the antioxidant
requirements of the parasite living in the hostile environment of the vascular
system, it is reasonable to speculate that Schistosoma AR might also participate
in antioxidant pathways and protect the parasite from host reactive oxygen
species. Therefore, a selection of inhibitors of human aldose-reductase (hAR;
Figure 8.11) available from previous studies was tested for their potential in vitro
activity against adult S. mansoni [136].

All of the compounds tested have a biaryl-4-oxo butanoic acid or biaryl
butanoic acid moiety and, with the exception of compound 36, which lacks
an electron-withdrawing substituent in position 3 or 4 of the terminal ring
(compounds 37–41). In the absence of recombinantly expressed Schistosoma
AR, the compound series was tested in vitro against adult worms. As assay
parameters, pairing stability, gut peristalsis, vitality, motility, and egg production
were initially investigated at a concentration of 100 μM [143]. Unlike the control
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drug, PZQ, which causes tegumental damage and paralysis of treated worms (up
to concentrations of 5 μM in vitro), the only active compound (36, Figure 8.11)
produced a different phenotype and significantly reduced egg production (20
versus 2318 eggs counted for the untreated control after 72 hours). Furthermore,
the eggs were greatly deformed, which indicates an additional effect on egg
synthesis. Likewise, the pairing stability of the worm couples was decreased (only
50% of couples remained paired compared to the control [100%]), whereas gut
peristalsis and motility were normal. All other compounds (37–41) tested were
inactive, suggesting that the electron-withdrawing substituents on the phenyl
ring led to a loss of activity, which is in contrast to the SARs observed against
hAR. Based on these results, BACA derivatives were synthesized (Figure 8.12).

Primarily, the substitution pattern of the phenyl residue was investigated and
the following SARs were determined (Figure 8.12, Table 8.1). As shown in the
initial compound series tested, electron-withdrawing substituents led to a loss of
activity. Electron-donating, lipophilic, aromatic, and hydrophilic residues were
introduced and variations of the substitution pattern were performed in all pos-
sible positions of the terminal aromatic moiety. Only compounds with substi-
tutions at the meta-position (compounds 42–45) were active; compounds with
substitutions at other ring positions were inactive. Introduction of methyl- (43) or
alkoxy-substituents (44, 45) resulted in activities comparable to that of the par-
ent compound 36, including a significant decrease in egg production, with the
remaining eggs being as deformed as post exposure to 36. Likewise, the pairing
stability of the worm couples was decreased, and gut peristalsis and worm motil-
ity were slightly decreased. Moreover, bioisosteric substitution of the phenyl ring
with thiophene revealed the same results as the parent compound 36. Introduc-
tion of more spacious, lipophilic residues such as naphthyl led to inactivity. Inter-
estingly, derivatives carrying a hydrophilic 3-hydroxyphenyl moiety (42) caused
an activity increase and resulted in additional phenotypes. In addition to a decline
in egg production after 72 hours at 100 μM, pairing stability decreased within
the same period. Furthermore, worms showed slowed gut peristalsis, whereas
general motility seemed to be normal. Some males showed slight tegumental
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Figure 8.12 Summary of the development of BACA derivatives with in vitro activity against
adult S. mansoni.

damage. Given that a polar residue with a negative inductive effect and a posi-
tive mesomeric effect was expected to yield an inhibitor (42) with good activity, a
corresponding 3-aminophenyl derivative was also synthesized, but was inactive.
This finding suggests that deprotonatable groups are tolerated, but not protonat-
able ones.

At the same time, derivatives of the 4-oxo-butanoic acid partial structure were
investigated (Figure 8.12, Table 8.1). Of note, elongation of the alkyl spacer by
introduction of one methylene unit (compound 48) slightly improved activity.



Table 8.1 Overview of the effects of BACA derivatives on S. mansoni paired males and females in vitro.

Pairing stability Vitality Egg production
Further phenotypes

(BFM)

Compound Time (h)\𝛍M 100 50 25 10 100 50 25 10 100 50 25 10 100 50 25 10

36 24 0 0 + 0 0 0 0 0 +++ +++ ++ + 0 0 0 0
48 0 0 0 0 + 0 0 0 +++ ++ + + * 0 0 0
72 0 + 0 0 0 0 0 0 +++ +++ + + * 0 0 0

42 24 + 0 0 0 + + 0 0 +++ ++ + + * 0 0 0
48 +++ 0 0 0 ++ 0 0 0 +++ + + + *** 0 0 0
72 +++ 0 0 0 ++ + 0 0 +++ + + + *** 0 0 0

43 24 0 — — — 0 — — — +++ — — — 0 — — —
48 0 — — — 0 — — — +++ — — — 0 — — —
72 0 — — — 0 — — — +++ — — — 0 — — —

44 24 0 — — — 0 — — — ++ — — — 0 — — —
48 0 — — — 0 — — — + — — — 0 — — —
72 + — — — 0 — — — + — — — 0 — — —

45 24 0 — — — 0 — — — +++ — — — 0 — — —
48 0 — — — 0 — — — +++ — — — 0 — — —
72 + — — — + — — — +++ — — — 0 — — —

46 24 + 0 0 — 0 0 0 — + + 0 — 0 0 0 —
48 0 0 0 — 0 0 0 — ++ + 0 — * 0 0 —
72 0 0 0 — 0 0 0 — ++ 0 0 — * 0 0 —

47 24 0 0 0 — 0 0 0 — ++ ++ ++ — 0 0 0 —
48 0 0 0 — + 0 0 — ++ +++ ++ — 0 0 0 —
72 + 0 0 — 0 0 0 — ++ ++ ++ — 0 0 0 —



Table 8.1 (Continued)

48 24 + 0 0 0 + 0 0 0 +++ +++ ++ + 0 0 0 0
48 + + 0 0 + 0 0 0 +++ ++ + 0 0 0 0 0
72 ++ 0 0 0 + 0 0 0 +++ +++ + + 0 0 0 0

49 24 +++ +++ 0 0 +++ ++ + 0 +++ +++ ++ + 0 ** 0 0
48 +++ ++ 0 0 ++ ++ + 0 +++ +++ ++ 0 * ** 0 0
72 +++ +++ 0 0 ++ + 0 +++ ++ 0 *** ** 0 0

50 24 ++ +++ +++ 0 +++ +++ +++ ++ +++ + + ++ *** *** *** *
48 — +++ +++ ++ — +++ +++ ++ — +++ ++ ++ — *** *** ***
72 — — — ++ — — — ++ — — — ++ — — — ***

14 24 +++ ++ +++ 0 +++ ++ +++ ++ ++ ++ ++ ++ ** *** *** **
48 — +++ +++ + — +++ +++ ++ — +++ ++ ++ — *** *** **
72 — +++ +++ +++ — +++ +++ ++ — +++ +++ ++ — *** **** **

51 24 ++ +++ +++ ++ +++ +++ +++ ++ + ++ ++ ++ * * 0 *
48 ++ +++ +++ + +++ +++ +++ ++ ++ +++ ++ ++ *** ** * **
72 +++ +++ +++ ++ +++ +++ +++ ++ +++ +++ ++ ++ **** ** ** **

15 24 ++ +++ +++ +++ +++ +++ +++ +++ ++ +++ ++ ++ * ** * 0
48 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ** ** *** *
72 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ *** *** *** *

List of the BACA derivatives that induced effects on pairing stability, vitality, egg production, and further phenotypic changes visible by
bright-field microscopy. The number of + marks indicates the strength of the effects: + weak; ++ medium, +++ strong. +++ indicates
that 100% of the couples were separated (pairing stability), the vast majority of worms (80–100%) were dead or nearly dead at the time
point of observation (vitality), and/or most (80–100%) of the eggs were deformed or no egg production occurred at all; ++ indicates that
about 50% of the worms showed the normal phenotype; + indicates that less than 50% of the worms showed the normal phenotype. The
number of * marks indicates the quantity of additional phenotypes which occurred in some of the worms treated with the respective
BACA derivatives. 0 no abnormality; — not determined.
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This provoked the question of whether the carbonyl group of the alkyl spacer is
essential for activity. Two derivatives lacking this moiety were synthesized and
exhibited different activities. The activity of the pentanoic acid derivative 46 was
slightly improved relative to that of the parental compound 36 (no eggs produced
within 72 hours, only 2 of 10 couples were paired at 100 μM), but the butanoic
acid derivative was less active. Two important insights have been inferred from
this finding: a carbonyl group seems not to be essential and elongation of the
linker chain increases activity. Due to the loss of the negatively charged carboxy-
late and the resulting superior membrane permeability, achievement of higher
bioavailability was attempted by converting the carboxylic acid moiety to a methyl
ester. The ester derivative 46 displayed lower activities than the carboxylic acid
compound 36. The ester moiety may not, or very slowly, be converted into its cor-
responding carboxylic acid by schistosomal esterases. However, because the free
carboxylic acid is a potential interaction partner of the alpha-1-acid glycopro-
tein (AGP) and other serum proteins [146–148], derivation of the carboxylic acid
to N ,N-diethyl carboxamides (e.g. compound 49) was the subsequent step that
resulted in improving activity. At 100 μM, both compounds completely inhibited
egg production and pairing stability, and greatly decreased motility, vitality, and
gut peristalsis. The pentanoic acid amide 49 was more active than the butanoic
acid amide as all treated worms were dead within 24 hours at 100 μM: tegumental
damage and gut dilation occurred, in addition to the decrease of pairing stability
and egg production. Both compounds were also tested at a lower concentration
(50 μM) with comparable results.

Combining the most active residues strongly increased activity with the
appearance of new phenotypes (Figure 8.12, Table 8.1). Lethal effects were
observed up to 25 μM (the 5-oxo pentanoic acid derivative 50 caused lethality
after 48 hours and the pentanoic acid derivative 14 after 72 hours). The phe-
notypes also included tegumental damage, the loss of internal structures, and
decreases in egg production and pairing stability. Both compounds showed
satisfactory activity up to 10 μM, although the pentanoic acid derivative 14 was
slightly less potent. Again, tegumental damage including blebbing was noted
as well as strongly reduced pairing stability, motility, vitality, egg production,
and the absence of gut peristalsis. The carboxamides 15 and 51 also showed
an improvement in phenotypic activity but were not lethal at any of the tested
concentrations. Phenotypic effects included the loss of internal structures,
anisocytosis, strong reductions in pairing stability, motility, vitality, and egg
production, as well as the absence of gut peristalsis. It can be assumed that the
effects on activity were additive.

8.10 Case Study 2: Arylmethylamino Steroids (AASs)
as Antischistosomals

Lipophilic aminosteroids such as squalamine [149–152], its analogs, and
cholesteryl amines are of therapeutic interest due to their intrinsic antimi-
crobial activity. In the context of designing novel therapeutics, preferentially
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those with new mechanisms of action, steroid-derived hybrid compounds
[153] represent a promising approach. In particular, the de novo synthesis of
steroidal hybrids has come into focus [154–157], whereby the hydrophobic
steroid carrier may pave the way for biological action. A screening program
to identify compounds with antiprotozoal activity led to the discovery of
3β-amino-22,26-epiminocholest-5-ene 52 (sarachine, Figure 8.13a). This amino
steroid naturally occurs in leaves of Saracha punctata, a plant species of the
family Solanaceaea [158]. The spectrum of efficacy of sarachine included the
malaria parasite, P. falciparum. Follow-up studies showed that modified amino
steroids containing, e.g. a chloroquinoline moiety in the side chain contribute
to the biological activity of this class of compounds [159]. These findings paved
the way for the synthesis of hybrid compounds, with the intended advantage of
making use of the hydrophobic steroid unit to improve bioavailability. Among
these hybrid compounds are AASs that are active against human and murine
malarial asexual blood stages, and the gametocytes of P. falciparum in vitro.
In vivo, AASs were active against Plasmodium berghei in a mouse model and
inhibited the transmission of parasites to mosquitoes [144].

Due to the dual lipid bilayer-like nature of the schistosome surface, a physio-
logically active tegument covered with transporters for metabolites like amino
acids and glucose [160, 161], it was anticipated that AASs would easily pene-
trate these parasites. Indeed, in vitro studies with adult S. mansoni confirmed that
AASs exert fatal effects on the morphology, physiology, and survival of female and
male worms [144]. These effects were achieved at concentrations similar to PZQ,
the gold standard for such comparisons. Among 60 synthesized AAS derivatives,
compounds 53o, 54o, and 53c, Figure 8.13b,d) greatly influenced pairing stabil-
ity, egg production, and viability [144]. The most dramatic effects were observed
with compound 54o, which decreased motility and viability at 1 μM and killed
the parasites within three days at 10 μM. Morphological analyses revealed tegu-
mental invaginations and edema-like swellings of the body. By CLSM analyses,
an enlarged gut lumen and degradation of the gastrodermis were observed. The
latter led to the accumulation of degraded tissue that formed aggregates within
the gut lumen (Figure 8.10). In addition, deleterious effects on the gonads were
found. Oocytes appeared to be disorganized within the ovary of treated females
and the sizes of the testicular lobes were reduced in treated males. Currently,
detailed toxicological and pharmacokinetic studies are being carried out. These
data will allow for the directed optimization of pharmacokinetic properties of the
compounds and further preclinical evaluation.

8.11 Brief Summary of the Drug Development Pipeline

Given the desired TPP for new antischistosomal drugs (Section 8.2) and the
limited data for experimental antischistosomal chemotypes, it is difficult to
make a confident assessment of the likely success of either drug repurposing
or the discovery of a new drug. For drug repurposing, the most promising
entities appear to be the semisynthetic artemisinins and the ivermectin analog,
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Figure 8.13 Steroids as antischistosomals. (a) Sarachine and (b) arylmethylamino steroid cores
investigated, and (d) the formulae of the arylmethyl substituents R. Activity against various
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function is essential for high activity, suggesting a quinone methide–mediated action
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as well as the nonsteroidal analogs (c, series 67–72) were inactive.

doramectin. For new antischistosomal chemotypes, the aryl hydantoins, AASs,
BACAs, and the triterpene furanolactone limonin seem to have good potential
to move forward. As data regarding metabolism, pharmacokinetics, safety,
and in vivo antischistosomal efficacy are generated for the most promising
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antischistosomal compounds, we anticipate the identification of at least one
drug development candidate within the near future.
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9.1 Current Therapies and Unmet Needs
for Soil-transmitted Helminthiases (STHs)

Soil-transmitted helminthiases (STHs) are responsible for many millions of
disability-adjusted life-years (DALYs) in the developing world. The global
strategy to control morbidity due to STH infections is preventive chemother-
apy with one of the two benzimidazole drugs (albendazole and mebendazole
using single 400 and 500 mg doses for adults and children above two years)
being periodically administered to at-risk populations [1]. Albendazole and
mebendazole were originally developed and licensed as veterinary drugs [2].
In the early 1970s, the first clinical trials were conducted with mebendazole in
hookworm-infected patients [3]. Studies with albendazole followed a decade
later [4]. Albendazole and mebendazole are donated by the pharmaceutical
industry to the World Health Organization (WHO), which is responsible for
coordination and overview of country programs [1]. In 2015, coverage of preven-
tive chemotherapy in populations at risk for soil-transmitted helminth infections
was almost 60% [5]. In 2015, 711 million (150 million preschool-aged children,
417 million school-aged children, and 144 million women of childbearing age)
were treated for STH infections [6]. Both benzimidazoles are generally safe and
well tolerated when used appropriately. Albendazole achieves high cure rates
and egg reduction rates against infections with Ascaris lumbricoides (95.7% and
98.5%) and hookworm infections (79.5% and 89.6%). Lower efficacy is observed
against Trichuris trichiura infections with a cure rate and an egg reduction rate
of 30.7% and 49.9%, respectively. Mebendazole treatment results in high cure
rate and egg reduction rate against A. lumbricoides (96.2%; 98.0%). Efficacy
against T. trichiura (cure rate: 42.1%; egg reduction rate: 66%) and hookworm
(cure rate: 32.5%; egg reduction rate: 61%) is low to moderate [7].

Levamisole is included in the WHO Model List of Essential Medicines as
an intestinal anthelmintic. However the drug was withdrawn from the US
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and Canadian markets in 2000 and 2003, respectively, because of reports of
agranulocytosis [8]. Currently, it is primarily used as an anthelmintic medication
in veterinary sciences and not used in preventive chemotherapy programs [9].
Levamisole has excellent activity against A. lumbricoides but low efficacy against
T. trichiura and hookworm infections [7].

Pyrantel is another drug on the Essential Medicine List for the treatment of
human soil-transmitted helminthiasis. It is a tetrahydropyrimidine derivative
first used in humans in the late 1960s [10]. Oxantel is a meta-oxyphenyl analog
of pyrantel that was discovered in 1972 by Pfizer as treatment for veterinary
helminthiasis and a few years later studied in humans [11]. Both drugs are used
as pamoate salts and are very poorly absorbed, hence they act exclusively against
intraluminal gastrointestinal nematodes. When used at single oral dosages of
10 mg/kg, pyrantel pamoate achieves low cure rates against hookworm and
T. trichiura of 49.8% and 20.2%, respectively, while a good cure rate of 92.6%
was calculated for the treatment of A. lumbricoides [7]. The activity of oxantel
pamoate is confined to T. trichiura, and recent randomized controlled trials
revealed excellent cure and egg reduction rates [12, 13]. However, oxantel
pamoate is currently no longer marketed for human health and would need to
undergo registration at a stringent regulatory health authority before it could be
used in preventive chemotherapy programs.

It is very obvious that the current treatment situation for STH infections
is not satisfactory, since only a few drugs (albendazole, mebendazole, and
pyrantel pamoate) are available, which have shortcomings in their efficacy
profiles. Moreover, drug resistance, widely observed in veterinary medicine, is
a threat [7]. To overcome this unsatisfactory situation and to bridge a gap until
eventually a new drug would be developed, drug coadministrations are on the
forefront for the treatment of STH infections. In early 2017, the combination
of albendazole-ivermectin was approved for the treatment of STH infections.
Coadministration of albendazole-ivermectin, a treatment widely used for
lymphatic filariasis [14], would broaden the spectrum of activity, covering
also T. trichiura infections. Ivermectin was developed in the early 1980s as
a veterinary drug [15] and was repurposed within the Special Programme
for Research and Training in Tropical Diseases (TDR), in partnership with
Merck Pharmaceuticals, for the treatment of human onchocerciasis following
promising results in initial studies [16]. Ivermectin, administered as a single dose
of 200 μg/kg, however has also good activity against T. trichiura infections and
the combination albendazole-ivermectin revealed higher activity against STH
infections than treatment with benzimidazole monotherapy [12].

Two alternative treatments that could be used for the treatment of human
STH infections as monotherapy or combination chemotherapy in the future
are tribendimidine and moxidectin. Tribendimidine was approved for human
use by the Chinese Food and Drug Administration in 2004 as an anthelmintic
agent against intestinal nematodes with a broad spectrum of activity [17]. It is
not yet approved in the United States or Europe; however, efforts are ongoing
to achieve Federal Drug Administration (FDA) registration. Tribendimidine
is given to children younger than 15 and adults at doses of 200 and 400 mg,
respectively. Tribendimidine shows a high cure rate (92–95%) and egg reduction
rate (76–98%) against A. lumbricoides, moderate to good efficacy against
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hookworm (cure rate: 52–88%; egg reduction rate 74–98%), and low efficacy
against T. trichiura [18, 19].

Moxidectin was first approved for commercial veterinary use as an injectable
formulation for cattle in Argentina in 1989. Today, it is produced and marketed
in most parts of the world in oral, injectable, and topical forms for animal use
[20]. The drug is currently under development as an oral formulation for humans
for the treatment of onchocerciasis by Medicines Development for Global Health
based in Australia. Preliminary data show a high efficacy against infections with
A. lumbricoides and T. trichiura [21], while hookworm infections are only mod-
erately affected [22].

In summary, millions of people are affected by STH infections, yet the avail-
able drugs can be counted on one hand. Of the registered drugs available for
the treatment of human STH infections, only albendazole and ivermectin reveal
satisfactory efficacy for the treatment of hookworm and T. trichiura infections,
respectively. Moxidectin, oxantel pamoate, and tribendimidine hold promise as
combination chemotherapy drug partners once the drugs have been registered
for human use in the United States or in Europe.

9.2 Anthelmintic Research and Development in Animal
Health: Value Drivers

As outlined in Section 9.1, there is a major unmet need for new anthelmintics
to manage STHs in human health. Unfortunately, the current climate is little
changed from the historical situation, where there was no value driver to support
investment in research to manage these diseases in humans. This resulted in most
modern anthelmintic drugs being leveraged from the animal health industry [23];
for example, the development and subsequent distribution of ivermectin for the
management of onchocerciasis, and albendazole for the treatment of lymphatic
filariasis and STHs [24, 25].

In 2006, when the Helminth Initiative [26] was first initiated to identify
approaches to addressing these challenges, it was clear that investment in
research for new treatments, diagnostics and vaccines for human helminth
diseases was low when compared to diseases such as malaria and tuberculosis.
The Helminth Initiative helped focus academic institutions, companies, and
funding organizations on the unmet needs for helminth control, with the aim
of focusing research efforts. The recommendation was to have an emphasis on
management of schistosomiasis, lymphatic filariasis, and onchocerciasis, leading
to a more structured approach to identifying and progressing preclinical leads
for these diseases. Recent investments in antifilarial drug discovery by the Gates
Foundation, through DNDi (Drugs for Neglected Diseases initiative), outlined
in Chapter 7, are another positive step in recognizing and addressing the major
impact of helminth diseases in the developing world. However, for STHs, there
are still no focused efforts to replace existing drugs, so it is expedient to evaluate
whether there are opportunities to leverage from animal health.

To enable the development of new anthelmintics for animal health, there needs
to be a value driver, which is unfortunately lacking in human health. The compan-
ion animal antiparasitic market is one of the largest therapeutic areas in animal
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health, with a market size of $4.2 billion (CEESA1 MAT [Moving Annual Total]
1st Quarter 2017). Although the majority of these sales are for ectoparasiticides,
anthelmintic sales are still respectable, with $1.8 billion of these sales for endo-
and endectoparasiticides. The livestock market is driven by ruminants (primarily
cattle); in a $1 billion cattle parasiticide market, $704 000 sales are for endo-
and endectoparasiticides (CEESA 4Q2013-2016). Recognizing that CEESA only
reports sales through the veterinary channel, overall sales are significantly higher.

The economic impact of helminth infections on livestock, especially cattle and
sheep, production is well documented [27, 28]. In companion animals, helminth
infections are mainly a concern for younger animals, with highest occurrence in
dogs under six months old and cats less than 18 months old [29], with preva-
lence from 5% to 70% globally [30]. Clinically, symptoms can vary from zero to
critical (emaciation, anemia, death), and the zoonotic risks associated with some
helminths are an additional concern. Heartworm infections are a major concern
globally, including all 50 states in the United States, where year-round heartworm
protection is recommended [31], to avoid the lengthy and potentially risky treat-
ment of adult heartworm infections.

Since the discovery of ivermectin and subsequent introduction of other related
macrocyclic lactones (MLs) in the 1980s and 1990s [32], this “wonder drug” has
dominated the market for 30 years [33] for both livestock and companion animal
endectoparasite control. The unfortunate downside to this was that expectations
for long-acting parasiticides, with the ability to control multiple species of inter-
nal and external parasites, became the standard and investment in novel classes of
anthelmintic was reduced, or halted. Exacerbating this was the fact that, although
multidrug resistance in sheep and goats has been a problem for many years, there
was little evidence for resistance in cattle emerging in parallel. Early reports of
nematode resistance to MLs in cattle in New Zealand [34] was not considered to
be a significant issue until it became clear that resistance was appearing in cattle
nematodes in major markets [35–39]. More recently, increasing reports of refrac-
tory canine heartworm isolates in the Mississippi Delta in the United States, has
been confirmed as resistance to MLs [40–42]. This is a major concern to veteri-
narians and pet owners, as the only heartworm preventives currently available in
major markets are MLs. This increasing anthelmintic resistance in both livestock
and companion animal helminths is important in stimulating research into new
anthelmintic classes in animal health. However, to contextualize this, we need to
recognize that, although antiparasitic pharmaceuticals are the major market for
animal health, only a few companies are investing in research, of which, only a
small percentage is invested in anthelmintic research. In 2007, there were only
nine major animal health companies with significant investment in research; fur-
ther consolidation in the following years has only reduced this number further
(Figure 9.1).

This review highlights that the relatively low investment in anthelmintic
research is reflected in the limited number of new anthelmintics marketed
since the advent of the MLs. In previous reviews [23, 43, 44] we outlined

1 CEESA is a nonprofit international association based in Belgium that collects sales data on the
animal health market.
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some of the challenges of research and development (R&D) for antiparasitic
pharmaceuticals, including anthelmintics. Ten years ago, only nitazoxanide [45]
and emodepside [46] had been marketed as new anthelmintics in the previous
couple of decades. Nitazoxanide has not been widely used, perhaps due to
spectrum limitations [47]. Emodepside is marketed in a topical combination
with praziquantel, by Bayer, for the control of gut intestinal (GI) nematodes and
tapeworms in dogs and cats (discussed further in Section 9.3.2.3). Subsequently,
two new anthelmintics were launched for control of GI nematodes in sheep,
monepantel (Zolvix® from Bayer) [48, 49] and a combination of the novel
anthelmintic, derquantel, with abamectin (Startect® from Zoetis) [50, 51].
Although it was promising to see these new anthelmintics launched, no new
anthelmintic classes for Animal Health have been commercialized since 2010.

9.3 Anthelmintic Discovery: State of the Art
(2005–2017)

In this section, we aim to update earlier reviews [23, 44] and provide a review of
the state of the art in anthelmintic drug discovery from 2005 onwards, with a par-
ticular focus on medicinal chemistry approaches, highlighting recent advances
in the progression of three of these novel anthelmintic classes. The focus of this
review is on the potential of leveraging compounds discovered by industry, but
there are also substantial efforts ongoing in academia [52].

9.3.1 New Molecules from the Patent Literature

In Table 9.1, the number of patents disclosing new molecules that claim
anthelmintic activity, from 2005 to 2016, are listed (note that the methodology

Table 9.1 Patent landscape: 2005–2017.

Year of
priority
filing

Anthelmintic patents
containing
new molecules

2005 3
2006 1
2007 9
2008 5
2009 7
2010 9
2011 8
2012 2
2013 16
2014 15
2015 6
2016 1
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for this patent review is different from that utilized for the evaluation of the
patent landscape in the Woods et al. 2007 paper [23], which included all
members of a family in all countries, versus each individual family).

There are four chemical classes that stand out as having been most heavily
patented during the 2005 to 2017 period. There were seven aminoacetonitrile
derivative (AAD) patents, seven “multicyclic” patents, and five patents for both
the biarylethylamides (BAEAs) and carboxamides published during the 2005 to
2017 time period. There was a peak in the number of patents filed in 2013–2014,
with four multicyclic patents appearing in 2013, with four BAEA patents being
published in 2014. The multicyclics are discussed in Section 9.3.2.1. Structures of
representative example molecules from each of the AAD and BAEA patents are
shown in Figure 9.2.
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The AADs consist of molecules containing either an aminomalononitrile moi-
ety or aminoacetonitrile moiety and are structurally related to the Novartis mar-
keted anthelmintic monepantel [48]. In 2007, Novartis disclosed anthelmintic
activity of AADs [53], where malononitrile 1 was reported to have in vivo activity
against Trichostrongylus colubriformis and Haemonchus contortus in Mongolian
gerbils (jirds), giving greater than 80% efficacy at 32 mg/kg when administered
orally. A follow-up patent from Novartis [54] focused on the key structural
change from an amino-malononitrile linker to an amino-acetonitrile linker.
Novartis’ AAD patent detailed both in vitro and in vivo activity against T. colubri-
formis and Haemonchus contortus from compounds such as amino-acetonitrile
2. In 2008, Zoetis filed follow-on patents, where pentafluoroaryl AAD 3 and
benzofuran AAD 4 exhibited in vitro activity against H. contortus showing a
minimum effective dose (MED) = 1 μg/ml and MED< 1 μg/ml, respectively [55].
In 2010, Novartis filed patents incorporating an oxydibenzene moiety where a
phenoxy moiety had been appended as an aryl substituent. Both oxydibenzene
AADs 5 and 6 showed >90% efficacy against T. colubriformis and H. contortus at
0.1 ppm [56].

In 2014, a Bayer patent published containing pyrazole BAEA 7, which exhib-
ited a minimum lethal dose (MLD) of 80% at 20 ppm against H. contortus [57].
In 2016, BAEAs 8 and 9 from the University of Tokyo were patented [58]; both
compounds had in vitro activity against H. contortus at 1–10 ppm. In 2016, Bayer
reported [59] that compound 10 had in vitro activity against Cooperia curticei,
H. contortus, and Dirofilaria immitis. In vivo efficacy of >90% against T. colubri-
formis and H. contortus in gerbils at 10 mg/kg subcutaneously was also observed.
In the same year, Bayer reported [60] that the pyrazole BAEA 11 showed in vitro
activity against C. curticei, H. contortus, and Nippostrongylus brasiliensis and in
vivo efficacy >90% against T. colubriformis and H. contortus at 5 mg/kg when
administered subcutaneously in gerbils.

The University of Tokyo was listed assignee on a patent application that
appeared in 2014 [61] containing carboxamides such as 12, which exhibited in
vitro activity against H. contortus L3 stage of between 40% and 69% migration
inhibition at 1 ppm. In 2013, Bayer disclosed a patent [62] that detailed in vitro
activity against N. brasiliensis, Heligmosomoides polygyrus, H. contortus, and C.
curticei. In vivo efficacy against H. polygyrus in mice of 100% at 100 mg/kg and
against H. contortus in sheep of 81% at 20 mg/kg was observed with thiophene 13.
In 2014, the University of Tokyo patented the representative carboxamide 14
[63], which was found to have in vitro activity against H. contortus, with an
EC50 of 0.5 ppm. Another patent from the University of Tokyo in 2015 [64]
also showed in vitro activity against H. contortus with EC50 values of 0.5 ppm
or lower; a representative example is the pyrazole 15. In 2017, Nippon Soda
filed a patent application [65] disclosing compounds such as urea 16, which had
in vitro activity against Ascaridia galli and Oesophagostomum dentatum with
MEDs of less than 50 μM, in addition to having in vivo efficacy of >80% against
H. contortus in jirds at 10 mg/kg.

A patent application recently published from Bayer [66] described pyra-
zolopyrimide derivatives such as 17, which exhibited in vitro activity against
Ni. brasiliensis, C. curticei, H. contortus, Litomosoides sigmodontis, both the L1
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and L4 stages of D. immitis, and had in vivo efficacy against H. contortus and
T. colubriformis in jirds at oral doses ≤50 mg/kg.

9.3.2 Medicinal Chemistry Approaches to New Molecules

9.3.2.1 Intervet Multicyclics
Scientists at Merck recently reported the discovery of drug candidate 18 [67]
(Figure 9.3), which showed anthelmintic efficacy against H. contortus when given
orally to sheep, with a 96% reduction in H. contortus worm burden at a dose of
50 mg/kg. Compound 18 was discovered by a lead optimization campaign using
high-throughput screening lead 19 as a starting point.

A high-throughput screen of approximately 160 000 compounds against A. galli
L3 stage at a single concentration identified around 8000 primary hits, which was
then narrowed to 960 secondary hits after a single concentration screen against
A. galli L3 stage and O. dentatum L4 stage. Finally, a dose titration of the 960
hits against A. galli L3 stage and O. dentatum L3 and L4 stages resulted in 480
tertiary hits representing 0.3% of the original 160 000 library. After removal of
compounds with known toxicity or high reactivity, the tertiary hits were then
classified into 61 structural classes, 171 singleton compounds, with 13 distinct
phenotypes within the different larvae of A. galli, O. dentatum, and H. contortus.
The lead compound 19 was selected from the hits and a medicinal chemistry
program initiated.

Compound 19 was split into five constituent parts (Figure 9.4): the terminal
aromatic rings a and e; the diamines b and d, and the central dicarboxylic acid
c. Compounds that were as structurally diverse as possible from the lead were
synthesized first in order to rapidly determine the pharmacophore. Changing
the central aromatic linker c (as shown in structure 20) to alternative aliphatic
linkers such as 1,5-pentanedioic acid or 1,3-cyclohexanedioic acid gave more
active compounds when compared to 1,3-benzenedioic acid derivatives, whereas
trans-1,4-butenedioic acid linked derivatives were less active.

Desymmetrization of compound 19 could be achieved by breaking bonds in
rings b or d giving a generic structure 21, or by excluding one of the two carbox-
amide carbonyl groups in 19. The Merck scientists showed that by combining two
different aromatic amines as rings b and d with a monoacid replacing a diacid
in linker c, the orientation of the remaining carbonyl group triggered functional
activity. An example of this was that compounds such as monocarboxamide 22
were, on average, more active than compounds derived from monocarboxamide
23 (Figure 9.5). Other changes such as substitution of the left-hand side diamine
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to the attached aromatic ring were tolerated, but had no significant influence on
the functional activity. Additional modifications to the linker and ring moieties
resulted in compounds such as 24 and 25, with excellent anthelmintic activity in
all species.

In 2014, Merial filed follow-on patents in the multicyclic area [68]. Compounds
such as multicyclic 26 (Figure 9.6), where a fused ring system provided novelty
over Intervet’s earlier patents, were described. In vitro activity against resistant
isolates of H. contortus, in vitro activity against Cooperia oncophora, and in vitro
activity against D. immitis were reported. In vivo activity against H. contortus in
jirds giving>90% reduction at 30 mg/kg via oral gavage was observed. Permeabil-
ity of compounds such as 26 in the Caco-2/TC7 in vitro model for permeability
showed increased permeability over chosen Intervet compounds. The same year
Novartis also filed a follow-on patent in the multicyclic area [69]. Pyrimidine 27 is
a representative example, with the six-membered heterocyclic central ring being
the structural feature that distinguishes the Novartis contribution over the c ring
from the linkers bridging rings b and d in Intervet compounds 19–25, i.e. the
prior art. Compounds such as pyrimidine 27 exhibited in vitro activity above
50% at 30 ppm against D. immitis microfilaria, and compound 28 showed >90%
efficacy against Acanthocheilonema viteae in gerbils at 3 mg/kg orally. The fol-
lowing year, Novartis filed a patent application [70] that detailed Markush struc-
tures such as 29, with a six-membered heterocycle along with a carbonyl linker
being the point of novelty. In vitro activity against both H. contortus, T. colubri-
formis and D. immitis were observed, and in the case of pyrimidine 30, in vivo
efficacy against A. viteae in gerbils of >80% at 3 mg/kg when administered sub-
cutaneously. In 2016, Merial filed a patent application [71] on compounds such
as pyridine 31, with the c ring linker being pyridine and the piperazine R sub-
stituent being amide, heteroaryl, carbonate, alkyl, urea, thiourea, or saturated
heterocycle. In vitro activity against both H.contortus and D. immitis was exem-
plified, in addition to activity in the Caco-2/TC7 in vitro model for permeability.
Compound 32 showed in vivo efficacy of 99% against T. colubriformis and H. con-
tortus in jirds when administered at a dose of 5 mg/kg by oral gavage. In the same
year, Intervet published a patent application [72] that described how compounds
disclosed in earlier applications and references [66, 73–75] had activity against
both the L1 and L4 stages of D. immitis, with compounds such as amide 33 being
active in against the L4 stage of D. immitis of MIC100< 5 μM (concentration at
which 100% of nematodes were killed).

9.3.2.2 Vesicular Acetylcholine Transporter (VAChT) Inhibitors
In 2012, Syngenta Crop Protection identified spiroindolines (Figure 9.7) as a new
class of potential insecticides and anthelmintics [76]. This class of molecules
acts through inhibition of neuromuscular vesicular acetylcholine transporters
(VAChT), thereby possessing a different mechanism of action (MOA) than
existing insecticide and anthelminthic drugs such as the isoxazolines [77, 78],
MLs [79], or aminoacetonitrile derivatives (AADs) [49].

The Syngenta spiroindolines were initially identified through high-throughput
screening, with compound 34 found to have significant insecticidal activity
against Drosophila melanogaster, Heliothis virescens (tobacco budworm), and
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Plutella xylostella (diamond back moth). Synthetic structural modifications
by Syngenta chemists resulted in more potent and selective lead compounds
(35 and 36). First, the nitro group on the amide portion of compound 34
was replaced by an isonicitinoyl moiety, giving increased in vitro potency and
photostability. A second structural modification was the addition of halogen
atoms (F or Cl) to the phenyl rings of the cinnamyl portion and spiroindoline
core of the molecule. This also resulted in enhanced insecticidal potency,
thought to be from increased metabolic stability. Lead compound 36 was
progressed to field studies and exhibited insecticidal activities comparable to the
commercial standard spinosad. In addition, lead spiroindolines were shown to
have anthelmintic activity against Caenorhabditis elegans, a roundworm found
in temperate soil environments, and demonstrated favorable acute oral toxicity
in rats (MLD50 > 200 mg/kg).

In 2015 and 2016, Zoetis submitted patent applications of spiroindolines and
γ-carbolines in this class. The first Zoetis patent application included bicyclic
and monocyclic spiroindolines with appended urea moieties [80]. Although a
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few mono-spiropiperidine ureas were previously published by Syngenta, the
Zoetis patent application claimed new urea compounds possessing VAChT
selectivity in nematode versus bovine species, with examples ranging from 4- to
6000-fold selectivity in radioligand assays. Since inhibition of the VAChT protein
results in neuromuscular paralysis and ultimate toxicity, nematode-selective
molecules would likely translate to safer molecules in target species. Compound
38, an example of a bicyclic spiropiperidine urea from Zoetis, has a bovine Ki of
70 nM versus 1.4 nM for the Syngenta urea 37 (Figure 9.8).

Compound 38 also is reported to have efficacy against H. contortus, L3 stage,
in a motility assay at 1 μM. It appears that addition of steric bulk to the spiroin-
doline core and cinnamyl portion of the molecule are responsible for subtle dif-
ferences in species selectivity. Zoetis also reported γ-carbolines as a new series of
VAChT inhibitors with parasiticidal activity in 2016 [81]. Compound 39, a car-
boline with a cyano moiety at the 7-position of the carboline core, is reported
to have sub-micromolar (0.2 μM) H. contortus L3 activity and exhibits 100% effi-
cacy in an in vivo infection model against T. colubriformis at 10 mg/kg in jirds.
Although structurally similar to the spiroindolines, the piperidine moiety of the
γ-carboline has a less basic nitrogen (pK a = 7.6 versus 8.82), which could result in
different pharmacokinetic properties between the two series. Also, it appears that
substitutions on the phenyl ring of the carboline core and cinnamyl portion are
again important to anthelmintic activity, as seen in the spiroindoline examples.

2 Calculated property using ChemBioDraw Ultra v.14.0.
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9.3.2.3 Cyclooctadepsipeptides
PF1022A 40 (Figure 9.9), an active metabolite of the fungus Mycelia sterilia,
was identified in the early 1990s, as a broad-spectrum anthelmintic with low
toxicity in animals [82]. This 24-membered cyclooctadepsipeptide (CODP)
inhibits locomotion by binding to calcium-activated potassium channels (slo-1)
of parasitic nematodes [83]. In a study published in 1995, PF1022A was shown to
be efficacious in a jird model against H. contortus, T. colubriformis, and Osterta-
gia ostertagi [84]. PF1022A also demonstrated efficacy against H . contortus
and T. colubriformis in sheep with oral dosing of 5 and 10 mg/kg, respectively
[46]. Several additional naturally occurring CODPs, such as bassianolide
and verticilide, have also been identified and display anthelmintic activity;
however, PF1022A remains the most active isolate from fermented Mycelia
fungal strains [85]. Due to its promising anthelmintic activity in a variety of
mammalian species, and unique MOA, PF1022A has been a lead candidate
for anthelmintic lead optimization since the 1990s. Although very interesting
from a biological perspective, reports of synthetic derivatization of the naturally
occurring PF1022A (to produce new anthelmintic drug candidates) are limited.
In 1993, Fujisawa submitted a patent application which included emodepside, a
semisynthetic derivative of PF1022A with two morpholine moieties appended at
the para position of the phenyllactic acids [86]. Emodepside 41 is currently mar-
keted by Bayer as a companion animal combination product with praziquantel,
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Profender®, for the treatment and control of roundworms, hookworms, and
tapeworms. It remains the only CODP approved for anthelmintic use to date.

Bayer published work in 2005, in collaboration with Fuji and Meiji, using
the natural products PF1022A and PF1022E as precursors to new semisyn-
thetic CODP analogs [87]. The synthetic modifications consist of mono- and
di-substitution on the phenyl ring(s) of PF1022A and E. The resulting asym-
metric and symmetric compounds showed promising anthelmintic activity
against H. contortus and T. colubriformis in sheep. Later in 2011, Meiji published
additional semisynthetic analogs to PF1022A, PF1022E, and PF1022H with
reported anthelmintic activity against the parasitic nematode A. galli in chickens
[88]. Structure–activity relationships (SARs) were examined in para-substituted
analogs of the phenyllactic acid moiety of PF1022A. It was found that physico-
chemical properties such as lipophilicity and polar surface area were especially
important to in vivo activity. Several mono-substituted analogs, such as examples
42 and 43 (Figure 9.10), were found to have optimal physicochemical properties
and anthelmintic activity better than that of PF1022A. The authors postulated
that perhaps only one portion of the CODP is responsible for receptor binding,
making mono-substitution a viable option for SAR due to resulting lower
molecular weight and better membrane permeability.

More recently, Sivanathan et al. [89, 90] published work on semisynthetic
analogs of PF1022A and PF1022H, citing the need for new CODPs with

Figure 9.10 Structures of semisynthetic
Meiji analogs of PF-1022A.
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improved activity against human worm infections; however, no new in vitro or
in vivo data were disclosed.

In addition to isolation of PF1022A from fermentation broths, several reports
on the total synthesis of PF1022A derivatives have been published [91, 92]. Most
recently, Merial (now Boehringer Ingelheim Vetmedica) published new total syn-
thesis patent applications, containing data showing efficacy against heartworms
[93, 94]. It has been known for a number of years that emodepside is a potent
in vitro antifilarial (WHO-Pfizer Animal Health, unpublished data); and DNDi
is working on evaluating the potential of emodepside for treatment of onchocer-
ciasis, but this is the first patent data showing efficacy against heartworms, both
in vitro and in vivo. Unlike earlier semisynthetic reports where structural mod-
ifications were mainly limited to the phenyl rings of PF1022A, as well as other
naturally occurring fermentation products, the latest Merial patent applications
are totally synthetic in nature and start from modified amino acid building blocks
(Figure 9.11). The resulting CODP analogs (44, 45) have structural changes to the
backbone region, as well as the phenyl moiety of the original PF1022A scaffold.
In addition to having heartworm efficacy, these new analogs are reported to have
sub-micromolar activity in H. contortus, L1 stage larval assays.

It is somewhat unusual to see animal health companies invest in a chemi-
cal route of more than 10 synthetic steps; in fact, several of the new Merial
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compounds require 15 or more synthetic steps to complete. However, this effort
only serves to highlight the scarcity of new anthelmintic substrate and the need
for further investigation.

9.4 Discussion

It is a major concern with STHs that there is limited research focused on identi-
fying new classes to better manage these serious and impactful infections.

Although we were somewhat pessimistic in the introduction about the invest-
ment in anthelmintic research in Animal Health, there is some optimism from
the fact that ML resistance in cattle gut intestinal nematodes and canine heart-
worms is clearly driving research into the identification of novel anthelmintic
classes and/or optimization of older classes to address emerging issues. The
importance of crop protection research in supplying substrate to support
animal health anthelmintic research is still very evident with the Syngenta
VAChT inhibitors and the Meiji-discovered cyclooctadepsipeptides; and a close
relationship between these industries continues to nurture these synergies.

As new classes are discovered and developed for animal health helminth infec-
tions, there needs to be a concerted will from NGOs, governments, and industry
to develop these for use in humans; to continue the WHO efforts in large-scale
deworming into the future [95].
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10.1 Echinococcus and Echinococcosis

Echinococcosis, caused by larval stages of the genus Echinococcus (Cestoda,
Platyhelminthes), is a life-threatening disease affecting humans and livestock.
The two most prominent members of the genus Echinococcus are Echinococ-
cus granulosus sensu lato and Echinococcus multilocularis. The taxonomy of
E. granulosus sensu lato is rather complex, as it includes E. granulosus sensu
stricto, Echinococcus equinus, Echinococcus ortleppi, Echinococcus canadensis,
Echinococcus intermedius, and Echinococcus felidis [1–4], all of which cause cystic
echinococcosis (CE or hydatid disease) with different host specificities world-
wide. For simplification, we collectively refer to these species as E. granulosus.
E. multilocularis is the causative agent of alveolar echinococcosis (AE) and
it occurs in the Northern Hemisphere. Other species include Echinococcus
oligarthrus, causing unicystic echinococcosis in South America; Echinococ-
cus vogeli, causing polycystic echinococcosis in South America; and Echinococcus
shiquicus that was identified as a sister species to E. multilocularis more
recently [2, 4, 5].

E. multilocularis, commonly known as the small fox tapeworm, is found
to be highly endemic in regions such as Central and Western China, Russia,
Western-Central Europe (classically Switzerland, Southern Germany, Eastern
France, and Western Austria), Eastern Europe including the Baltic countries, and
in Alaska (Northern America) and Hokkaido (Japan) [6]. Ninety-one percent
of human AE cases are located in the Tibetan plateau of Western China [7].
Recently, AE has become an increasing health problem, in particular in Kyr-
gyzstan [6]. In Western-Central Europe, 0.3 to 3 per 1 000 000 inhabitants get
infected with E. multilocularis annually [8]. AE also affects other species, such
as dogs, monkeys, pigs, horses, beavers, and others [9].

E. granulosus (the small dog tapeworm) occurs globally, and mostly in the
Mediterranean area, Central Europe, South America, Africa, and Central Asia. In
addition, CE exists as an imported disease in Western Europe and in the United

Neglected Tropical Diseases: Drug Discovery and Development, First Edition.
Edited by David C. Swinney and Michael P. Pollastri.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.



254 10 Drug Discovery and Development for the Treatment of Echinococcosis

States [10]. In terms of case numbers and distribution, CE by far outnumbers
AE; however, AE is a much more severe disease and more difficult to treat.

CE, but to some extent also AE, occurs predominantly in resource-poor com-
munities. For AE, although also present in higher developed countries, the num-
ber of patients is most likely underestimated by a factor of 3–5 [11]. This means
that investments in the development of new drugs against echinococcosis will
have a low market return, and thus the pharmaceutical industry will not be com-
pelled to develop novel drugs against echinococcosis. However, the habitats of
E. multilocularis and E. granulosus have continuously expanded, and both AE
and CE are now found in regions which were previously free of disease. Thus,
emergence (or reemergence), especially in developing countries, is likely, with
an increasing economic impact due to the necessity of livelong treatments. The
global impact of CE and AE is comparable to other neglected tropical diseases
such as trypanosomiasis, Chagas disease, and schistosomiasis [12].

10.2 The Biological Features of E. granulosus and
E. multilocularis: Similar, but Different

Both Echinococcus species undergo a typical predator–prey life cycle and humans
represent accidental intermediate hosts. The hermaphroditic adult stage lives in
the intestine of the respective definitive hosts, where it undergoes sexual develop-
ment. Definitive hosts for E. multilocularis are the red fox and arctic fox, coyote,
raccoon dog, wolf, domestic dog, and the cat [13]. The main definitive host of
E. granulosus is the domestic dog, but other canine carnivores can also get
involved. The adult worms produce infective eggs, which are released into the
environment via fecal shedding. Eggs contain an oncosphere (the first larval
stage) and are orally infective for a wide range of intermediate hosts. Typical
intermediate hosts for E. granulosus are cattle, sheep, goats, pigs, and camels,
while those of E. multilocularis are predominantly voles (such as Microtus
arvalis or Arvicola terrestris), but also other small mammals, mostly small
rodents, as well as dogs and sheep. Once eggs are ingested, the oncospheres get
activated during the stomach passage, will be set free in the intestine, penetrate
the intestinal tissue and reach blood and lymphatic vessels, and eventually reach
the target organ. There it develops into a second larval stage, the metacestode.
Metacestodes are characterized by continuous, potentially unlimited growth,
and the differentiation into protoscoleces, namely, precursors of newly formed
tapeworm heads, takes place. Once intermediate hosts or tissues containing
metacestodes and protoscoleces are ingested by a carnivorous definitive host,
protoscoleces evaginate and attach to the intestinal epithelium and develop into
adult tapeworms, thus concluding the life cycle.

Humans represent an aberrant intermediate host for these parasites. The most
affected organs in humans are the liver for E. multilocularis, and the liver, lung,
and other sites in the case of E. granulosus. Metacestodes at these sites are the
target of chemotherapeutical and surgical treatment approaches. Protoscolece
development in humans infected with E. multilocularis has only rarely been
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described, while it is more commonly observed in individuals infected with
E. granulosus.

Echinococcus metacestodes resemble fluid-filled vesicles, which in both species
exhibit a range of common features (Figure 10.1). The wall of these vesicles is
separated into an inner germinal layer representing the living and metabolically
active parasite tissue, and an outer, acellular and carbohydrate-rich compart-
ment known as laminated layer, mediating the direct physical contact with host
immune and nonimmune cells [14]. In terms of thickness, the laminated layer
is much more prominent in E. granulosus metacestodes. The distal part of the
germinal layer, the tegument, is directly associated with the inner surface of
the laminated layer, and is characterized by microvilli-like extensions termed
microtriches. The germinal layer itself is built up by muscle cells, nerve cells
(serving possibly a neuroendocrine function), glycogen storage cells, connective
tissue cells, and totipotent stem cells (also called germinative cells or neoblasts)
[15–17]. These stem cells make up 20–25% of all cells in the germinal layer.
They are responsible for the high regenerative potential of the parasite, and they
are thought to be responsible for metastasis formation [18–20]. The germinal
layer secretes vesicle fluid into the interior of the metacestodes, and vesicle fluid
plays a role in nutrition and in exchange of metabolites within the parasite. For
E. granulosus, the vesicle fluid is also termed hydatid fluid. E. granulosus metaces-
todes are, in addition, surrounded by a prominent host-derived adventitial layer,
which is largely composed of collagenous fibers.

E. granulosus metacestodes grow by expansion rather than by proliferation.
Multiplication takes place internally, resulting in septated, multichambered cysts.
The entire parasite mass progressively grows in size and compresses the neigh-
boring tissues. Metastasis formation can occur upon rupture of such cysts and
leakage of hydatid fluid containing protoscoleces, which themselves can then
differentiate into new metacestodes in peripheral tissues. In contrast, E. multiloc-
ularis metacestodes represent multivesicular organisms that reproduce asexually,
by exogenous formation, and budding of daughter vesicles. This process is often
referred to as “progressive infiltrative tumor-like growth,” and leads to the for-
mation of a large and heterogeneous parasitic mass. This mass consists mostly
of peripheral, actively proliferating, sites, and, in many cases, centrally located
necrotic tissue, all intermingled with host connective tissue. Metastasis forma-
tion can occur in neighboring organs such as the gall bladder, abdominal lymph
nodes, pancreas, diaphragm, and peritoneum, and in more distant regions (lungs,
bones, brain, etc.) and lead to severe complications in treatment [7].

10.3 Clinical Hallmarks, Diagnosis, and Prevention
and Control of CE and AE

The clinical presentation of CE is highly variable, and is dependent on several
features such as the involved organ and the location of the cyst within the organ,
cyst dimension, and the interaction with surrounding structures. In addition,
different genotypes exhibit different growth characteristics, which will also
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impact on the clinical features [14]. Most patients (up to 80% of all cases) have
a single cystic lesion located in a single organ. The liver is affected in 70% of
the cases, the right lobe more commonly than the left, followed by the lungs
in about 20% of the cases. Cysts can localize in any other organ and structure,
such as abdominal or pleural cavities, kidney, spleen, bone, brain, vertebral
column, ovary, breast, axillary region, and heart [21]. Rare immune-mediated
reactions such as urticaria, asthma, membranous nephropathy, and anaphylaxis
have also been well described [14]. Clinical signs may occur after a highly
variable incubation period of several months or years, but hepatic cysts may
remain asymptomatic for periods of up to 10–12 years. They can cause pain
in the upper abdominal region, cholestasis, hepatomegaly, biliary cirrhosis,
portal hypertension, ascites, and a variety of other manifestations [14]. Infection
with E. multilocularis, affecting the liver in the vast majority of cases, is largely
asymptomatic and remains mostly undiagnosed until a progressive state is
reached. This time span can reach 10–15 years. At this stage, nonspecific
symptoms such as abdominal pain, jaundice, cholestasis, hepatomegaly, fever,
anemia, weight loss, and pleural pain can occur [7, 10].

For both AE and CE, it is, in many instances, noninvasive imaging techniques
such as ultrasound, computed tomography, or magnetic resonance imaging
that give the first, often coincidental, morphological indications of the disease.
Ultrasound examination is the most widely used technique for screening
purposes or examining individuals, and also for monitoring of postoperative
and peri-therapeutic cyst development [22]. For screening purposes and con-
firmation of imaging findings, immunodiagnosis (ELISA and/or Western blot)
is performed on the basis of a variety of native and/or recombinant antigens
[23]. Biopsy retrieval and direct detection of parasite DNA by PCR or of parasite
tissue by histology/immunohistochemistry is less common due to the risk of
metastases formation, but can be used for confirming the diagnosis postopera-
tively [23]. For AE, information on the viability status of parasite lesions can be
gained by F18-fluorodeoxyglucose-positron emission tomography (FDG-PET),
which highlights peri-parasitic inflammation as a response to the parasite lesion,
contrast-enhanced ultrasound (CEUS), and serological follow-up or RT-PCR
[24–26].

10.4 Currently Applied Benzimidazole Treatments
for CE and AE

Surgery and chemotherapy based on the benzimidazole carbamate derivatives
albendazole (ABZ, 1) and mebendazole (MBZ, 2) (Figure 10.2) are the two treat-
ment options for CE and AE that are currently applied. For CE, surgery was con-
sidered the gold standard treatment until the 1980s. However, invasive surgery
may be impractical, or even not feasible, in many cases, such as in patients with
multiple cysts in several organs, or in patients living in regions that lack adequate
facilities for advanced surgery [27]. PAIR (puncture, aspiration, injection, reaspi-
ration) can be considered as an alternative to conventional surgery [28, 29]. PAIR
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is minimally invasive, and includes (i) percutaneous puncture of the cyst under
ultrasonographic guidance, (ii) aspiration of the cyst fluid, (iii) injection of a par-
asiticidal solution, and (iv) reaspiration of the fluid content after five minutes.
Although hypertonic NaCl solution (20% final concentration in the cyst fluid) is
not optimally effective, it is currently the most-used scolicidal solution in PAIR,
as its application induces the lowest adverse side effects.

For inoperable cases, chemotherapy with the benzimidazoles ABZ and MBZ
remains the only option. In the case of CE, a combined therapy using ABZ
and the heterocyclic pyrazinoisoquinoline derivative praziquantel (PZQ, 3)
(Figure 10.2) has been suggested. PZQ exhibited promising efficacy against
protoscoleces and metacestodes in animal experiments [30, 31] and was pro-
posed to be applied during the month prior to surgery alongside with ABZ,
since this increased the number of human patients with nonviable protoscoleces
as compared to therapy with ABZ alone [32, 33]. Benzimidazoles must be
taken over extended periods of time, often lifelong. However, under long-term
benzimidazole therapy, adverse reactions such as hepatotoxicity may occur.
Adverse effects can be avoided by introducing regular monitoring of drug serum
levels and, if necessary, adjustment of the dosage, but this is highly dependent on
a health service with a functional infrastructure, which does not exist in many
countries. In general terms, benzimidazole therapy has significantly improved
the life expectancy and the quality of life of many affected patients. A study
carried out with 3282 patients with echinococcosis treated with ABZ showed
that gastrointestinal tract problems represent the most common adverse events,
but no fatal cases were described [34]. MBZ and ABZ may induce embryotoxic
or teratogenic effects [35]. Of the over 2000 well-documented inoperable cases
of CE treated with benzimidazoles evaluated up to 12 months after initiation of
chemotherapy, 30% of patients showed cyst disappearance, 50–70% exhibited
cyst degeneration, and in 20–30% of patients E. granulosus metacestodes did not
respond to chemotherapy [36].

Unfortunately, the prognosis is less favorable for patients with AE. The only
curative treatment is invasive surgical resection of the entire parasite lesion
including a safety margin, and this is applied in 20–50% of all cases [7, 28]. How-
ever, radical surgery can often not be performed as most cases are diagnosed at a
late stage and the parasite grows highly invasive. According to a long-term cohort
study in Germany, complete surgery could only be performed in 16.1% and
36.1% of all patients with AE (referring to cases described before and after the
year 2000, respectively) [37]. If surgery is carried out, it is always accompanied by
benzimidazole chemotherapy, for at least two years thereafter, and monitoring
of patients should be continued for 10 years [33]. Inoperable cases of AE must
undergo long-term/mostly lifelong MBZ or ABZ chemotherapy. Nevertheless,
clinical studies have shown that chemotherapy has significantly increased the
10-year survival rate of inoperable or non-radically operated patients with AE
from 6–25% to 80–85% [10, 37]. A major setback of the current benzimidazole
therapy is that ABZ and MBZ exhibit a parasitostatic rather than a parasiticidal
effect in vivo [38]. Therefore, recurrence rates after treatment interruption are
relatively high, especially in those patients not followed up with appropriate
prognostic tools [26, 38]. Disease progression due to treatment failure was
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described in up to 16% of all AE cases [39]. In countries with well-developed
health care systems, where access to treatment and drug level monitoring is
secured, an improved clinical management of AE can be achieved. However,
the costs for treating one patient with AE amount to 108 762 Euros annually
[40]. Thus, AE is still a lethal disease in less-developed countries with low, or
no, financial resources [7]. A long-term study carried out in Germany showed
that 54.5% of all patients experienced mild side effects, and 6.9% of the patients
experienced life-threatening adverse effects such as hepatotoxicity that led to
treatment discontinuation [37]. With increasing numbers of patients and no
alternative to benzimidazoles developed so far, new and better treatment options
are urgently needed.

One possible explanation for the parasitostatic, but not parasiticidal, effects
of ABZ can be found at the molecular level. Upon oral uptake, ABZ is rapidly
converted into ABZ-sulfoxide (also called ricobendazole, 4; Figure 10.2), and at
a later stage ABZ-sulfoxide is metabolized to ABZ-sulfone. The major metabo-
lite ABZ-sulfoxide is known to bind to a distinct site on β-tubulin subunit of
the tubulin dimer, and thus interferes in the polymerization of microtubules,
thereby blocking many cellular functions and impairing uptake of nutrients and
parasite growth [41]. In the E. multilocularis genome, there are three β-tubulin
genes, tub1, tub2, and tub3. The stem cells that develop in the germinal layer of
E. multilocularis express mainly the Tub-2 isoform. The ABZ-sulfoxide binding
site on the Tub-2 protein is altered, and does not bind to ABZ-sulfoxide; thus,
Tub-2 is resistant to the dosages of benzimidazoles used in standard treatment
[42]. Other factors such as the limited half-life and uptake of benzimidazoles
by the parasite could also account for the failure in parasite killing. In addition
to beta-tubulin, several metabolic enzymes were described as targets of benz-
imidazoles [43], including the fumarate reductase system, which constitutes the
malate dismutation pathway in many helminths including Echinococcus [44, 45],
but these findings have not been further followed up. Electron microscopical
studies have shown that benzimidazole treatment of E. multilocularis metaces-
todes has a rapid effect on the structural integrity of tegumental microtriches.
This was shown not only for ABZ and its metabolites [46] but also for fenbenda-
zole (5) and oxfendazole (fenbendazole-sulfoxide, 6; see also Figure 10.2). How-
ever, microtriches do not contain any microtubules [47]. Therefore, additional
targets of benzimidazoles in Echinococcus remain to be identified. A very recent
study has shown that ABZ treatment increases the host immune response against
the parasite [48]. To what extent this has an impact on the efficacy of the drug
is not clear, but the crosstalk between chemotherapy and immunity should be
further investigated.

Besides benzimidazoles, only two other compounds have reached clini-
cal application against AE or CE. The antifungal agent amphotericin B (7,
Figure 10.2) was applied as a salvage treatment, but it did not exert parasiticidal
activity, and induced nephrotoxicity under long-term usage [49]. Nitazoxanide
(8, Figure 10.2), a broad-spectrum anti-infective thiazolide, did also not fulfill the
hopes that were put into that compound: despite promising activities in mouse
studies, nitazoxanide failed to be active against human AE [49, 50]. However, a
few studies suggested that nitazoxanide may be an effective treatment option
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in CE, particularly in patients with progressive disease who are receiving
conventional therapy [51–53].

10.5 In vitro and in vivo Models to Study Drug Efficacy
and Drug Targets in Echinococcus

The well-established, easy-to-handle, and standardized in vitro culture of the
E. multilocularis metacestode stage [54], the public availability of its genome
sequence and transcriptome information [55], established stem cell culture,
and the development of methods for genetic manipulation [56] have rendered
E. multilocularis the prime model for the study of diseases inflicted by cestodes
in humans. This includes not only AE but also CE as well as cysticercosis, caused
by metacestodes (cysticerci) of the closely related Taenia solium. The genome
and transcriptome of the closely related E. granulosus has also been published
[57–59], and comparative genomics has revealed surprisingly little differences in
genome structure and content between E. granulosus and E. multilocularis.

In vitro culture of E. multilocularis metacestodes has been reported as early
as 1957 [60]. Other methods developed later [61, 62] did not result in efficient
production of metacestodes that would allow large-scale in vitro drug efficacy
studies. In addition, the earlier drug studies relied solely on morphological
observations rather than on objective assays for viability assessment (reviewed
in Hemphill et al. [63]; [33]). In 2004, Spiliotis and Brehm published a revolu-
tionary culture method that allows generating large amounts of metacestodes in
coculture with hepatoma feeder cells [54]. This provided the basis for long-term
culture and proliferation of metacestodes, axenic metacestode culture without
feeder cells, and also allowed to isolate the cells of the germinal layer (“primary
cells”), of which up to 82% were stem cells, which will, upon in vitro culture,
again form infective metacestodes [19, 54, 64]. Based on this metacestode and
stem cell culture techniques, Stadelmann et al. established a screening cascade
(Figure 10.3) that allows medium-throughput drug screening based on objective
criteria [65]. As a first step, the physical impairment of E. multilocularis metaces-
todes is assessed quantitatively by measuring phosphoglucose isomerase (PGI)
in the culture supernatant. This enzyme is an abundant vesicle fluid component,
which is released upon physical impairment of the metacestode vesicle due
to drug treatment [66]. This quantitative assay allows determination of EC50
values and analyses of structure–activity relationships of tested compounds.
Similar approaches were also applied for related species such as T. solium or
E. granulosus [67, 68]. Cytotoxicity of the same drugs to mammalian cells is
measured by conventional alamar blue assay to explore a potential therapeutic
window. The effects of selected compounds on germinal layer cell (and stem
cell) viability can be assessed by measuring ATP production by commercially
available kits [65]. Finally, a test based on alamar blue assay that measures the
viability of germinal layer cells within intact metacestodes (metacestode viability
assay) was developed [65].

For the most promising compounds, morphological effects are frequently visu-
alized by electron microscopy, which can already indicate a potential mode of
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Figure 10.3 In vitro screening cascade of compounds against E. multilocularis. The three first
steps of the screening are based on the PGI assay that detects metacestode damage. It is
followed by host cell toxicity assessments; and only if a potential therapeutic window can be
seen, further tests on potential parasiticidal activity are included. Parasite cells are depicted in
green, host cells in brown, dead cells in gray, and drugs in orange. (From Ref [166].)
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(a)

(c)(b)

Figure 10.4 Different in vivo models for AE in mice. Peroral infection with E. multilocularis eggs
resulting in liver lesions (a), intraperitoneal infection with metacestode material resulting in
peritoneal lesions (b) and subcutaneous lesions visible from the outside (c, from [73]). Growing
parasites are indicated by arrows. Source: PLOS, https://doi.org/10.1371/journal.pntd.0002235.
Public domain.

action or target organelle. Molecular targets can be identified by pull-down stud-
ies of immobilized drugs on a matrix, through which parasite extract is passed
[69], or by comparing the changes in the transcriptome or proteome of para-
sites treated with specific drugs. Also, metabolomic studies based on NMR were
applied in the past to get further insights into the mode of action of drugs [46].
Reverse genetic approaches based on RNAi are applied to validate targets of inter-
est in protoscoleces and stem cells [70, 71].

Once a compound with promising in vitro efficacy and selective toxicity is
identified, it can be evaluated in vivo. Mice, as the natural intermediate host of
E. multilocularis, represent an ideal experimental model. Two infection models
can be distinguished: (i) a secondary infection model, in which mice are either
intraperitoneally [72] or subcutaneously [73] infected with E. multilocularis
vesicle suspension; (ii) a primary egg infection model [74], in which mice are
orally infected by applying E. multilocularis eggs by gavage, thus representing
the natural infection mode (Figure 10.4). In both models, treatments with drugs
are initiated four to six weeks postinfection, and can last up to eight weeks
or even longer, depending on compound properties and application mode.
Ideally, compounds are applied orally, since multiple injections raise ethical
concerns with regard to animal experimentation. Critical issues are compound
formulation, mode of administration, frequency, and dosage. The formulation of
drugs in honey was proposed by Küster et al. to make laboratory mice voluntarily
ingest the compounds [75], but this approach is not feasible for all compounds
(own observations). The in vivo mouse model for drug testing has been improved
and standardized over the past years [73, 76, 77]. At the end of treatment, the
final parasite mass is assessed upon necropsy and compared to placebo-treated
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animals. Determination of the parasite weight is the most accurate method of
choice and gives a clear readout of in vivo drug efficacy against AE [76].

For E. granulosus, respective in vitro culture of the metacestode stage is
achieved by either culture of protoscoleces for several months until they dif-
ferentiate into small metacestodes or the metacestodes are removed from the
peritoneal cavity of an experimentally infected rodent and maintained in vitro
without proliferation. Until very recently, the only assays to assess viability of
protoscoleces were based on microscopical inspection of specimens subjected
to a dye (e.g. eosin, trypan blue) that stains nonviable, but not viable, parasites,
and corresponding assessments are not purely objective. A newly developed
technique, based on an automated assessment of drug effects by monitoring
of protoscolex movement, was introduced by Ritler et al. [78]. This assay was
developed for E. multilocularis, but is surely also applicable to E. granulosus
protoscoleces, and allows an improved objective and higher throughput assess-
ment of drug effects compared to microscopical inspection. To investigate the
impact of drugs on the viability of E. granulosus metacestodes in vitro, trypan
blue incorporation into the detached germinal layer has also been assessed
in most publications, but this method is rather subjective; and for the future,
more quantitative assays such as the PGI assay [66] or the motility assay [78]
should be employed. The time span between infection of rodents with E. gran-
ulosus protoscoleces and metacestode development can take 6–10 months, as
opposed to 2–3 months for rodents secondarily infected with E. multilocularis
metacestodes. Although experimental chemotherapy with E. granulosus is more
time-consuming, numerous interesting studies have been carried out. In many
instances, in vitro studies on compounds active against E. granulosus have
employed protoscoleces, since these can be obtained in a local abattoir, and it
was shown that several compounds that exhibit protoscolicidal activities are not
active against the metacestode stage [63]. Conversely, compounds that exhibit
profound activities against E. multilocularis metacestodes are most likely also
efficacious against E. granulosus metacestodes [63].

10.6 Drug Repurposing as the Only Strategy
for Discovering Novel Compounds to Treat
Echinococcosis

Realistically, it is unlikely that the pharmaceutical industry will invest in the devel-
opment of a novel compound for the treatment of echinococcosis, since these
investments will not result in a relevant market return. In addition, echinococ-
cosis is a disease that is difficult to diagnose, and rather time-consuming to treat,
and monitoring of treatment success is a complex undertaking, since success or
failure will become evident only after months or several years of treatment. Thus,
echinococcosis is also not high on the list of those foundations and private pub-
lic partnership organizations that are devoted to providing better health care for
neglected tropical diseases, but at the same time want (or are obliged) to deliver
success stories in a timely manner. Thus, additional compounds with promising
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anti-Echinococcus activities can only be identified and implemented by exploit-
ing the plethora of drugs that are currently on the market or being developed for
other indications. Therefore, drug screening efforts have so far largely focused
on already existing drugs or compound classes from other research areas. These
include mostly broad-spectrum anti-infective drugs, and drugs that inhibit cel-
lular proliferation such as anticancer compounds, but also natural products. In
most studies, however, only relatively small numbers of compounds could be
evaluated within a given time frame. This still stands true for E. granulosus (see
Section 10.5); but for E. multilocularis, with the establishment of optimized in
vitro culture approaches and a standardized screening cascade, medium-sized
drug libraries could be screened.

10.6.1 Drug Repurposing for the Discovery of Novel Compounds
to Treat AE

The search for novel treatment options against AE has focused on two major
areas: (i) anti-infective drugs, and (ii) anticancer drugs. The first area is obvious:
E. multilocularis metacestodes exhibit invasive growth, are highly adapted to a
parasitic lifestyle, and exert considerable immunomodulation. These features are
comparable to other pathogens, and therefore drugs that affect other pathogens
could also be efficacious against E. multilocularis. The focus on anticancer drugs
can be explained by the fact that E. multilocularis metacestodes and malignant
tumors share some distinct features: they have an unlimited proliferative capacity,
express similar cell cycle regulators such as 14-3-3 protein, modulate the immune
response, secrete proteolytic enzymes to reach their target sites or organs, induce
angiogenesis, and exhibit the capacity to form metastases. These similarities sug-
gested early on that antiproliferative compounds could also affect E. multilocu-
laris metacestodes. In addition, it is not surprising that many compounds that
exhibit broad-spectrum anti-infective activities (including artemisinins, meflo-
quine, nitazoxanide-derivatives and benzimidazoles) show clearly elevated toxi-
city in proliferating cells [69, 79].

10.6.1.1 Anti-Infective Agents
Earlier animal experimentation studies in rodents demonstrated parasito-
static effects against experimental echincoccosis of mytomicin C, piperazine,
quinacrine hydrochloride, chloroquine phosphate, alkylaminoethers, and
propargylic alcohols, either at a lower level or comparable to benzimidazoles
(reviewed by Siles-Lucas and Hemphill [72]). In vivo treatments with praziquan-
tel were shown to enhance growth of the parasite rather than diminish it [80], and
therapy employing α-difluoromethylornithine against secondary AE was inef-
fective [81]. The impact of other anti-infective compounds was studied in vitro,
including ABZ and its metabolites ABZ-sulfoxide and ABZ-sulfone [46]. Con-
versely to what was previously thought, ABZ-sulfone exhibited anti-metacestode
activity similar to that of ABZ and its sulfoxide. Other anti-infective agents
such as nitazoxanide [82], artemether, caspofungin, itraconazole, ivermectin,
methiazole, miltefosine, rifampicin, and trimethoprim/sulfamethoxazole were
assessed in vitro [83]. ABZ and its two metabolites along with itraconazole,
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methiazole, and nitazoxanide effectively destroyed parasite vesicles in vitro,
but regrowth of vesicles was noted once these compounds were removed.
Thus, only parasitostatic effects were demonstrated. Fenbendazole was equally
active as was ABZ when applied in experimentally infected mice [47]. This is
not surprising, since benzimidazoles appear to act with an identical mode of
action on microtubules, and thus inhibit a variety of cellular functions related to
the integrity of the cytoskeleton. In support of this notion, molecular genetics
revealed that sensitivity to benzimidazoles in evolutionary distant organisms
such as fungi, nematodes, platyhelminthes, and various protozoa was correlated
with the presence of specific alleles of β-tubulin genes (reviewed in Hemphill and
Müller [84]). Like other benzimidazoles, fenbendazole and its metabolites are
believed to interfere with microtubule formation by binding to free β-tubulin of
the parasite, thus interfering with microtubule-dependent uptake of glucose [41].
Improved in vivo efficacy could probably be achieved by employing the prodrug
febantel, which is much better absorbed, and this would result in a prolonged
half-life of the active oxfendazole. In vivo, febantel undergoes cyclization to
fenbendazole, which is interconvertible with oxfendazole [47].

Nitazoxanide is a broad-spectrum antiparasitic drug belonging to the thia-
zolide family, with reported antiparasitic, antibacterial, and antiviral activities
[85]. Besides being effective against E. multilocularis metacestodes and E. gran-
ulosus protoscoleces and metacestodes in vitro [52, 82], nitazoxanide, applied
orally by gavage, was also effective in experimentally infected mice against CE
and AE. Furthermore, an ABZ-nitazoxanide combination treatment was shown
to be more effective than ABZ alone [74]. However, this effect was not caused by
a synergistic mode of action, but both compounds are most likely metabolized
by the same Cyp450 enzyme, resulting in a delay of metabolic ABZ-sulfoxide
conversion to ABZ-sulfone due to the competition of nitazoxanide and causing
a prolonged presence of ABZ-sulfoxide in the serum [74]. In human patients
with AE, neither nitazoxanide monotherapy nor ABZ-nitazoxanide combina-
tion therapies were effective [49, 50]. Besides nitazoxanide, 29 nitazoxanide
derivatives were assessed for anti-E. multilocularis metacestode activity in vitro
using the PGI assay [66]. Nitro compounds, similar to nitazoxanide, but also
halogenated molecules with halogenations on the thiazole moiety and also on the
salicyl moiety of the thiazole scaffold exhibited enhanced PGI activity values, and
extensive morphological damage was noted already after five days of treatment
[66]. Thus, thiazolides are a promising class of compounds. Unfortunately,
Romark LC (www.romark.com), which brought nitazoxanide on the market,
was not willing to invest in a neglected tropical disease that would not bring
substantial market return, and the development of thiazolides for treatment of
AE was halted.

Another compound showing promising efficacy against murine AE in combi-
nation with ABZ is thymol (9, Figure 10.2). Thymol and a combination of thymol
with ABZ exhibited promising efficacy against protoscoleces and metacestodes
in vitro [86]. In experimentally secondary infected mice, combined ABZ/thymol
treatment for 20 days starting at seven weeks after infection resulted in a con-
siderably reduced parasite weight compared to ABZ or thymol treatments alone
[87]. However, we have not been able to confirm these in vitro efficacy results in
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our own laboratory employing the E. multilocularis protoscolex movement assay
[78] and PGI assay [66] (own unpublished findings).

The antifungal compound amphotericin B desoxycholate (cAMB) was shown
to inhibit the growth of E. multilocularis metacestodes in vitro, and in human
patients in vivo [88, 89]. A major limitation of cAMB is the intravenous appli-
cation mode, which makes it unsuitable for prolonged use, except for salvage
treatment. Also, the effect of cAMB is only parasitostatic and the drug is nephro-
toxic. Nevertheless, prolonged application of cAMB for months to years may be
feasible in some cases, as side effects are mild and serious organ damage does not
appear to occur [89].

Earlier studies had shown that pentamidine, belonging to the class of
di-cationic compounds developed against intracellular and extracellular proto-
zoan parasites such as Leishmania, Trypanosoma, and Plasmodium (for review,
see [90]), did not have an effect in mice and jirds experimentally infected with
E. granulosus [91]. A small panel of di-N-aryl-diguanidino compounds was
screened for efficacy against E. multilocularis metacestodes in vitro. Only those
with a thiophene core group were active against metacestodes, while furans
were not [92, 93]. The most active compound, DB1127 (10, Figure 10.2), was
further assessed in mice. DB1127 was effective against AE when administered
intraperitoneally but not when applied orally [92]. Thus, thiophene-diguanidino
derivatives with improved oral bioavailability should be further developed.

A major focus in the search for anti-echinococcal activities has been anti-
malarial compounds. Artemisinin and artemisinin peroxides (ozonids), and
mefloquine (11, Figure 10.2) and its enantiomers, were initially evaluated using
in vitro cultured metacestodes [94, 95]. In vitro treatment of E. multilocularis
metacestodes with the antimalarials dihydroartemisinin and artesunate exhib-
ited promising results. However, six weeks of in vivo treatment of mice infected
with E. multilocularis metacestodes with these compounds had no effect. Com-
bination treatments of both drugs with ABZ led to a measurable, but statistically
nonsignificant, reduction in parasite weight compared to results with ABZ alone
[95]. Further in vitro assessments of artemisinin derivatives using a series of
amino-ozonids were carried out [94]. Three ozonids, namely OZ401, OZ455,
and OZ491 containing an aminopropylether substructure, were the most potent,
with IC50 values ranging from 11 to 14 μM. Cytotoxicity in different mammalian
cell lines was observed only at higher concentrations. Transmission electron
microscopy demonstrated complete destruction of the germinal layer after five
days of drug exposure. Amino-ozonids have not been further pursued, since the
concentration required for anti-echinococcal activity is not achieved in animals
or humans. However, this class of compounds could be a valuable addition to
the currently very limited arsenal of anti-echinococcal drugs, provided they are
modified to increase bioavailability and pharmacokinetics to obtain increased
exposure in the infected host.

Mefloquine, also widely used as an antimalarial, exhibits highly interesting in
vitro and in vivo activities against E. multilocularis metacestodes. Previously, in
vitro and in vivo studies demonstrated promising activities of mefloquine and
mefloquine enantiomers in mice infected with young or adult stages of Schisto-
soma mansoni or Schistosoma japonicum [96, 97]. Mefloquine was also shown to
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be active against Opisthorchis viverrini in vitro and in infected hamsters [98] and
against larval and adult stages of Brugia patei and Brugia malayi in vitro [99]. In
vitro treatment of E. multilocularis metacestodes resulted in detachment of large
parts of the germinal layer from the inner surface of the laminated layer within
a few hours [100]. Intraperitoneal application of mefloquine in secondarily
infected mice (25 mg/kg, twice a week) resulted in a reduction in parasite weight
that was similar to what was obtained with orally applied ABZ (200 mg/kg/d)
[100]. More recent studies have shown that the success of oral application of
mefloquine in mice is dose-dependent, and at a higher dosage (100 mg/kg/twice
per week for 12 weeks), results in a reduction in parasite weight comparable
to what is achieved by ABZ treatment (200 mg/kg /d) [101]. In the same study,
two Echinococcus mefloquine-binding proteins were identified by affinity
chromatography using mefloquine coupled to epoxy-activated Sepharose®,
followed by SDS-PAGE and in-gel digestion LC–MS/MS. This resulted in
the identification of E. multilocularis ferritin and cystatin as MEF-binding
proteins. In contrast, affinity chromatography of human fibroblast extracts on
mefloquine-sepharose matrices resulted in the identification of nicotinamide
phosphoribosyl transferase. This indicates that mefloquine could potentially
interact with different proteins in parasites and human cells [101].

Other antimalarial drugs with various degrees of efficacy against E. multilocu-
laris metacestodes were identified more recently by repurposing the Medicines
for Malaria Venture (MMV) Malaria Box [65]. This open-source library con-
tains 400 commercially available chemicals that show in vitro activity against
Plasmodium falciparum, and was provided by MMV free of charge. Primary
PGI-assay-based screening was carried out at 10 μM, yielding 24 potentially
interesting compounds that cause physical damage to metacestodes. Seven
compounds retained their activity at 1 μM, but dose–response experiments
showed that only two compounds exhibited an IC50 < 5 μM. After cytotoxicity
assessment, only MMV665807 (12, Figure 10.2) was further assessed, and was
shown to exhibit parasiticidal activity against germinal layer cell cultures. Trans-
mission electron microscopy showed that MMV665807 primarily affected the
structural organization of the mitochondrial matrix in the germinal layer tissue,
and also caused an increased release of microvesicles into the laminated layer
at a later stage. MMV665807 is a salicylanilide derivative, similar to the already
commercially available niclosamide, which is used against adult-stage cestodes
[102]. Niclosamide was shown to be also efficacious against various cancer
cells in vivo and in vitro [103]. Unfortunately, when assessed in experimentally
infected mice, both oral (gavage) and intraperitoneal application of MMV665807
did not result in reduced parasite burden [65]. However, currently, different
formulations of MMV665807, designed to achieve increased plasma levels, are
being assessed in vitro and in vivo.

Mathis et al. [104] were the first and only ones to describe a target-based in
silico approach for the identification of novel compounds for echinococcosis
treatment. They reported on the anti-echinococcal properties of clarithromycin
(13, Figure 10.2), a macrolide antibiotic. Clarithromycin inhibits protein syn-
thesis in bacteria by binding to the nascent peptide exit tunnel on the ribosome
near the peptidyltransferase center of the large subunit rRNA [105]. Higher
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eukaryotes carry a guanine at position 2058 of both cytoplasmic and mitochon-
drial rRNAs, and the modification at this position had been demonstrated to
confer the resistance of eukaryotic cells to macrolide antibiotics. In contrast,
the mitochondrial rRNA of E. multilocularis carries an adenine at sequence
position 2058, which predicts susceptibility as in bacteria [106], while the
nucleus-encoded rRNA is characterized by a guanine at 2058. In vitro culture
of E. multilocularis metacestodes in the presence of clarithromycin resulted in
severely impaired growth and overall morphology of the germinal layer of these
parasites. However, these results have not been followed up in vivo.

10.6.1.2 Anticancer Drugs
Doxorubicin, or hydroxydaunorubicin, a DNA-interacting drug used widely in
the treatment of cancers, was one of the first anticancer drugs to be studied
for its potential use against AE. Doxorubicin bound to polyisohexylcyanoacry-
late nanoparticles (a colloidal biodegradable drug carrier) was applied in
E. mutlilocularis-infected mice, which yielded a reduction of the parasite
development in the liver and a reduced viability of the metacestode. In contrast,
free doxorubicin or unbound nanoparticles had no antiparasitic activity [107].
However, due to the massive side effects that are generally encountered by
doxorubicin, this treatment approach was not further pursued.

Isatin (1H-indole-2,3-dione) and its derivatives are responsible for a broad
spectrum of biological activities. Among these, the cytotoxic and antineoplastic
properties have been the most widely reported. The synthetic versatility of isatin
has led to the generation of a large number of structurally diverse derivatives, due
to its privileged scaffold. Several propargylic alcohols derived from isatin were
synthesized and the drug-induced morphological alterations in E. multilocularis-
infected Meriones unguiculatus were described, documenting interesting
antiparasitic properties [108].

Isoflavonoids, another class of antitumor agents with proven antiparasitic
activities, are formed by plant tissue in response to physiological stimuli such
as infectious agents. The isoflavonoid genistein, a major component of soya, is
active against breast, prostate, skin, and colon cancer cell lines. Genistein also
stimulates the synthesis of TGF-β, which itself inhibits cancer cell proliferation
[109]. Besides other targets, genistein acts on several signaling pathways,
inhibiting the activity of several kinases (tyrosine kinase, MAP kinase, ribosomal
S6 kinase). In addition, genistein acts as a ligand for the estrogen receptor-beta;
and upon long-term treatment, this could exert unfavorable effects [110].
Naguleswaran et al. [111] showed that besides genistein, several genistein
derivatives that do not bind to the estrogen receptor-beta were also effective
against E. multilocularis metacestodes in vitro, as well as against E. granulosus
metacestodes and protoscoleces. These compounds could interfere in signaling,
for instance, by interfering in the tyrosine kinase activity associated with the
epidermal growth factor receptor identified in E. multilocularis [112], but the
molecular mechanisms have not been elucidated. The anti-echinococcal efficacy
of isoflavonoids has not been assessed in vivo to date. In contrast, tamoxifen
(14, Figure 10.2), an antagonist of the estrogen receptor-alpha and used for the
treatment of primary breast cancer, was shown to be moderately active against
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E. multilocularis in vitro [113], and to severely impair the growth of E. granulosus
cysts in mice [114].

Another compound with antitumor effects, 2-methoxyestradiol (2-ME), an
endogenous metabolite of estrogen, also induces severe and dose-dependent
damage to E. multilocularis metacestodes in vitro [115]. Treatment of experi-
mentally infected mice with 2-ME alone did not result in a reduction in parasite
weight compared to the non-treated controls. The results achieved with the
treatment of a combination of 2-ME and ABZ led to a substantial, but not
statistically significant, increased reduction in parasite weight compared to ABZ
treatment alone.

Protein kinases, especially serine/threonine and tyrosine kinases, activate
a multitude of proteins and mediate signal transduction, cell growth, and
differentiation. Kinases are known to play a crucial role in tumor progression,
and they also are involved in the regulation of a plethora of cellular events in
other diseases. From the list of the 20 most promising drug targets identified
in the E. multilocularis genome [55], four are protein kinases. E. multilocularis
metacestodes have been shown to express a wide range of signaling receptors
including nuclear hormone receptor, TGF receptor, insulin receptor, epidermal
growth factor receptor, and fetal growth factor receptor, which have been
shown to be activated by either parasite- or host-derived ligands (reviewed in
[116–118]). Pyridinyl imidazole compounds such as ML3403 and SB202190 are
selective inhibitors of p38 mitogen-activated protein kinase (MAPK) in vitro,
block pro-inflammatory cytokine production in vivo, and are implicated in the
treatment of melanoma [119]. These pyridinyl imidazoles were identified to act
as ATP-competitive inhibitors of MAPK of E. multilocularis in vitro, which
resulted in the death of parasite vesicles at concentrations that did not affect
cultured mammalian cells [120]. Other kinase inhibitors that were assessed
in E. multilocularis vesicles were the Raf-inhibitor sorafenib and the MEK1/2
inhibitor PD184352 [121], which inhibited vesicle growth, but failed to exert
parasticidal activity. The ABL-like kinase inhibitor imatinib (15, Figure 10.2),
one of the first kinase inhibitors that was FDA approved as an anticancer drug,
exhibited dose-dependent efficacy against E. multilocularis metacestodes,
protoscoleces, and stem cell cultures in vitro [122]. E. multilocularis metaces-
todes also express a kinase with significant homology to the Plk1 subfamily of
Polo-like kinases in higher eukaryotes. Addition of BI 2536, a Plk1 inhibitor
that has been tested in clinical trials against cancer, at concentrations as low
as 20 nM significantly blocked the formation of metacestode vesicles from
Echinococcus germinal cell cultures [123]. In addition, low concentrations of BI
2536 eliminated the stem cell population from mature metacestode vesicles in
vitro, yielding parasite tissue that was no longer capable of proliferation. Thus,
a series of kinase inhibitors that are candidate drugs (or are in use) for cancer
treatment exhibit profound inhibitory properties on E. multilocularis. However,
to the best of our knowledge, none of these findings has been reproduced in an
animal model to date.

Cytostatic drugs can also exhibit effects that lead to increased proliferation and
growth of E. multilocularis metacestodes in vivo [77]. It was shown that in vitro
exposure of metacestodes to methotrexate and subsequent infection of mice with
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treated parasites led to massive growth and enhanced parasite proliferation, while
navelbine and vincristine treatment had a slight negative impact on parasite pro-
liferation.

Nitazoxanide, previously introduced as an anti-infective drug (see Section
10.6.1.1), also inhibits the proliferation of colon cancer cells in vitro, and Müller
et al. [69] have shown that this happens by interfering with, and inhibiting, the
activity of glutathione-S-transferase (GST) class π, an isoform overexpressed in
many proliferating cells. In E. granulosus and E. multilocularis, the only GSTs
characterized so far, have some sequence homologies to the mammalian class μ
[124, 125]. The catalytical properties of recombinant GST of E. multilocularis
had, however, exhibited higher similarities to mammalian classes α and π, with,
especially, a high conjugating activity on ethacrynic acid, another anticancer
drug. In principle, GSTs may have two opposite effects on drugs, namely, by
inactivating drugs or by activating ineffective prodrugs. Especially, the latter
effects have been employed as an anticancer drug strategy and may be further
developed against AE. In addition, these studies suggest that Echinococcus GST
should be further investigated, and validated, as a potential drug target.

Another class of anticancer compounds that has attracted increasing attention
in the past years are metallo-organic ruthenium complexes. Metallo-drugs were
also shown to exhibit interesting antimicrobial properties, including activities
against bacteria, trypanosomatids, Toxoplasma, and Plasmodium [126–129].
Two series of 𝜂6-areneruthenium(II) phosphite complexes were evaluated in
vitro for their toxic potential against E. multilocularis metacestodes [130].
This screening identified several hydrolytically stable ruthenium complexes
with in vitro toxicity for metacestodes in the range of nitazoxanide, also high
cytotoxicity against rat hepatoma cells, but little toxicity for Vero cells and
human fibroblasts. This indicates a certain potential for ruthenium compounds,
but corresponding in vivo studies are still pending.

The first screening of a commercially available drug library was performed by
Stadelmann et al. [113] by evaluating the efficacy of 426 compounds contained
in an FDA-approved drug library. This library is composed of drugs against
a diverse range of diseases, many of which are against viral infections and/or
cancer. Initial screening at 20 μM revealed that seven drugs induced considerable
metacestode damage, and further dose–response studies revealed that borte-
zomib (16, Figure 10.2), a proteasome inhibitor developed for the chemotherapy
of myeloma, displayed high anti-metacestodal activity with an EC50 of 0.6 μM,
leading to an accumulation of ubiquinated proteins and unequivocally parasite
death. In-gel zymography assays using E. multilocularis extracts demonstrated
bortezomib-mediated inhibition of protease activity in a band of approximately
23 kDa, the same size at which the proteasome subunit beta 5 of E. multilocularis
could be detected by Western blot. Treatment of BalB/c mice experimentally
infected with E. multilocularis metacestodes with bortezomib led to reduced
parasite weight, but to a degree that was not statistically significant, and it
induced adverse effects such as diarrhea and neurological symptoms. Thus, this
study identified the proteasome as a drug target in E. multilocularis metaces-
todes that can be efficiently inhibited and further investigations employing
treatment adjustment and/or other proteasome inhibitors are necessary.
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10.6.2 Drug Repurposing for the Discovery of Novel Compounds
to Treat CE

Early studies carried out in experimentally infected mice and jirds assessed the in
vivo effects of iodinated oil of thymol, ethyl-N-dimethyl ether of thymol fumarate,
chloroguanide, rifampin, pentamidine isethionate, amphotericin B, suramin, and
methotrexate on secondary CE. None of these compounds exhibited any mean-
ingful reduction of cyst weight under the conditions used [91]. Other compounds
were assessed for activity against E. granulosus protoscoleces such as cetrim-
ide [131] and the ionophore monensin [132], but they were not effective against
metacestodes. In contrast, levamisole and ivermectin, which are classically used
against nematode infections, exhibited in vitro activities against protoscoleces
as did benzimidazoles [133]. A novel prophylactic therapy approach that would
avoid the formation of metastases due to spilling of E. granulosus protoscoleces
was developed by exposing protoscoleces to praziquantel [30, 31], or a combi-
nation of praziquantel and ABZ [30] prior to injection into mice. Since then,
combined ABZ/praziquantel therapy in the treatment of human CE has been
controversially discussed [32, 134–136].

Benzimidazoles show variable efficacy. Albendazole and its metabolite
ABZ-sulfoxide have been reported to be active against E. granulosus proto-
scoleces in vitro [137–139], but they act slowly over a period of several days
to weeks. In contrast, MBZ and oxfendazole (fenbendazole-sulfoxide) seem to
act more rapidly [138, 140]. A combination of fenbendazole and netobimin,
which is a prodrug of ABZ used as a veterinary anthelmintic, was shown to act
synergistically against E. granulosus infection in rodents [141]. Experiments
carried out in E. granulosus-infected sheep and goats suggested that oxfendazole
may be as efficacious as ABZ, but does not require daily uptake of the drug
because of its prolonged bioavailability [142]. Other benzimidazoles exhibiting
interesting protoscolicidal and metacestodicidal activity are flubendazole [143]
and nocodazole [144]. Flubendazole combined with nitazoxanide did also exhibit
profound efficacy in E. granulosus protoscoleces and metacestodes in vitro, and
in mice experimentally infected by intraperitoneal injection of protoscoleces
[145]. In vitro treatments with another broad-spectrum anti-infective com-
pound, thiazolide nitazoxanide [85], resulted in severe damage to protoscoleces
and the germinal layer of the respective metacestodes within a few days [52],
but nitazoxanide treatment in experimentally E. granulosus-infected sheep
was not effective [146]. However, oxfendazole treatment, and a combination
of oxfendazole and nitazoxanide, significantly decreased the number of fertile
cysts and increased the number of degenerated cysts in sheep [146]. In addi-
tion, nitazoxanide did also not affect hydatid cyst development in mice [145].
Surprisingly, two case reports suggested that nitazoxanide may be an effective
treatment option in CE, particularly in patients with progressive disease who
receive conventional therapy, but surely further studies need to be carried out to
verify these findings in other patients [51, 53].

The immunosuppressant drug cyclosporin A, which is employed mainly during
the management of organ transplants, has reported activity against CE in the
murine model. Cyclosporin has a profound effect when administered early (from
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two days) after infection, in five consecutive doses daily, resulting in reduced cyst
numbers and mass after 20 weeks. When cyclosporin was administered 18 weeks
postinfection, the wet weight was decreased by 42% compared to untreated
controls. Transmission electron microscopy of the germinal membrane and
laminated layer of late-treated E. granulosus revealed abnormalities in all cysts
studied, whereas control and early-treated hydatid cysts were normal, indicating
that cyclosporin exerts parasitostatic rather than parasiticidal effects [147].

Tamoxifen is a nonsteroidal selective estrogen receptor modulator binding
to estrogen receptor-alpha, which is widely used against compounds for the
treatment of primary breast cancer in premenopausal women and gynecomastia
in men receiving hormonal therapy for prostatic carcinoma. At 10–50 μM,
this compound impacted on E. granulosus protoscoleces and metacestode
survival in vitro, and at a dose rate of 20 mg/kg of body weight, tamoxifen
induced protection against the infection in mice. In the clinical efficacy studies,
a reduction in cyst weight was observed after the administration of 20 mg/kg
in mice with cysts developed during three or six months, compared to that
of those collected from control mice [114]. Tamoxifen was also shown to be
active against the cestodes Taenia crassiceps and T. solium [148, 149]. The
activity of another anticancer drug, the proteasome inhibitor bortezomib, was
demonstrated recently. Bortezomib was shown to exhibit considerable in vitro
activity by eliciting endoplasmic reticulum stress and autophagy in E. granulosus
protoscoleces and metacestodes, but no in vivo studies have been reported so
far [150]. In addition, bortezomib was evaluated in combination with the kinase
inhibitor rapamycin, and a synergistic effect on protoscolece viability could
be observed with the combination. Rapamycin is a polyketide macrolide that
binds to FK506-binding proteins, which are involved in protein folding, and
known to be targets for antiproliferative drugs. The rapalogs rapamycin, FK506
(tacrolimus), and everolimus were reported to exhibit protoscolicdal effects in
vitro, and synergistic scolicidal actions were observed during combined therapy
with rapalogs plus cyclosporine [150]. In vivo studies on these rapalogs have not
been reported to date.

Recent studies investigated the protoscolicidal effects of chenodeoxycholic acid
(CDCA) and sodium arsenite in vitro using eosin staining and caspase detec-
tion assays to monitor apoptosis. CDCA is a bile acid that has been therapeu-
tically tested against hepatitis C (in combination with bezafribate), and is used
against constipation and against cerebral cholesterosis. Dose-dependent mortal-
ity and induction of apoptosis in protoscoleces was noted at concentrations of
500–3000 μM after a few days of treatment [151]. Sodium arsenite has strong
teratogenic and carcinogenic effects, and is not surprisingly toxic for protoscole-
ces at lower concentrations (16 μM) [152]. However, the reported toxicity and
the strong adverse reactions expected through treatment with sodium arsenite
render its application rather unlikely.

The activities of two antidiabetic drugs against secondary CE in mice were
demonstrated. Glibenclamide is a second-generation sulfonylurea receptor
inhibitor, which has been shown to be active against protozoan parasites [153].
Metformin is a plant-derived antihyperglycemic and potential anticancer agent
which may exert its antiproliferative effects via the induction of energetic stress
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and activation of AMP-activated protein kinase [154]. No in vivo data is available
for glibenclamide to date, but oral administration of metformin (50 mg/kg/d)
in E. granulosus-infected mice was highly effective in reducing the weight and
number of parasite cysts, yet its combination with the lowest recommended
dose of ABZ (5 mg/kg/d) was even more effective [153].

Natural products obtained from essential oils from a variety of medicinal plants
have been frequently studied as protoscolicidal agents, either to replace 20% NaCl
and 95% ethanol during PAIR, to reduce metastasis formation by protoscoleces
spillage during surgery, or to reduce cyst load by E. granulosus metacestodes.
Of all the natural herb products tested, thymol and carvacrol (17, Figure 10.2),
two isomers which differ only by the positioning of a hydroxyl group appear to
represent the most promising option. Thymol and carvacrol are the main com-
ponents of essential oils of Thymus vulgaris and Origanum vulgare, and they
have reported antibacterial and antifungal properties. Prior to the development
of other anthelminthics, thymol was used to treat hookworm infections in the
United States [155]. Elissondo et al. demonstrated the efficacy of thymol against
E. granulosus protoscoleces [156]. Due to its apparent lack of toxicity combined
with good efficacy, it was proposed to be used as a scolicidal agent during hydatid
cysts surgery and/or PAIR [157]. Further investigations on thymol-based therapy
against murine CE demonstrated promising chemoprophylactic and therapeu-
tic efficacy that was comparable to ABZ treatment, and the authors suggested
that thymol could be applicable as an alternative treatment in human CE [158].
Similarly, Fabbri et al. demonstrated profound in vitro and in vivo efficacy of
carvacrol against E. granulosus metacestodes in mice, comparable with ABZ, sug-
gesting that this compound could be applied as a potential alternative treatment
option [159].

Mentha piperita and Mentha pulegium essential oils were studied for their
efficacy against protoscoleces and metacestodes in vitro [160]. M. pulegium
essential oil induced dose- and time-dependent protoscolicidal effects, as well
as loss of turgor in metacestodes maintained in vitro. These findings were
substantiated by scanning and transmission electron microscopy studies of
protoscoleces and germinal layer. The main compound in M. pulegium essential
oil is piperitone oxide, and it was suggested, but unfortunately not conclusively
demonstrated, that piperitone oxide could be responsible for protoscolicidal and
metacestodicidal effects. Other natural products that were described to have
significant anti-protoscolex activity are derived from endophytic Pestalotiopsis
sp. [161], from the circassian walnut Juglans regia [162], Myrtus communis L.
essential oil [163], and Nectaroscordum tripedale L. leaf extract [164]; but in all
these studies, the corresponding active substances have not been determined.

10.7 Where to Go from Here?

For many of the compounds presented here, no in vivo studies were published
after promising in vitro activities had been observed. This could be a result of (i)
lack of project financing, (ii) lack of specificity and toxicity of the compound, or
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(iii) the authors wanted to refrain from publishing “negative” results, which is,
unfortunately, a commonly observed fact. Several substances were not pursued
further, even though they looked promising in in vivo mouse trials, mainly due
to side effects and toxicity. Others were not followed up most likely because of
financial constraints.

A few drugs were, however, applied in human patients. Amphotericin B was
used as a salvage treatment in humans, but is not recommended due to its intra-
venous route of administration and resulting nephrotoxicity [49]. Nitazoxanide
was also applied against human AE, but it did not prove to be effective [49, 50].
Selected compounds received further attention regarding their formulation
and mode of application in the in vivo mouse model: DB1127 was active when
injected intraperitoneally, but not per os [92]. DB1127 was not further followed
up because its prime indication project on protozoan parasites was discontinued,
and data on bioavailability and pharmacokinetics were lacking [33]. Mefloquine
was active in the mouse model when applied orally at a dosage of 100 mg/kg
[101], but did not prove to be acting in a parasiticidal manner. Till date, there is
reluctance to the long-term treatment of patients with AE using mefloquine, due
to expected neurological side effects [165]. Thymol, an essential oil extracted
from the plants T. vulgaris and O. vulgare, was successfully applied as an oral for-
mulation in mice and exhibited a synergistic effect together with albendazole in
both AE and CE mouse models. However, for AE, these findings on thymol could
not be reproduced (own unpublished results). It is not known whether thymol
acts parasiticidal and no studies have yet been performed on the potential toxicity
of long-term application of thymol or its effects in the human patient [87].

Thus, none of the approaches carried out to date have identified alternatives
with improved properties compared to the benzimidazoles used to date. How-
ever, some promising compounds (MMV665807, mefloquine, and thymol) are
still being further investigated. Novel treatment options that act parasiticidal are
still lacking. Thus, further screening efforts should focus on the screening of addi-
tional drug libraries to identify better compounds with increased efficacy, selec-
tive toxicity, and improved safety; and more biochemical and molecular studies
are needed to identify relevant drug targets [33]. Combining drugs with different
mechanisms of action, as has been done in a few instances, could be a possibility
to improve treatment efficacy.

E. multilocularis and E. granulosus are highly adapted to a parasitic life style.
Crucial genes and entire pathways for the de novo synthesis of pyrimidines,
purines, and amino acids are absent in the genome, and genes for fatty acid and
cholesterol de novo synthesis are largely missing [55]. Thus, these parasites need
to acquire amino acids, lipids, purines, and other metabolites from their host,
and transcripts coding for respective proteins involved in uptake and transport
of these essential components are upregulated in the metacestode stage. These
auxotrophies should be exploited for the development of novel therapeutic
options. In addition, cestode parasites, similar to other helminths, express the
malate dismutation pathway, with the anaerobic NADH-fumarate reductase
system as a predominant component in the respiratory chain of E. multilocularis,
and thus providing a unique opportunity to target the energy metabolism [45].
However, while much should/could be done, finances for building up a research
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program on novel drugs for echinococcosis are difficult to acquire, and funding
on this topic is not being regarded as a priority, neither by private nor public
authorities. Hopefully, this will change in the near future.
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11.1 Introduction

Foodborne trematode (FBT) infections are among the most neglected para-
sitic diseases, both in terms of research funding and public media. The class
Trematoda is a major group of parasites and almost 100 species of FBTs are
known to infect humans, including liver flukes, lung flukes, and intestinal flukes
[1, 2]. It is estimated that about 80 million people are currently infected with
FBT and about 1 billion are at risk of infection with a global burden of 3.62
million disability-adjusted life-years (DALYs) [1, 3]. FBT infections generally
cause chronic diseases with a variety of signs, symptoms, and pathological
consequences depending on the fluke species. FBT infections are traditionally
considered as tropical diseases, but currently constitute an emerging public
health problem that may occur beyond the tropics [1, 2]. Regarding the geo-
graphical distribution of FBT infections, it should be noted that the traditional
picture is changing in recent years. FBT infections cannot be considered as
parasitic diseases limited to low- and middle-income countries in tropical areas,
since factors such as migration flows, increased international tourism, improved
transportation systems, or the growing international markets are expanding
geographical limits and the population at risk worldwide.

Despite all these facts, the impact of FBT has been commonly underestimated,
a number of control campaigns have been stopped, and funding for improving
prevention is scarce. Furthermore, research on this topic is impeded by several
reasons such as the difficulties entailed in the diagnosis, the complexities of
human cultural behaviors, and poor knowledge of the potential economic
consequences of FBT infections.

In this chapter, we summarize the key characteristics of FBT infections, depict-
ing the life cycle of the parasite and the epidemiological and clinical features of
the disease. Special attention is paid to current therapeutic approaches to and
drug discovery strategies for these important parasitic diseases.

Neglected Tropical Diseases: Drug Discovery and Development, First Edition.
Edited by David C. Swinney and Michael P. Pollastri.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.
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11.2 Morphology and Biology of Foodborne
Trematodes

Digenean trematodes causing FBT infections are dorsoventrally flattened, with
a bilateral symmetry. They are leaf shaped and ranging from a few millimeters
to 8–10 cm. An oral sucker surrounds the mouth at the anterior end and a blind
muscular ventral sucker is present on the ventral surface. The tegument is a syn-
cytial epithelium that is involved in several processes including nutrient adsorp-
tion, secretion, osmoregulation, or sensory functions [4]. Most of the trematodes
are hermaphroditic, containing both the female and male reproductive systems in
the same individual. Trematodes lack body cavity, and internal organs are embed-
ded in connective tissue or parenchyma (Figure 11.1).

Diagnosis of FBT infection is usually achieved by detection of eggs in feces
or sputum. They are typically oval and operculated and may range from 18 to
above 150 μm in length and between 12–14 μm and above 90 μm in width [5]
(Figure 11.2).

The life cycle of FBT is complex, involving a number of diverse larval stages
(egg, miracidium, sporocyst, redia, cercariae, and metacercaria) apart from
the adult stage (Figure 11.3). Within the definitive host, FBTs can be found in
practically every organ, but the lung, liver, and intestine are the most common.
Typically, the life cycles of major FBTs include two or three hosts: a vertebrate
definitive host, an invertebrate intermediate host, and, frequently, a second
intermediate host that carries the encysted metacercarial stage. Eggs produced
by adult worms following sexual reproduction are released via feces or sputum

(a) (b)

Figure 11.1 Adult worms of
some foodborne trematode
infections: (a) Clonorchis
sinensis and (b) Fasciola
hepatica.



11.2 Morphology and Biology of Foodborne Trematodes 291

Figure 11.2 Photomicro-
graphs of various eggs of
foodborne trematode
infections detected in
formalin-preserved human
fecal material: (a) Clonorchis
sinensis (30.0 × 17.5 μm);
(b) Fasciola hepatica
(127.5× 72.5 μm);
(c) Paragonimus westermani
(95.0× 45.0 μm); and
(d) Echinostoma sp.
(127.5× 72.5 μm).

(a)

(c)

(b)

(d)

(lung FBT). The eggs of some FBTs are fully developed when laid, but others
require some time in the environment for embryonation. A “sac-like” ciliated
larva or miracidium emerges from the egg and actively penetrates a snail, the
first intermediate host, or is ingested by the snail. In the case of Clonorchis
sinensis, Opisthorchis spp., and Heterophyidae, eggs are directly ingested by the
snails and the miracidia hatch in the gastrointestinal tract of the snail. Various
species of snails can act as the first intermediate host and commonly are specific
to the trematode species.

Within the snail host, miracidia develop into sporocysts or, most rarely,
directly give rise to redia. The germinal cells within the sporocysts multiply and
produce new germinal masses, which produce daughter sporocysts or rediae.
Development of sporocysts and rediae follow different patterns depending on
the FBT species. Finally, these larval stages produce cercariae. Cercariae leave the
snail by active escape or passive extrusion. The free-swimming cercariae meet
a compatible second intermediate host in which they penetrate and encyst (i.e.
Echnostomatidae, C. sinensis, or Opithorchis spp.). As second intermediate hosts,
several species of fishes, crustaceans, snails, or tadpoles have been reported.
Alternatively, the cercariae of some species (i.e. Fasciola spp. or Fasciolopsis
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Metacercariae

Fasciola spp.

Paragonimus spp.

Egg

Miracidia

Cercaria

Echinostoma spp.
Heterophyes heterophyes
Fasciolopsis buski

Opistorchis spp.

Clonorchis sinensis

IH1

IH2 Aquatic plants

Figure 11.3 Schematic life cycle of the major foodborne trematodes.

buski) encyst on aquatic vegetation such as watercress, water lotus, water
caltrop, water chestnut, or water lily. Human or animal definitive hosts become
infected when eating raw or insufficiently cooked second intermediate host,
vegetation or, even, by drinking contaminated water [6]. Metacercariae excyst in
the gastrointestinal system, releasing juvenile worms that migrate to the target
organ where they mature to adults. Infection with Paragonimus spp. might also
occur by consumption of wild boar or venison acting as a paratenic host [7, 8].

11.3 Epidemiology and Global Impact

Although FBT infections are commonly considered as tropical diseases, they
are not limited to the tropics. FBT infections occur in areas where the first
and second intermediate host coexist and humans eat raw or undercooked
fish or other aquatic products, which explain their focal distribution. However,
increased international travels, human migration, or food trade explain the
increased occurrence of allochthonous cases worldwide [1, 9–11].
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The global burden of FBT infections is difficult to determine, although several
approaches have been done in recent years. Fürst and colleagues [1] estimated
that almost 60 million people were infected in 2005, with 7.9 million developing
severe sequelae and 7158 died. The estimated global burden was 665 352 DALYs.
More recently, it was estimated that the prevalence of FBT infections in 2013 was
about 80 million people, which constituted an increase of about 50% from 1990
[3]. However, these estimations may constitute only a small part of the problem.

The number of infected people varies depending on the trematode species.
The global estimate for clonorchiasis is greater than 15 million people. For
opisthorchiasis, it is estimated that 8.4 million people are infected, causing more
than 1000 deaths. Estimates for fascioliaisis ranges from 2.4 to 17 million people.
More than 23 million people suffer from paragonimiasis and about 7 million
people are infected with species of intestinal trematodes [1].

11.4 Major Foodborne Trematodes

Herein, we review the main features of the major FBTs causing human infections.
We divide them into liver, lung, and intestinal FBT infections.

11.4.1 Liver Foodborne Trematode Infections

The most relevant liver FBTs are C. sinensis, Opisthorchis spp., and Fasciola spp.

11.4.1.1 Clonorchiasis and Opisthorchiasis
C. sinensis, Opisthorchis viverrini, and Opisthorchis felineus are liver flukes that
have close morphological and biological characteristics. These species follow a
three-host life cycle. Embryonated eggs are released via feces and in an aquatics
environment are ingested by a snail (commonly Bithynia spp.). After hatching,
miracidia give rise to sporocyst, redia, and, finally, cercariae that leave the host.
Ceracariae may penetrate in several species of fishes, where they encyst. Humans
become infected after ingestion of raw or undercooked fish. Adult worms inhabit
the intrahepatic bile duct, but also can be found in the common bile duct, cystic
duct, and gallbladder. They can survive for up to 26 years.

C. sinensis is endemic in East Asia including PR China, Korea, Taiwan, and
Thailand, and, moreover, several cases have been reported in Far East Russia.
O. viverrini is found in Thailand, Laos PDR, Cambodia, and Vietnam; and
O. felineus has been detected in several continental European countries such as
Belarus, Germany, Greece, Italy, Romania, Russia, Spain, the Ukraine, the Baltic
countries, Moldova, and Kazakhstan [2, 12, 13].

Usually, chronic opisthorchiasis and clonorchiasis show a few specific symp-
toms, and a palpable liver is the most common sign [14]. High worm burdens
(up to 25 000 flukes) are associated with acute pain in the right upper quadrant,
obstructive jaundice, cirrhosis, cholangitis, acalculous cholecystitis, fibrosis in
the bile duct, or bile peritonitis [15]. Periductal fibrosis is the cause of hepatobil-
iary disease, leading to increased risk of cholangiocarcinoma (CCA) [13]. In fact,
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O. viverrini and C. sinensis are classified by the International Agency of Research
on Cancer (IARC) as carcinogenics class I and II, respectively [16, 17]. Moreover,
about 400 cases of CCA occurred in patients heavily infected with O. felineus
[18]. CCA is a cancer of the epithelial cells in the bile ducts arising along either
the intra- or extrahepatic biliary tree with extremely poor prognosis [17]. CCA is
responsible for about 15% of liver cancers worldwide [19].

11.4.1.2 Fascioliasis
Fascioliasis is caused by Fasciola hepatica or Fasciola gigantica. Despite
F. hepatica being found worldwide, F. gigantica appears to be restricted to areas
of Africa and Asia [20]. Adult worms, inhabiting the bile ducts, release eggs that
are passed to the feces. Embryonation and hatching occur in freshwater and the
free-swimming miracidia infect the first intermediate host. F. hepatica mainly
uses snail species belonging to the so-called Galba/Fossaria group, including
G. truncatula, as the first intermediate host and F. gigantica is transmitted by
Radix spp., mainly Radix natalensis, in Africa [20]. Within the snail, the parasite
undergoes stages: sporocyst, redia, and cercariae. Released cercariae swim to
adhere to vegetation where they encyst. Humans become infected after ingestion
of contaminated wild and cultivated aquatic and terrestrial plants, and even
beverages made from plants or untreated water. The parasite excysts in the small
intestine and migrates to the bile duct to develop into adult worms, which occurs
about 12 weeks after infection [20].

Hyperendemic human fascioliasis has been reported in the Altiplano region
of Bolivia, the Nile Delta, and Northern Iran [20]. More sporadically, human
cases occur in Cuba, France, Portugal, Spain, or the United States, among other
countries. Acute fascioliasis, corresponding to the migration of juvenile worms, is
characterized by abdominal pain, fever, hepatomegaly, and gastrointestinal symp-
toms. Chronic fascioliasis, corresponding to the presence of adult worms in the
bile ducts, may be asymptomatic or show hepatic signs such as cholangitis, chole-
cystitis, and cholelithiasis [21].

11.4.2 Lung Foodborne Trematode Infections (Paragonimiasis)

Paragonimisasis is the zoonotic disease caused by lung flukes belonging to
the genus Paragonimus. There are about 15 species of Paragonimus known
to infect humans, although Paragonimus westermani is the most common
worldwide. Paragonimus spp. have a three-host life cycle. Adult worms inhabit
the lung and ley eggs that are coughed up and ejected with the sputum by
spitting or swallowed and released by the feces. In a freshwater environment,
hatched miracidia invade snails, mainly of the genus Semisulcospira, and the
sporocyst, redia, and cercariae stages occur. Crustacea, the second intermediate
host, acquire the infection by consuming cercariae or the snails harboring the
mature cercariae. Humans become infected by consuming raw or undercooked
freshwater crustaceans such as crabs, shrimps, or crayfishes. The metacercariae
excyst in the small intestine and penetrate the abdominal cavity and migrate to
the lungs, where they become adults.

It is estimated that more that 23 million people in 48 countries are currently
infected with Paragonimus spp. and almost 300 million people live at risk of
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infection [7]. Among FBT infections, paragonimiasis is the most relevant in
terms of DALYs [22]. Paragonimiasis occurs in focal areas in Asia (PR China,
Japan, Korea, Laos PDR, the Philippines, Taiwan, Vietnam, and Thailand), South
and Central America (Ecuador, Costa Rica, Peru, and Columbia), and Africa
(Cameroon, Gambia, and Nigeria).

The main pathological features are related to the mechanical damage induced
by the migration of the parasite and the toxins released by the migratory worms.
Moreover, ectopic paragonimiasis is quite common. Cerebral, cutaneous,
abdominal, and hepatic ectopic infections are the most common [7]. Adult
flukes in the lung cause hemorrhage, inflammation, parenchymal necrosis, and
fibrosis encapsulation. Moreover, hemoptysis and chronic cough occur, with
brown and blood-streaked pneumonia-like sputum [12].

11.4.3 Intestinal Foodborne Trematode Infections

Intestinal FBT infections can be caused by a large number of species. Herein, we
review the most relevant of those species.

11.4.3.1 Diplostomiasis
Diplostomiasis is caused by a member of the family Diplostomidae, mainly
Neodiplostomum seoulensis. Human infections have been reported in the
Republic of Korea, and the total number of cases in this country was estimated as
1000 [23]. Human infections occur by eating raw frogs, the second intermediate
host harboring the metacercaria, or snakes acting as the paratenic host. Adult
worms, inhabiting the intestinal tract, release eggs with feces that, in freshwa-
ter, hatch the miracidium that infect the first intermediate host. Fork-tailed
cercariae, produced in sporocysts, penetrate the second intermediate host.

11.4.3.2 Echinostomiasis
Echinostomes constitute a heterogeneous group of cosmopolitan digeneans that
parasitize several vertebrates, including humans. Currently, echinostomiasis is
attributed to at least 24 species belonging to the family Echinostomatidae and is
endemic in Southeast Asia and the Far West. Endemic foci are located in China,
India, Indonesia, Korea, Malaysia, the Philippines, or Thailand, although occa-
sional cases are detected in other countries [24].

Humans become infected after eating raw or insufficiently cooked snails, clams,
frogs, tadpoles, or fishes that act as the second intermediate host. Adult worms
inhabit the small intestine and release eggs with feces into ponds, streams, or
lakes. Miracidia hatch from eggs to actively locate and penetrate the first inter-
mediate host (snails belonging to Planorbidae, Lymnaeidae, or Bulinidae). After a
single generation of sporocysts and two of rediae, cercariae emerge and invade the
second intermediate host where they encyst. Interestingly, it has been suggested
that drinking untreated water may be a source of human infection [25].

The clinical symptoms of echinostomiasis depend on the parasite load and may
be severe in cases of elevated worm burden. The most common symptoms are
epigastric and abdominal pain, fatigue, diarrhea, weight loss, acid belching, nau-
sea, anorexia, and vomiting [26].
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11.4.3.3 Fasciolopsiasis
Fasciolopsiasis is caused by the intestinal fluke F. buski, belonging to the
family Fasciolidae. Fasciolopsiasis is restricted to PR China, India, Bangladesh,
Thailand, Malaysia, Borneo, Sumatra, and Myanmar [27]. Humans become
infected through the ingestion of raw freshwater vegetables containing metac-
ercariae. Metacercariae excyst and juvenile worms attach to the wall of the
duodenum and jejunum, where they mature. In freshwater sources, miracidia
hatch and infect the first intermediate host (snails of the family Planorbidae).
After transformation to sporocysts and rediae, cercariae emerge and swim to
reach freshwater plants to encyst. Commonly, fasciolopsiasis only causes mild
symptoms including diarrhea, abdominal colic, flatulence, vomiting, fever, and
duodenal ulcer. Some deaths have been reported in chronic heavy infections
[12, 27].

11.4.3.4 Gymnophalloidiasis
This infection is caused by Gymnophalloides seoi that has been exclusively
reported in Korea, where it is highly prevalent among villagers in the south-
western coastal islands [23, 28]. The source of human infection are oysters
(Crassotrea gigas) harboring metacercariae that are commonly eaten raw in
this area. The first intermediate host is not known. Symptomatology may vary
between individuals, although gastrointestinal discomfort is common.

11.4.3.5 Heterophyasis
At least 26 species belonging to 12 genera of the family Heterophyidae have been
proved to infect humans. However, Heterophyes heterophyes and Metagonimus
yokogawai are the most prevalent. H. heterophyes has been reported in Egypt,
Iran, Korea, and Sudan; and there have been several sporadic cases in Europe.
Human infections with M. yokogawai mainly occur in the Far East, India, the
Balkan states, Israel, and Siberia [27]. The main source of infection is raw, pick-
led, or poorly cooked fish harboring metacercariae. Adult worms live between
the villi of the anterior region of the small intestine, releasing embryonated eggs.
Littorine snails, which act as the first intermediate host, ingest the eggs. Intramol-
luscan stages include sporocysts and rediae; and the released cercariae infect
shrimps or shorefish, where they encyst on the surface or muscles [29]. Low-grade
infections have no clinical consequences. In heavy infections, diarrhea, abdom-
inal pain, dyspepsia, nausea, and vomiting may occur. Moreover, anaphylactic
reactions can occur [30].

11.5 Current Drugs Used Against Foodborne Intestinal
Trematodes

11.5.1 Praziquantel

Praziquantel (PZQ) is currently the drug of choice for most FBT infections.
PZQ was developed by Merck as a potential tranquilizer and passed to Bayer to
be screened for anthelminthic activity [31, 32]. Initially, the emphasis was on
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its activity against cestodes and the drug was marketed for veterinary use as
Droncit® [33, 34]. Activity against trematodes, with emphasis on Schistosoma
spp., was first tested in animals [35]. Thereafter, it was successfully assayed in
humans in collaboration with the WHO [36–38]. This success, together with the
absence of side effects, made PZQ the drug of choice for schistosomiasis as it still
remains today. Due to its broad spectrum of activity against other trematodes,
PZQ also became the drug of choice against most of the FBTs [15, 39].

PZQ was marketed for human use as Biltricide®, available in tablets of 600 mg.
In the early 1980s, the Korean company Shin Poong Pharmaceutical Co Ltd devel-
oped an alternative method for synthesis of PZQ based on local R&D, resulting
in the disruption of the monopoly hold by Bayer until then and in a conspicuous
price reduction. Subsequently, several producers started to commercialize PZQ
under license of Shin Poong [32]. Currently, it is available under various names
such as Distocide® (Shin Poong, EIPICO), Bilharzid® (Egyptian International
Pharmaceutical Co Ltd) or Prazitel® (Cosmos), and even as generic presenta-
tions. In general, almost all the PZQ presentations have been shown to be of
sufficient quality in terms of drug content, purity, disintegration, and dissolution.
However, some of the generic presentations did not contain PZQ at all [40–42].

PZQ is the generic name for 2-(cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4
H-pyrazino[2,1-a]isoquinolin-4-one (Figure 11.4). It is a colorless or nearly white
crystalline powder, insoluble in water, scarcely soluble in methanol, and soluble
in organic solvents such as chloroform or dimethylsulfoxide. It is stable under
normal conditions and melts at 136–140 ∘C. PZQ possesses an asymmetric
center in position 11b (Figure 11.4). Commercial PZQ is a racemate composed
of “levo” and “dextro” isomers. Only the (−) enantiomer is endowed with
anti-trematode activity [43, 44].
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Figure 11.4 Chemical structure of (a) praziquantel, (b) triclabendazole, and (c) tribendimidine.
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Orally administered PZQ is rapidly adsorbed, reaching maximal serum concen-
tration (Cmax) at one to two hours [36]. PZQ undergoes a marked liver first-pass
metabolism and rapidly disappears from circulation. The plasma half-life is about
one hour, and it is almost completely eliminated in 24 hours through the urine
and the feces [45]. Metabolites have a longer half-life (about four hours) and they
are mainly represented by monohydrixulated PZQ. The bioavailability of PZQ is
increased by simultaneous administration of inhibitors of cytochrome P450 such
as cimetidine, 17-α-ethynylestradiol, or diphenylhydramine. In contrast, simulta-
neous administration of some antiepileptics such as carbamazepine, phenytoin,
or dexamethasone decreases the bioavailability [46].

The mechanism of action of PZQ is not yet well defined [47, 48]. PZQ induces
an influx of Ca2+, which results in muscular contraction and spastic paralysis of
the musculature and morphological alterations such as vacuolization at the base
of the syncytium and surface blebbing [49–51]. Although it has been hypothe-
sized that calcium influx only represents one of the components of the complex
mechanism of action, most of the studies are exclusively addressed toward iden-
tifying the molecular targets that become affected by calcium circulation. It was
suggested that PZQ acts through theβ-subunit variant to the Ca2+ channel, which
results in massive binding of Ca2+. Moreover, expression of the ATP-binding
cassette (ABC) superfamily, including multidrug resistance-associated protein 2,
becomes affected after treatment with PZQ [52]. You and coworkers [51], using
the genome silencing procedure RNA interference, showed that a member of
the calcium signaling pathway (calcium/calmodulin-dependent protein kinase
type II-camK II) augmented the effect of PZQ, suggesting that camK II has a key
role in the activity of PZQ.

Toxicity of PZQ is low in animals and no genotoxic risks have been demon-
strated [53]. A clastogenic or pre-clastogenic role has been suggested [54, 55].
Side effects have been observed in up to 50% of patients but are commonly short
lived and spontaneously subside [56]. Most common side effects are related
to gastrointestinal tract (abdominal pain and discomfort, nausea, vomiting,
anorexia, and/or diarrhea), central nervous system (headache or dizziness), skin
(pruritus or eruptions), or are nonspecific (fever or fatigue).

As mentioned, PZQ shows a wide spectrum of activity against trematodes
and it has become the drug of choice for clonorchiasis, opisthorchiasis, parag-
onimiasis, and intestinal fluke infections. In the case of clonorchiasis, efficacy
of PZQ depends on the treatment schedule [57, 58]. According to WHO
recommendations, treatment with 25 mg/kg twice daily for two consecutive days
reports cure rates of 94–100% [59]. A total dose of 150 mg/kg reports a cure
rate higher than 90% and a nearly complete reduction of egg elimination [60].
High reduction of egg elimination was also achieved with a one-day treatment
schedule of three doses of 25 mg/kg, although the cure rates were low [61].
Regarding the chemoprophylaxis of clonorchiasis, it was shown that repeated
mass treatment or selective treatment every 6–12 months was effective, yielding
low prevalence in heavily endemic areas. In moderately endemic areas, only one
or two selective treatments were required in combination with health education
[62, 63]. However, these protocols did not allow complete control of the disease.
The treatment schedule of opisthorchiasis is similar to that of clonorchiasis.
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Treatment with 25 mg/kg yielded a cure rate in patients infected with O. viverrini
[64]. Although chemoprophylaxis can be applied, recent studies have suggested
that repeated infection with O. viverrini and treatment with PZQ increases the
risk of CCA [65, 66].

PZQ has a long history of use against paragonimiasis. First studies were per-
formed in Korea in the early 1980s, with high cure rates being reported [67]. The
recommended treatment schedule (25 mg/kg for two to three days) [7, 68] reports
complete cure rates of about 90%. A single dose of 25 mg/kg only cured 77% of
patients [68]. Repeated rounds of treatment may be required, especially when
pleural effusion is present [69]. PZQ can be also used for treatment of cerebral
paragonimiasis. Coadministration of anti-inflammatories can be recommended
to avoid reactions due to substances released by dead worms [69]. An important
risk inherent to treatment of paragonimiasis is the fact that PZQ can eliminate a
pulmonary infection, but this might be the source of a subsequent cerebral inva-
sion [70].

At present, PZQ is the drug of choice against intestinal trematodes. A single
dose of 25 mg/kg is recommended [11]. However, other schedules can be used
[2]. For example, single doses of 10 and 40 mg/kg also reported cure rates of 100%
in infected patients [1, 2] in Thailand [71, 72]. A treatment schedule of 75 mg/kg
in three divided doses for one day has also been used [1]. In gymnophalloidiasis,
a single dose of 10 mg/kg is recommended [73].

Currently, PZQ is recommended for individuals aged four years and older [59].
However, tablets of PZQ are large (600 mg) and bitter in taste, and therefore
difficult to use in infants. A PZQ syrup formulation is available, although its bioe-
quivalence and which excipients are required for dose uniformity or stability are
not known [40, 74].

Finally, it should be mentioned that that there is emerging evidence that tol-
erance or resistance to PZQ is developing in animals [51, 74]. Although drug
resistance has not yet been definitively proved, resistance could be related to
the mechanisms of action described earlier. Analysis of gene expression revealed
that camk II is upregulated in response to PZQ, which can stabilize Ca2+ fluxes
within the parasite [51]. Furthermore, it was suggested that upregulation of para-
site defense, including ATPases, gives rise to resistance [51]. Multidrug resistance
transporters may be also important for drug susceptibility of trematodes [52].

11.5.2 Triclabendazole

Treatment of fasciolosis has been problematic since PZQ has no efficacy. Histori-
cally, several drugs have been used for the treatment of fasciolosis, although most
of them have been abandoned in relation to their toxicity and the low cure rates
(see Section 11.5.1). Currently, triclabendazole (TCBZ) is the drug of choice and,
moreover, it constitutes a useful alternative for paragonimiasis [7, 20].

TCBZ is the generic name of 6-chloro-5-(2,3-dichlorophenoxy)-2-(methylthio)
benzimidazole) (Figure 11.4). The halogenated benzimidazole was synthesized
by Ciba-Geigy in 1978. TCBZ is a white crystalline powder, poorly water sol-
uble but soluble in methanol [75]. The drug is available as Fantinex® for vet-
erinary use since 1985. In 1990, the WHO and the pharmaceutical Ciba-Geigy
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developed clinical trials for treatment of fasciolosis and paragonimiasis. Differ-
ent doses were studied and it was concluded that 10 mg/kg and 20 mg/kg in
two equal doses were the most efficient doses for fasciolosis and paragonimia-
sis, respectively. Unlike what happens with PZQ, TCBZ has weak or inconsistent
activity against Schistosoma spp. [76]. Working in conjunction with WHO and
Novartis Pharma Inc. (the successor company of Ciba-Geigy), the government of
Egypt registered TCBZ for human use as Egaten® [77]. TCBZ was included in
the WHO model list as the drug of choice for fasciolosis [78]. TCBZ is available
for human use in a few countries such as Egypt or Peru. In other countries, it can
be obtained directly from Novartis [72].

Mechanisms of TCBZ metabolism are complex, but this complexity serves to
maintain active concentrations of TCBZ and its metabolites for a considerable
period of time, enhancing drug efficacy [79]. The pharmacokinetics of TCBZ
was first studied by Henessy and coworkers [80]. TCBZ is rapidly removed from
portal blood by the liver. It is rapidly oxidized to the sulfoxide (TCBA.SO) and sul-
fone (TCBZ⋅SO2) metabolites, which are the main metabolites detectable in the
plasma. In fact, only low concentrations of the parent drug are detected in human
plasma after oral administration of TCBZ [81]. Furthermore, after hydroxylation
of TCBZ and its metabolites, the hidroxymetabolites are secreted in the bile. The
flavin monoxygenase pathway is the main pathway involved in the conversion of
TCBZ to TCBZ⋅SO and collaborates with cytochrome P450 enzyme system to
the sulfonation to TCBZ⋅SO2.

The pharmacokinetics of the metabolites of TCBZ was revised in detail by
Keiser and colleagues [82]. Postprandial administration enhances the absorp-
tion of TCBZ in relation to acid gastric secretion, food-induced drug solubility,
and altered gastrointestinal motility. Significant differences in the area under the
plasma concentration time curve and the Cmax of TCBZ and its metabolites were
found between fasting and postprandial conditions. Maximal plasma concentra-
tions of both of the metabolites were reached at four hours after postprandial
oral administration and the elimination half-life were 11.2 and 11.8 hours for
TCBZ⋅SO and TCBZ⋅SO2, respectively. There are not available data on protein
binding and drug distribution in humans.

The extensive metabolism of TCBZ implies that adult flukes are exposed to
different forms of TCBZ that may be active against worms. However, TCBZ⋅SO
has been suggested to be the active form [79, 83–85]. The mechanism of action of
TCBZ, TCBZ⋅SO, and TCBZ⋅SO2 is not well known. All the evidence indicates
that TCBZ binds to α- and β-tubulin within the cell of the parasite causing ultra-
structural disruption in several tissues, which is consistent with the inhibition of
microtubule-based processes [86, 87]. Furthermore, TCBZ and its metabolites
appear to inhibit the RNA and protein synthesis in F. hepatica [88]. Recently,
it has been shown that TCBZ inhibits adenylate cyclase or its association with
GTP-Ras, which is crucial in F. hepatica [87]. The recommended treatment
for fasciolosis is two doses of 10 mg/kg 24 hours apart [20]. However, different
regimes ranging from 5 to 30 mg/kg using one, two, or three dosing have been
investigated [82]. Best results are obtained after food intake, probably in relation
to an improved availability of the drug [81].
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TCBZ is also effective against paragonimiasis and can be used as an alternative
to PZQ. The recommended regime is 10 mg/kg in a single oral dose, although
it may be repeated after 12–24 hours in heavy infections or given 20 mg/kg in
two separate doses of 10 mg/kg in the same day [7, 89]. TCBZ can be a better
option than PZQ for mass treatment since the one or two doses required can be
administered under supervision, avoiding treatment at home if several doses are
required [7].

TCBZ also has been investigated as potential treatment for other FBTs in ani-
mal models. TCBZ shows activity against echinostomes infecting mice using sin-
gle doses from 40 to 1600 mg/kg. In contrast, a treatment regime of 30 mg/kg in
pigs infected with F. buski yielded a worm reduction of 79% [82]. In the case of
opisthorchiasis, no effect was observed in dogs [90]. Regarding clonorchiasis, the
existing data are confused since no effect was observed in dogs using two doses
of 100 mg/kg 24 hours apart, but, in contrast, a single dose of 10 mg/kg stopped
egg secretion in dogs [91].

TCBZ is generally well tolerated and only mild adverse effects occur. The
most common side effects include weakness, mild and transient abdominal
and epigastric pain, pruritus, and, less commonly, vomiting, nausea, headache,
dizziness, cough, liver enlargement, or altered liver function. After a triple dose,
reversible increase of liver enzymes in serum and obstructive jaundice were
reported [73, 82]. Neither genotoxicity nor embryocidal or teratogenic effects
have been reported [82]. TCBZ is not registered for pediatric use and there is no
experience in children younger than six years [92].

Evidences of resistance against TCBZ have been observed in livestock infected
with F. hepatica [93, 94]. Resistance has been associated with enhanced tubulin
organization after treatment and reduced surface disruption [95, 96]. It has
been shown that F. hepatica-resistant isolates develop higher ability than sus-
ceptible isolates to transform TCBZ⋅SO, the most active metabolite of TCBZ, to
TCBZ⋅SO2, that is relatively inert [97, 98]. Moreover, mutations in the β-tubulin
molecule appear to lead to resistance, as previously described in nematodes.
These mutations would affect the drug-binding site and consist in substitutions
at position 200 (phenylalanine-tyrosine) or 198 (glutamic acid-alanine) [79].
Overexpression of stress-related proteins induced in resistant isolates could be
also involved in resistance [87]. In humans, several cases of resistance to TCBZ
have been proved. A 46-year-old Korean woman displayed an allergic reaction
to PZQ. Alternative treatment with TCBZ did not resolve the infection. Cure
was finally achieved with PZQ followed by rapid desensitization [99]. Similar
cases of resistance to TCBZ were reported in a Netherlander sheep farmer, a
Turkish child, and also in a group of seven patients who became infected in Peru
by ingesting watercress [100, 101]. However, it is suspected that more cases may
exist, especially in endemic areas [102].

11.5.3 Tribendimidine

TBDD is currently emerging as a promising broad-spectrum anthelminthic and
may constitute an alternative to PZQ, especially in the treatment of clonorchi-
asis and opisthorchiasis. Efficacy of TBDD against these infections is similar to



302 11 New Insights into the Treatment of Foodborne Trematode Infections

that of PZQ but shows less adverse effects. TBDD was first synthesized at the
National Institute of Parasitic Diseases in Shanghai (PR China). In 1983, Chinese
scientists synthesized amidantel and its derivatives, including TBDD, to further
structure–activity relationships. Initially, TBDD was investigated against nema-
todes, but later it was also found to be effective against trematodes. Subsequently,
it was marketed in PR China as an oral anthelminthic of broad spectrum for
human use by Shaanxi Hanwang Chinese Medicine Co. Ltd.

TBDD is the generic name for N ,N-Di-[4-(1-dimethylaminoethylimine)
phenyl]-1,4-xylene imine (Figure 11.4). It forms a yellow column or crystalline
powder and is tasteless. TBDD is readily soluble in chloroform, although
less so in dimethylformamide and only marginally in anhydrous methanol,
methanol, and acetone. It does not dissolve in water and is not easy deliquesced
at air temperature. Pharmacokinetics after oral administration was initially
studied in animal models, although several studies have also been performed in
humans. TBDD is unstable and is quickly broken down to its primary metabolite
p-(1-dimethylamino ethylimino) aniline (dADT) that is further metabolized to
its acetylated form (adADT) and terephtaldehyde (TPAL), which is completely
oxidized into terephtalic acid (TPAC). dADT and adADT are present in human
plasma after oral administration, but TPAC is present in the urine [103, 104].
Only 40% of the original dose is recovered in urine, suggesting that other
metabolites are produced [103]. Xiao and coworkers [104] analyzed the pharma-
cokinetics of TBDD using single doses of 200, 400, and 600 mg. Independently
of the doses, time to maximum concentration (Tmax) and elimination half-life
were similar. In contrast, the Cmax of dADT and area under the concentration
time curve (AUC0–24) were enhanced proportionally to dose.

From all the known metabolites, TPAL and TPAC are pharmacologically inac-
tive, whereas dADT is highly active and adADT has marginal or no anthelminthic
activity [105]. In fact, curation of opithorchiasis has been associated with higher
dADT values of Cmax and AUC0–24 in cured than in uncured patients [106].
Recently, Vanobberghen and colleagues [107] studied the population pharma-
cokinetics of TBDD in patients infected with O. viverrini and compared the
200 mg with 50 mg enteric coating formulation. In general, values (i.e. Cmax
and half-life) were comparable with previous studies, but Tmax and AUC0–24
for dADT were higher than previously described. The 200 mg formulation had
a 40% higher mean transit adsorption time, a 113% higher dADT volume of
distribution, and a 364% higher adADT volume of distribution than the 50 mg
formulation.

The mechanism of action of TBDD has been studied using the Caenorhab-
ditis elegans model. However, this mechanism is scarcely known and seems to
vary depending on the host species [108]. TBDD produces depolarization antag-
onized by the nicotinic antagonist of mecamylamine and is an agonist of muscle
nAChRs [109]. In fact, TBDD causes reduction in egg laying, lost motility, body
damage, and developmental arrest as with other cholinesterase inhibitors such as
levamisole. Several C. elegans have been found to be simultaneously resistant to
both TBDD and levamisole [110]. Despite these facts, there are several data sug-
gesting that TBDD does not behave as do other cholinesterase inhibitors. TBDD
paralyzes worms more rapidly and, moreover, several C. elegans mutants sensitive
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to other cholinesterase inhibitors are resistant to TBDD [110]. However, this may
be related to the nAChR subtype selectivity of TBDD. TBDD can activate a dif-
ferent population of parasite nAChRs than do other cholinesterase inhibitors.
TBDD is more selective for the B-subtype than for the L-subtype of nAChR as
levamisole [109].

In animal models, TBDD has an efficacy similar to that of PZQ against
trematodes. In C. sinensis-infected rats and hamsters, single doses of 150 and
100 mg/kg, respectively, induced worm burden reductions of 98% and 100%
[105]. In humans, the standard dose is 200 mg for children aged 5–14 years and
400 mg for adults older than 15 years [111]. In patients infected with C. sinensis, a
cure rate of 44% was achieved using a single dose of 400 mg. The values increased
to 58% using the same dose for three consecutive days, which is similar to results
obtained with PZQ using the same schedule [61]. A recent study showed that
effectiveness of TBDD against human infections with O. viverrini might depend
on the dose, e.g. doses of 100, 200, and 400 mg [112].

Adverse effects are mild and transient and include vertigo, headache, nausea,
and fatigue [112]. Toxicity of TBDD has been studied in animals. The acute
median lethal dose (LD50) of oral TBDD in mice and rats were found to be
950± 207 and 2001± 79 mg/kg, respectively. At long term, no death of rats and
no side effects were observed using doses lower than 200 mg/kg after 14 days
of daily treatment [113]. Using daily doses of higher than 500 mg/kg, about 26%
of rats died and liver damage was observed [113]. In beagle dogs, salivation and
vomiting were observed from the fifth day of treatment using daily doses of 60
and 120 mg/kg. Histopathological studies have shown that TBDD targets the
digestive system and the major changes are intestinal congestion, desquamation
of epithelial cells, and swelling of hepatic cells. However, these anomalies become
resolved at one month posttreatment [114].

11.5.4 Other Drugs

A historical review of the literature shows that a large number of drugs against
FBT have been investigated and/or used. Most of them have been abandoned
mainly in relation to their side effects and/or low efficacy. Herein, we briefly
review the characteristics of the most relevant of these drugs.

Albendazole or mebendazole, benzimidazole derivatives, has been used for
treatment of different FBT infections. In the case of opisthorchiasis, doses
of 400 mg/kg of albendazole twice a day for three days yielded cure rates of
12–33% and egg release reduction of about 95% [115]. Daily doses of 10 mg/kg
for three and seven days reported cure rates of 40% and 100%, respectively, in
patients infected with C. sinensis [116]. Mebendazole has been used against
fascioliasis, opisthorciasis, and echinostomiasis. A single patient of fascioliasis
was treated with 4 g/d for three weeks, achieving complete cure [117]. A cure
rate of 94% of opisthorchiasis was yielded using 30 mg/d for three to four weeks
[118]. Regarding echnostomiasis, 50 patients infected with E. fujianensis were
given tablets of either 40 or 800 mg of mebendazole with cure rates of 71%
and 85%, respectively [119]. Mebendazole has no effect against Paragonimus or
Fasciolopsis [72].
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Bithionol, a halogenated phenol derivative, was the drug of choice against fas-
cioliasis for almost three decades in the last century. The recommended doses
were 30–50 mg/kg daily, divided in three doses for 20–30 days, although a second
round could be required. However, bithionol is toxic and numerous side effects
may appear [20]. Before bithionol, the drug of choice against F. hepatica was
dehydroemetine or the related compound emetine, which showed a 93% cure
rate [120]. The main drawback of this drug was its toxicity, including cardiac
side effects such as hypertension [121]. Chloroquine, an aminoquinoline deriva-
tive, was also used against fascioliasis. This drug significantly decreased clinical
symptoms when used in the acute phase of the disease. In the dissolved Soviet
Union and PR China, a xylol derivative, hexachloro-para-xylol, also was used
[20]. Nitanoxazide, the prototype member of the thiazolides, has shown to have
effects against F. hepatica [122, 123].

11.6 Natural Products and Drug Discovery against
Foodborne Trematodes

The small number of available effective drugs against foodborne trematodiasis,
together with the recent appearance of drug resistance and the unavailability
of vaccines, urges the discovery and development of new trematocidal drugs to
fight these infections [124, 125]. Motivated by the World Health Organization to
ensure safety, efficacy, and quality of herb-derived traditional medicines, a num-
ber of studies have arisen exploring the trematocidal potential of plant-derived
products, mainly in the last decade (Table 11.1). Despite the increasing number
of papers in this field, results are still poorly conclusive due to the vast hetero-
geneity across studies, regarding parasite species, plant extracts, and the way in
which wormicidal effect is evaluated. In this section, current studies on tremato-
cidal activity of natural products are reviewed, and used to illustrate the screening
strategies and animal models that are being used to discover and develop new
drugs with suitable properties for the control of foodborne trematodiasis.

In vitro, whole parasite screens are still the basis of trematocidal drug discov-
ery. Main laboratory models for testing anti-FBT drugs involve the liver flukes
F. hepatica and F. gigantica, and the intestinal species F. buski and E. caproni
[159]. However, the scarcity, even lack, of studies with other important groups
such as liver trematodes belonging to the family Opistorchiidae or lung flukes
of genus Paragonimus is noticeable. In vitro studies with parasites in culture
are predominant, and are usually performed either on adult worms or newly
excysted juveniles (NEJs) (Table 11.1). Panic and coworkers [160] stated that
NEJs are suitable stages for in vivo drug testing, as they mirror the results that
several drugs have against adult specimens. The use of NEJs allows reducing the
use of laboratory animals and improving the extent and affordability of in vitro
screening studies. However, species-specific and/or drug-specific differences in
stage sensibility cannot be denied. An ideal trematocidal drug should be active
against all the developmental stages that grow inside the vertebrate host [124].
Hence, it is highly recommendable to confirm the effectiveness against adult
specimens before proceeding with further studies [159].



Table 11.1 In vitro and in vivo natural product screening: laboratory models, natural products, and methods for assay evaluation.

In vivo assays

Trematode sp. (stage) [Ref] Plant/natural product Product Active compound(s) Evaluation of assay

Liver foodborne trematodes
Fasciola hepatica (newly
excysted juveniles [NEJs])
[126]

Cartaegus mexicana,
Eriobotrya japonica,
Ternstroemia pringlei,
Tilia mexicana
Coffea arabica

Chloroform, methanol, or
water extracts of dried
plant material
(nonspecified)

Infusion of ground toasted
grains

Non-defined Worm motility and
viability over time

F. hepatica (adults) [127] Cocos nucifera Chloroform extract Non-defined Worm viability; light
microscopy

F. hepatica (adults)
[128, 129]

Artemisia annua,
Artemisia abisithium,
Asiminia triloba

Ethanolic extracts of leaves Artemisinin; acetogenins
(asimicin and
bullatacin)PChA

Worm viability over time

F. hepatica (adults) [129] Achillea millefolium,
A. absinthium, Artemisia
mexicana, Castela
tortuosa, Chemopodium
graveolens, Gymnosperma
glutinosum, Justicia
spicigera, Limpia
critridora, Mentha
piperita, Populus alba,
Thymus vulgaris

Hexane extracts of leaves,
flowers, and stems

Non-defined Worm viability

(Continued)
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Trematode sp. (stage) [Ref] Plant/natural product Product Active compound(s) Evaluation of assay

F. hepatica (adults) [130] Garcinia mangostana Mangostin (commercial
product)

Mangostin (xanthone
derivative)

Worm viability

F. hepatica (adults) [131] Hagenia abyssinica Sequential extracts of
crude female flowers with
n-haptane, methanol, and
water

Nonpolar kosinsPChA Worm viability over time

F. hepatica (NEJs) [94] A. mexicana, Bocconia
frutescens, Cajannus cajan,
Lantana camara, Piper
auritum

Sequential extracts of
dried leaves with hexane,
ethyl acetate, and
methanol

Non-defined Worm motility and
viability over time;
light microscopy

F. hepatica (NEJs and
adults) [132]

Lycium chinense 7-keto-sempervirol
isolated from the root

7-keto-sempervirol Motility and morphology
of NEJs; worm viability
addressed (helminth
fluorescent bioassay);
scanning electron
microscopy (SEM)

Fasciola gigantica (adults)
[133]

Buchholzia coriaceae,
Gynandropsis gynandra

Sequential extract of leaves
and stem, separately, in
hexane and methanol

Non-defined Worm motility and
viability

F. gigantica (adults) [134] Propolis Propolis (exudates from
plants mixed with
beeswax)

Non-defined SEM

F. gigantica (NEJs and
adults) [135]

Atrocarpus lakoocha Crude extract 2,4,3′,5′-Tethrahydroxy
stilbenePChA

Relative motility; light
microscopy (tegument)
and SEM

F. gigantica (adults) [136] Allium sativum, Piper
longum

Essential oils Non-defined Worm motility
(spontaneous muscular
activity)



F. gigantica (adults)
[137, 138]

Commiphora molmol Myrrh (oleo-gum resin
from the stem)
Mirazid® (pharmaceutical
preparation from myrrh)

Non-defined Light microscopy
(tegument) and SEM

F. gigantica (adults) [139] Dregea volubilis Methanolic extract of
dried leaves

Non-defined Worm motility and
viability; SEM

F. gigantica (NEJs and
adults) [140]

Plumbago spp. Plumbagin (extractable
from the root of Plumbago
spp.)

Plumbagin
(5-hydroxy-2-methyl-1,
4-naphtoquinone)

Worm motility and
viability; SEM

F. gigantica (adults) [141] Conyza canadensis,
Cymbopogon jwarancusa

Crude methanolic extract Non-defined Worm viability over time

Clonorchis sinensis
(adults) [131]

H. abyssinica Sequential extracts of
crude female flowers with
n-haptane, methanol and
water

Nonpolar kosinsPChA Worm viability over time

Intestinal foodborne trematodes
Fasciolopsis buski (adults)
[142–145]

Flemingia vestita Alcoholic extract of fresh
root-tuber peel; Genistein
(4′,5,7-hydroxyisoflavone)

Genistein
(4′,5,7-hydroxyisoflavone)

Worm motility and
viability; SEM;
biochemical assays; others

F. buski (adults) [146] Cannabis sativa Crude extract of leaves Non-defined Worm motility and
viability; SEM

F. buski (adults)
[147–150]

Alpinia nigra Ethanolic shoot extract;
astragalin

Astragalin (flavone
glycoside); Others? (i.e.
kaempfarol-3-o-glucoronide,
β-pinene, α-pinene)PChA

Worm motility and
viability; SEM
Transmission electron
microscopy (TEM)
(tegument and
gastrodermis);
biochemical assays; others

(Continued)



Table 11.1 (Continued)

Trematode sp. (stage) [Ref] Plant/natural product Product Active compound(s) Evaluation of assay

F. buski (adults) [151] Lysimachia ramosa Ethanolic extract of dried
leaves

Non-defined Worm motility and
viability; SEM

F. buski (adults) [149] Potentilla fulgens
Carex baccanus

Ethanolic extracts of dried
root peel
Ethanolic extracts of dried
root-tuber

Non-defined Worm motility and
viability; biochemical
assays; others

Echinostoma caproni
(adults) [127]

C. nucifera Chloroform extract Non-defined Worm viability; light
microscopy

E. caproni (adults) [128] A. annua, A. abisithium,
A. triloba

Ethanolic extracts of leaves Artemisinin, acetogenins
(asimicin and
bullatacin)PChA

Worm viability over time

E. caproni (adults) [130] G. mangostana Mangostin Mangostin (xanthone
derivative)

Worm viability

E. caproni (adults) [152] A total of 27 medical
plants used in Côte d’Ivoire
against parasitic diseases

A total of 36 ethanolic
extracts from roots, leaves,
stem bark, or whole plant

Non-defined Worm viability

E. caproni (adults) [131] H. abyssinica Sequential extracts of
crude female flowers with
n-haptane, methanol, and
water

Nonpolar kosinsPChA;
non-defined polar
compounds

Worm viability over time



In vivo assays

Trematode sp. (host) Plant Product Active compound(s) Evaluation of assay

Liver foodborne trematodes
F. gigantica (goat) [153] Albizia anthelmintica

Balanites aegyptiaca
Stem bark, water extract;
Fruit mesocarp, water
extract

Non-defined Worm burden reduction;
eggs per gram of feces (EPG),
pathology, hematology

F. gigantica (rabbit) [154] C. molmol Mirazid® Non-defined Worm burden reduction;
EPG; antibody response

F. hepatica (rat) [155] C. molmol Mirazid® Non-defined SEM; TEM (tegument and
gastrodermis)

Opistorchis viverrini
(hamster) [156]

G. mangostana Methanolic extract of
pericarp

Mangostin Worm burdennsd; adult
morphometry; worm
fecundity

Intestinal foodborne trematodes
E. caproni (mouse) [127] Allium cepa Polyethylene

glycol/propylene
carbonate extracts

Non-defined Worm burden reduction

E. caproni (mouse) [130] G. mangostana Mangostin; Mangostin
diacetate

Mangostin (xanthone
derivative)

Worm burden reduction

E. caproni (mouse) [157] A. sativum Paste of dried cloves Non-defined Worm burdennsd; EPGnsd;
SEM; TEM (tegument);
protein secretion in culture;
differences in secreted
proteins

Pygidiopsis genata (−) [158] C. molmol Mirazid® Non-defined Worm burden reduction;
SEM

PCh: based on phytochemical analysis; nsd: nonstatistical differences.
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In the absence of suitable high-throughput molecular-based screens, one of the
foremost advantages of in vitro studies is that they allow for rapid screening of
potentially active compounds. Most of these studies evaluate drug efficacy based
on worm viability, although there is an increasing tendency to assay evaluation
by scanning electron microscopy and transmission electron microscopy of the
tegument and gastrodermis, the two main routes for drug entry (Table 11.1).
These phenotypic screens are useful methods to test the direct trematocidal
effect of potential drugs, although they do not provide any information regarding
the mechanism of action nor the molecular targets of drugs. Only a few studies
have gone further to preliminarily investigate potential molecular targets,
following two different strategies: (i) biochemical assays of metabolic enzymes
[148, 149] and (ii) comparative proteomics [157]. In any case, molecular-based
approaches are still very scarce and the publication of draft genomes of model
FBTs (e.g. F. hepatica and E. caproni) has not prompted them in the magnitude
it was expected [159]. Not only the cellular targets but also the speed of action
should be considered when evaluating the activity of trematocidal compounds
[161]. Vera-Montenegro and coworkers [126] found high efficacy (over 90%) of
different plant extracts against F. hepatica, although it took three days of culture
in vitro. The rapid action of a trematocidal drug is desirable, because it facilitates
the development of easily administrable, single-dose formulations, and an easy
dosage is crucial for implementing cost-effective control programs [124].

Because of the features discussed, presently, in vitro studies appear as the
prevailing strategy for preliminary, large-scale screening of potentially active
molecules and plant extracts [126, 129, 152]. However, in vivo studies in animal
models are required to evaluate drug bioavailability, pharmacokinetics, and
toxicity to determine if a compound is worth being considered for in-depth
investment in medicinal chemistry and pharmacology [162]. A number of
plant-derived products that have demonstrated trematocidal effect in vitro have
failed to function in vivo [127, 129, 130, 152]. For instance, 36 plant extracts
with lethal activity were identified on E. caproni in vitro, although none of them
showed effect in vivo [152]. Likewise, active principle mangostin, a xanthone
derivative from the pericarp and fruit of Gracinia mangostana, was effective
against F. hepatica in vitro, but not in vivo [130]. In vivo trials with plant-derived
products are scarce and display huge variability in terms of dosage. These are
based on animal models and, similar to in vitro studies, the majority of them
are performed using complex plant extracts; and assay evaluation consists
mostly in worm burden reduction and electron microscopy of recovered worms
(Table 11.1).

Regarding the nature and composition of the plant-based products employed,
a wide heterogeneity is also noticeable across studies. Most of the studies employ
plant extracts, consisting of complex mixtures of compounds, which makes it
difficult to identify the active principle(s). Moreover, a number of variables,
e.g. seasonal and environmental conditions, protocols of collection and storage
of plant material, extraction procedures, or solvent properties may affect the
composition of the final product and its content in active principle(s) [163].
Thomsen and coworkers [131] found differences in anthelmintic activity of
Hagenia abyssinica female flower extracts depending on the polarity of the
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solvent. Similarly, different extracts of Cocos nucifera showed different efficacies
against E. caproni and F. hepatica [127]. The other common shortcoming is
that the bioavailability of the active compound in the host is not always directly
related to the concentration in the plant [163], which may explain the eventual
inconsistency between in vitro and in vivo studies.

Some studies achieve to infer the active compound(s) in plant extracts based on
phytochemical analysis, although only a few have tested the isolated active princi-
ples (Table 11.1) [94, 128, 131, 135]. Activity against FBTs have been attributed to
some definite, plant-isolated molecules of different chemical nature (Table 11.1).
The naphtoquinone plumbagin, from Plumbago spp., and 7-keto-sempervirol,
a diterpenoid from Lycium chinense, have been shown to be active against
F. hepatica NEJs and adults in vitro [132, 140]. The flavone derivatives genistein
and astragalin, isolated from Flemingia vestita and Alpinia nigra, respectively,
showed in vitro activity against F. buski [145, 150]. Leaving out studies with
synthetic and semisynthetic artemisinins [164], the xanthone derivative man-
gostin is the unique plant-derived active compound that, to our knowledge,
has been tested in vivo against FBTs till date. Mangostin and mangostin diac-
etate caused up to 54% worm burden reduction in E. caproni-infected mice
[130]. In contrast, nonsignificant worm burden reductions have been observed
against liver trematodes F. hepatica and O. viverrini, although impairment of
worm development and fecundity has been reported in O. viverrini [130, 156].
A desirable characteristic of trematocidal drugs is displaying a wide spectrum,
i.e. being active against the major human trematode species [124]. Therefore,
studies in this field should test potentially active compounds against different
groups of trematodes with different niches inside the host.

Although elucidating the active compound(s) in complex plant preparations
appears crucial to rational design of plant-derived drugs, in some cases, the
anthelminthic effect of an extract may be due to the synergistic action of several
compounds in the mixture. Myrrh, an aromatic oleo gum resin obtained from
the stem of the Commiphora molmol tree, is the base of Mirazid®, a trematocidal
drug marketed in Egypt since 2001 [165]. Myrrh is composed of polysaccharides,
proteins, and volatile oil-containing steroids, sterols, and terpenes. Although
its mechanism of action is poorly understood, a number of studies support
the activity of Mirazid, both experimentally and clinically [166]. Effectiveness
of Mirazid have been reported against liver (F. hepatica and D. dendriticum)
and intestinal (H. heterophyes) FBTs in humans [167–177]. Nevertheless, other
studies are questioning the effectiveness of this drug [165, 178].

In summary, research on potential anti-FBT drugs is remarkably sparse
and underscores the neglected situation of these infections, which affect over
40 million people worldwide, with around 750 million individuals at risk [68].
Advances in chemotherapy and chemotherapy-based control of foodborne
trematodiasis are normally behind the progression done with schistosomiasis.
Studies exploring new potential active compounds are still very scarce, although
a tendency to evaluate traditional, plant-based products is gaining in popularity.
Nevertheless, those studies are still preliminary and, in the best-case scenario,
far off from leading to a new drug in the near future. Furthermore, current
studies consist in low-scale phenotypic screens rather than in mechanism-based
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models that enable high-throughput screening with simple readouts, and huge
heterogeneity exists across studies. In this scenario, drug repurposing has
supplied the emptiness of the drug discovery pipeline against FBTs [125]. Pre-
clinical studies with artemisinins, synthetic peroxides, and tribendimidine are in
progress and appear as the nearest alternative to fight resistance development
against currently in-use drugs.
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12.1 Etiology and Epidemiology

Mycobacterium ulcerans is the causative agent of the neglected tropical skin
disease Buruli ulcer (BU) [1]. BU occurs mainly in Central and West Africa,
but the disease has also been reported from Australia/Oceania, Asia, and the
Americas [2]. M. ulcerans has evolved from the ubiquitous waterborne organism
Mycobacterium marinum by acquisition of a virulence plasmid [2, 3] encoding
the enzymes required for the production of a polyketide-derived macrolide
toxin, designated mycolactone [4]. M. marinum infects fish and amphibians
and only occasionally causes granulomatous, self-limiting skin lesions in
humans, indicating that the ability to produce mycolactone was a first step in
the emergence of M. ulcerans as an infectious agent of increased virulence for
humans. Genome reduction indicates that M. ulcerans is further adapting to a
more stable ecological niche [5]. Two lineages have been distinguished among
M. ulcerans strains isolated from human BU lesions [6]. The ancestral lineage
found in patients from Asia, South America, and Mexico is associated with
only sporadic disease cases in humans. The classical lineage is found in Africa
and Australia, where local incidence rates can be >1/1000 per year. While the
genomic diversity within disease isolates from different African countries is
very limited, the Australian strains represent a distinct classical sub-lineage.
The mode of transmission of M. ulcerans has not been fully elucidated so far
[7, 8]. Direct human-to-human transmission seems to be rare. Occurrence of
the disease is associated with slow-flowing and stagnant water bodies, and it
is assumed that infection may derive from an environmental reservoir through
trauma of the skin or insect bites. In Africa, the majority of patients with BU
are children. The population age-adjusted prevalence shows a biphasic pattern,
with the lowest prevalence in the <4-year-olds, and peak prevalences in the 12
to 14 age group and in the >50-year-olds [9]. In contrast, the median age of
Australian patient cohorts from Queensland and Victoria is much higher (45 and
61 years, respectively) [10, 11]. Many individuals living in BU-endemic regions

Neglected Tropical Diseases: Drug Discovery and Development, First Edition.
Edited by David C. Swinney and Michael P. Pollastri.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.



328 12 Buruli Ulcer

and exposed to M. ulcerans seem to seroconvert and do not develop clinical
disease [12–14].

BU is characterized by indolent necrotizing skin lesions. M. ulcerans grows
optimally at temperatures below the core body temperature, favoring infection
of the skin. Mycolactone is the key factor in the pathogenesis of BU [4]. The
toxin causes increased expression of the proapoptotic regulator Bim, driving
the exposed mammalian cells into apoptosis [15]. At low concentrations, myco-
lactone affects many functions of tissue-resident macrophages and monocytes
[16–18] and suppresses dendritic cell maturation [19–21]. Most BU lesions are
located at the limbs; skin manifestations range from non-ulcerative (papules,
nodules, plaques, edema) to ulcerative forms [22]. In established BU lesions,
extracellular clusters of M. ulcerans are found in completely necrotic subcuta-
neous tissue [23]. However, in the early phase of the infection, there may be an
intra-macrophage growth phase [24]. The necrotic core of early BU lesions is
surrounded by a belt of infiltrating leukocytes, which seem to be unable to reach
the extracellular bacteria surrounded by a protective cloud of mycolactone [25].

12.2 Current Treatments

While surgical excision has been the only treatment recommended for BU tradi-
tionally, the World Health Organization (WHO) published in 2004 a provisional
guidance recommending a combination therapy of rifampicin (RIF) and strepto-
mycin (STR) with daily applications for a period of eight weeks [26]. The current
recommendation for treatment of BU in the WHO Guidance for Healthworkers
is [27] as follows:
• Standard antibiotic treatment: Rifampicin at 10 mg/kg body weight by mouth

daily for eight weeks and streptomycin at 15 mg/kg body weight by intramus-
cular injection daily for eight weeks (contraindicated in pregnancy).

• Antibiotic treatment for pregnant women: A pregnant patient in Benin was
successfully treated with a combination of rifampicin and clarithromycin
[28]. There were subsequently other reports of successful treatment with this
combination. The recommendation, based on expert opinion, is therefore,
rifampicin at 10 mg/kg body weight by mouth daily for eight weeks and
clarithromycin at 7.5 mg/kg body weight by mouth twice daily for eight weeks.
The extended-release formulation of clarithromycin may be used at 15 mg/kg
body weight once daily, although it has yet to be tested.

• Antibiotic treatment used in Australia [29–31] and French Guiana [32]: The
recommended treatment, based on vast clinical practice, is rifampicin at
10 mg/kg body weight by mouth daily for eight weeks and clarithromycin
at 7.5 mg/kg body weight by mouth twice daily for eight weeks, or rifampicin at
10 mg/kg body weight by mouth once daily for eight weeks and moxifloxacin
at 400 mg by mouth once daily for eight weeks (for adults only) [33].
Results of a randomized controlled trial with rifampicin and clarithromycin in

Africa are expected to become available in 2019 and based on the results, it will
most likely be recommended that STR be replaced by clarithromycin as standard
therapy.
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12.3 Unmet Needs

While the currently recommended standard combination therapy with RIF and
STR for eight weeks [26, 27] is highly effective, there are several drawbacks asso-
ciated with this relatively long and intense treatment. For the injection of STR,
patients need to seek help in health care facilities; and injections are generally
more prone to entail blood-borne infections. Furthermore, in particular, STR
has strong side effects, including ototoxicity and nephrotoxicity [34, 35]. There-
fore, STR is replaced by either clarithromycin or moxifloxacin in the treatment
guidelines for Australia and French Guiana [27, 36]. Also, for African endemic
countries, the WHO Technical Advisory Group for BU recently recommended
that STR be replaced by clarithromycin and the switch be made to this fully oral
treatment with fewer side effects.

RIF is the most effective bactericidal drug against M. ulcerans [37, 38], and there
is currently no replacement in case RIF-resistant M. ulcerans strains emerge.
Molecular assays for the detection of drug resistance mutations in the rpoB gene
have been developed [39], but RIF-resistant clinical isolates with mutations in the
rpoB gene have not been described so far. However, resistant strains have been
isolated after RIF monotherapy in experimentally treated mice [40], and a study
with 70 M. ulcerans isolates from Ghana revealed in 12 strains phenotypic resis-
tance to RIF at a concentration of 40 μg/ml [41]. While the potential impact of
RIF resistance on treatment success and the current level of RIF resistance among
strains circulating in BU-endemic regions are unknown, it would in any case be
desirable to have alternatives to RIF treatment in patients experiencing adverse
effects such as hepatotoxicity or hypersensitivity reactions.

As with other mycobacterial diseases, there is a need for the development of
novel, fast-acting, affordable antimycobacterial drugs with high potency, making
shorter antibiotic treatment regimens possible. The new medication should be
highly effective without severe side effects and should, in particular, be suitable
for pediatric patients, since most patients with BU worldwide are children in the
BU-endemic regions in Africa.

12.4 Diagnostics

Since no effective BU vaccine is available and transmission of M. ulcerans is
not well understood, early case detection and rapid initiation of treatment
are currently the key elements of BU control. BU can present in a variety of
clinical manifestations, complicating the clinical diagnosis. The differential
diagnosis of skin conditions with similar manifestations is broad [1, 42] and
misclassification of clinically suspected cases is therefore not uncommon.
Laboratory tests routinely used for diagnosis of BU include the microscopic
detection of acid-fast bacilli (AFB) in stained smears from clinical specimens and
detection of the M. ulcerans–specific insertion sequence (IS) element IS2404 by
PCR [43]. Also, histopathological analysis of sections from the affected tissue,
revealing characteristic hallmarks of BU pathogenesis, can support diagnosis.
Since M. ulcerans grows extremely slowly, primary cultivation of the bacteria
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is only suitable for retrospective reconfirmation of clinical diagnosis. Of the
established diagnostic methods, IS2404 PCR is the most sensitive and specific,
if performed under strict quality control [44, 45]. In comparison, the sensitivity
of microscopic detection of acid-fast bacilli, the only diagnostic test that can
be currently performed at the hospital level, is low. However, PCR requires
sophisticated laboratory infrastructure and well-trained personnel and is, in
resource-poor settings, usually only available at reference centers located far
away from the rural BU-endemic areas of Africa. Therefore, the diagnosis of BU
is often based on clinical judgment only and great efforts are made to develop a
simple and rapid point-of-care diagnostic test for BU.

12.5 Discovery Models

12.5.1 In Vitro Test Formats

In general, laboratory work with M. ulcerans is challenging. First of all, with a
generation time of two to four days, M. ulcerans is an extremely slow-growing
mycobacterium, even when compared to M. tuberculosis, which has a doubling
time of around 24 hours. Furthermore, M. ulcerans produces biofilms and its
clumpy growth generates problems when it comes to the quantification of the
bacteria, affecting the overall reproducibility of experiments. Methods to reduce
the level of aggregation have been described [46, 47], but use of aggregated cul-
tures may better reflect the situation in the host tissue, where bacteria are typi-
cally found in clusters [23].

Determination of minimum inhibitory concentrations (MICs) is considered the
“gold standard” for the assessment of the susceptibility of microbes to antimi-
crobial agents and is often used to also evaluate the performance of other sus-
ceptibility testing methods. The MIC is defined as the lowest concentration of
an antimicrobial that will inhibit the growth of an organism. Two different in
vitro test formats are most commonly used for M. ulcerans: the agar dilution and
the broth dilution method. In the agar dilution method, different concentrations
of the antimicrobial substance are added to a nutrient agar medium followed
by inoculation of the surface of the agar plate with a standardized number of
cells. For the broth dilution method, bacteria are inoculated into a liquid growth
medium in the presence of different concentrations of the antimicrobial agent.
For this method, 96-well microtiter plates are commonly used. Bacterial growth
is assessed after incubation for a defined period of time. For a first evaluation
of the activity of new compounds, dilution steps down from 0.1 mg/ml are suit-
able. For MIC determinations, usually analyses with twofold dilution steps are
accepted. The most common readouts are the determination of the number of
colony-forming units (CFUs) on agar plates or the measurement of the metabolic
activity of the bacterial suspension in growth medium.

CFU counting allows for the determination of the number of live bacterial cells
(rather, of cell clusters in the case of M. ulcerans) that can give rise to bacterial
colonies. Bacteria are either preincubated in liquid medium containing different
concentrations of compound and plated out after different times of incubation or



12.5 Discovery Models 331

plated directly onto both drug-free and drug-containing mycobacterial agar, such
as 7H10 or 7H11. In the case of M. ulcerans, plates have to be subsequently incu-
bated at permissive temperature (28–32 ∘C) for several months, which is raising
issues with respect to compound stability. First M. ulcerans colonies can be found
after about two months, but CFU counts may further increase after prolonged
incubation. The required long incubation periods make CFU counting unsuitable
for series of sequential tests, where new experiments are guided by the results of
previous analyses.

The metabolic activity of M. ulcerans bacteria is most commonly analyzed in
a 96-well plate format using the redox-sensitive reagent resazurin. After incu-
bation of M. ulcerans with the serially diluted antimicrobial in growth medium
for different times, resazurin is added, which is reduced by metabolically active
cells into fluorescent resorufin. For M. ulcerans, determination of the metabolic
activity with either wild-type bacteria or luminescent/GFP-tagged transfectants
[48–50] is more practical than CFU counting, since various conditions can be
tested within a shorter time period. However, since inhibition of the metabolic
activity does not necessarily reflect bacterial death, this method cannot distin-
guish between bactericidal and bacteriostatic effects.

Also, agar disk-diffusion testing is used for antimicrobial susceptibility test-
ing. Here, agar plates are inoculated with a standardized inoculum of the test
microorganism and filter paper disks containing different concentrations of the
test compound are placed on the agar surface. The antimicrobial agent diffuses
into the agar and the formation of a clear inhibition zone around the filter paper
suggests that the compound has bactericidal activity. The determination of the
diameters of the inhibition growth zones yields qualitative results that are used
to categorize microorganisms as susceptible, intermediate, or resistant. However,
without the availability of stored algorithms, the method is not suitable to deter-
mine MIC values. For new compounds, the rate of diffusion into the agar is not
known, and in the case of M. ulcerans, compound stability is also a major issue
in view of the required long incubation periods.

12.5.2 In Vivo Testing

A range of host organisms, including reptiles (anole lizard [51, 52]) and mammals
(armadillos [53], grass cutters [54], guinea pigs [55–57], mice, pigs [58, 59],
and monkeys [60]) have been used for experimental infection studies with
M. ulcerans. For in vivo drug testing, the mouse footpad infection model is most
commonly used. Clinical testing of the efficacy of the RIF/STR combination
treatment was encouraged by mouse footpad model studies [61–63], indicating
that positive results in this model have predictive value for the human situation.
Different experimental details, including different mouse and M. ulcerans strains,
inoculation doses, and intervals between inoculation and start of treatment,
have been used to test a broad range of compounds in the mouse model.

Progression of the infection and effectiveness of treatments are most
commonly assessed by measuring footpad thickness. Also, recombinant bio-
luminescent M. ulcerans strains expressing luxAB from Vibrio harveyi that
produce light by a luciferase-catalyzed reaction [64, 65] have been used for the
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real-time evaluation of treatment efficacy in vivo [66]. A good correlation was
found between the CFU counts and the measured luminescence in infected
mouse footpads, suggesting that the produced bioluminescence represents a ver-
satile marker for the detection of viable bacteria [66, 67]. Recently, optimized M.
ulcerans strains expressing the entire luxCDABE operon were engineered. These
recombinant strains are autoluminescent and do not require the addition of an
exogenous substrate; they were successfully used to perform serial, noninvasive
assessments of drug activities in live mice [68]. Ex vivo, the bacterial burden
in footpads of the sacrificed animal has been analyzed by qPCR and by plating
lysates to determine the number of CFUs. Also, histopathological analysis can
give insights into treatment efficacy [15].

12.6 Testing of Compounds for Activity Against
M. ulcerans

12.6.1 Preclinical Profiling of Currently Recommended Antibiotic
Treatment Regimens for BU

That RIF has in vitro activity against M. ulcerans was shown in 1975 [69, 70].
Nevertheless, the combination treatment with RIF and STR was introduced only
in 2004. Clinicians who anecdotally tried antibiotic treatment before were most
likely discouraged by the apparent worsening of lesions during treatment, includ-
ing progressive ulceration of primary lesions and the occasional development of
new lesions before the onset of healing. In fact, >30% of patients enrolled in the
BURULICO antimicrobial trial showed at week 8 (end of antibiotic treatment)
an increase in lesion size as compared to week 6 [35]. Furthermore, 83% of
non-ulcerative lesions ulcerated after start of treatment and 7% of the patients
developed new lesions during or after treatment. While such paradoxical
responses were historically misinterpreted as failure to respond to antibiotic
treatment, mouse model studies (Table 12.1) strongly encouraged clinical
evaluation and introduction of antibiotic therapies with RIF in combination with
STR, clarithromycin, or moxifloxacin.

12.6.2 Repurposing of Tuberculosis Drug Candidates

For the identification of new scaffolds with activity against M. ulcerans, whole-
cell-based assays rather than target-based drug discovery approaches have been
used. In view of the major costs involved in drug discovery and development
[84], development of new drugs for BU is not achievable under market economy
conditions. However, drug repurposing [85], in particular that of new antibiotics
under development for the treatment of tuberculosis, may be a viable strat-
egy. Since repurposing is building on detailed information on pharmacology,
formulation, and safety generated by previous research and development efforts,
new candidate therapies could progress rapidly to efficacy testing for BU. As a
slow-growing mycobacterium closely related to the M. tuberculosis complex [86],
certain molecular drug targets may be conserved between M. tuberculosis and



Table 12.1 Preclinical profiling of antibiotics currently recommended for BU treatment (RIF, STR, clarithromycin, and moxifloxacin).

Publication In vitro activity In vivo activity in mouse models

Leach and Fenner 1954 [71] Sensitive to 1 μg/ml STR No effect of STR treatment of advanced lesions
Feldman and Karlson 1957 [72] Limited efficacy of STR
Stanford and Philips 1972 [63] Cure after 10 wk, but not after 4 wk of RIF treatment
Havel and Pattyn 1975 [69] MIC of RIF 5 μg/ml MED of RIF 10–15 mg/kg body weight/d
Krieg et al. 1979 [73] RIF treatment was more effective in combination with heat treatment
Portaels et al. 1998 [74] MIC of clarithromycin

0.125–2 μg/ml
Thangaraj et al. 2000 [75] MIC of RIF between 0.1

and 2 μg/ml
Dega et al. 2000 [61] Treatment with RIF, rifabutin, or amikacin 5 d a week was effective; treatment with

clarithromycin, minocycline, and sparfloxacin was not effective
Bentoucha et al. 2001 [76] With 4-wk treatment regimens, best results were obtained with a combination of

RIF and amikacin
Dega et al. 2002 [62] Twelve-week combination treatment with RIF and amikacin 5 d a week was curative

and superior to a combination of RIF with clarithromycin and sparfloxacin
Marsollier et al. 2003 [40] No relapses after treatment with a combination of RIF and amikacin. After RIF

monotherapy, relapse with strains with higher MIC for RIF

(Continued)



Table 12.1 (Continued)

Publication In vitro activity In vivo activity in mouse models

Ji et al. 2006 [37] MIC values:
moxifloxacin< STR<RIF

After 8 wk of treatment, footpads of mice treated with RIF and combinations of RIF
with STR, moxifloxacin, or amikacin were culture negative; taking into account the
cost, potential toxicity, and availability, the combination of RIF with moxifloxacin
was suggested for application in the field

Lefrancois et al. 2007 [77] Eight weeks, but not four weeks, of combination treatment with RIF and STR or
amikacin was curative

Ji et al. 2007 [38] Eight-week treatment with RIF alone or RIF plus STR, clarithromycin, or
moxifloxacin was sterilizing

Ji et al. 2008 [78] Eight-week combination treatment with RIF and clarithromycin, STR, or
moxifloxacin was sterilizing; the combination of moxifloxacin and clarithromycin
was not sterilizing

Ji et al. 2009 [79] No relapses after 8-wk daily treatment with a combination of RIF and STR, but not
after treatment for 5 d a week

Almeida et al. 2011 [80] Results suggest that an entirely oral daily treatment with rifapentin and
clarithromycin may be as effective as treatment with RIF and STR

Almeida et al. 2013 [81] Bactericidal activity of different combination treatment regimens with RIF or
rifapentin and STR did not predict sterilizing activity (relapse-free cure)

Converse et al. 2015 [82] No relapse after 6 wk of treatment with RIF and STR, 5% relapse with RIF and
clofazimine, 50% relapse with RIF and clarithromycin

Chauffour et al. 2016 [83] Sterilizing activity of twice per week combination treatment with rifapentin and
clarithromycin, STR, or bedaquiline
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Figure 12.1 M. tuberculosis active compounds of different development stages were tested on
M. ulcerans and MIC values for both pathogens were compared. Each compound is defined by
a coordinate (MIC for M. ulcerans versus MIC for M. tuberculosis) and the size of the dot
represents the number of compounds at a given coordinate. The gray triangle contains
compounds that are more active against M. ulcerans than against M. tuberculosis, while the
white triangle indicates the opposite. The four dots shown in red represent compounds which
have the same activity against both mycobacterial species. Figure adapted from Ref. [88].

M. ulcerans [87]. In a recent study comparing activities of a chemically diverse
set of 83 antimycobacterial agents against M. tuberculosis and M. ulcerans,
it was found that most M. tuberculosis active compounds (in different stages
of development) were inactive or only weakly active against M. ulcerans
(Figure 12.1) [88].

The pronounced resistance of M. ulcerans to many compounds may in part
be related to the highly hydrophobic extracellular matrix [89], but loss of
drug target structures due to genome reduction [5] may also play a role. No
correlation between different physicochemical properties (Clog P, molecular
weight, polar surface area, and ion class) of the compounds and the MIC values
measured for M. ulcerans was found. While compounds with high activity
against the M. tuberculosis complex are thus not necessarily suitable leads
for M. ulcerans drug development, imidazopyridine amide (IPA) compounds,
including the anti-tuberculosis drug candidate Q203 [90], targeting the respi-
ratory cytochrome bc1:aa3 (cyt-bc1:aa3), showed outstanding activity against
M. ulcerans [91]. Although the cyt-bc1:aa3 is the primary terminal oxidase in
M. tuberculosis, the presence of an alternate bd-type terminal oxidase limits the
sterilizing potency of IPA compounds. In contrast, M. ulcerans strains belonging
to the classical lineage found in Africa and Australia have lost, in the course
of reductive evolution, all alternate terminal electron acceptors. Since they,
therefore, rely exclusively on the cyt-bc1:aa3 to respire, some IPA derivatives are
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bactericidal at very low concentrations against M. ulcerans. Profiling of a series
of IPA compounds for activity against M. ulcerans has revealed comparable
structure–activity relationships for M. ulcerans and M. tuberculosis [91]. Q203
was the most active derivative with an outstanding MIC50 below 1 nM. While
Q203 is only bacteriostatic for M. tuberculosis, it is bactericidal for M. ulcerans.
The high in vitro activity of Q203 against M. ulcerans translated into high treat-
ment efficacy in the experimental BU mouse footpad infection model, where
an oral dose of 0.5 mg per kg body weight three times per week for four weeks
was highly curative [91]. M. ulcerans mutant selection experiments showed that
reversion to a functional cytochrome bd oxidase under Q203 pressure has a low
probability to be selected.

12.6.3 Compound Screening

A broad range of other antimicrobials has been tested for activity against
M. ulcerans, with a few showing promising properties (Table 12.2).

Recently, activity of avermectins against mycobacteria, including M. tuber-
culosis [102, 103], motivated testing against M. ulcerans. Avermectins are
16-membered macrocyclic lactones produced by Streptomyces avermitilis
that show potent anthelmintic and insecticidal activity and are inexpensive,
well-tolerated after oral/topical administration, and widely available. Some
avermectins, indeed, showed activities in the low micromolar range against
M. ulcerans [100, 101].

Patients in remote BU-endemic areas of Africa often first seek help from
traditional healers and herbalists [104], who apply herbal remedies prepared
from bark, roots, or leaves. The activity of extracts prepared from diverse
medicinal plants has been tested against M. ulcerans [105–111], but only very
few bioactive compounds with moderate activity have been identified so far
[112, 113]. Nevertheless, herbal household remedies may contribute to healing of
BU lesions [114].

12.7 Clinical Studies

Prior to the publication of the “Provisional guidance on the role of specific
antibiotics in the management of Mycobacterium ulcerans disease (Buruli ulcer)”
in 2004 [26], various treatment regimens have been evaluated anecdotally for BU
treatment without encouraging results. Controlled clinical trials in humans have
indicated that cotrimoxazole [115] and clofazimine [116] are both ineffective for
treating ulcerative lesions. Furthermore, only limited efficacy has been reported
for a RIF/dapsone combination treatment [117]. Encouraged by the efficacy of
treatments with RIF in combination with STR, clarithromycin, or moxifloxacin
in the mouse footpad model (Table 12.1), the WHO Advisory Group on BU
recommended in 2000 to study the efficacy of the RIF/STR combination in
humans. Etuaful et al. [118] treated patients with non-ulcerative BU lesions



Table 12.2 Selected results from the screening of diverse compound classes for activity against M. ulcerans

Publication In vitro activity In vivo activity in mouse models

Leach and Fenner 1954 [71] Resistant against isoniazid and thiosemicarbazone
Dega et al. 2000 [61] Minocycline, sparfloxacin, and clarithromycin not

effective compared to RIF, rifabutin, and amikacin
Thangaraj et al. 2000 [75] Sparfloxacin inhibited most isolates at 0.25 μg/ml; all isolates

were inhibited by amikacin and ciprofloxacin at 1 μg/ml and
by ofloxacin at 2 μg/ml

Bentoucha et al. 2001 [76] No or limited activity of azithromycin,
telitbromycin, sparfloxacin, and levofloxacin

Dhople 2001 [92] MIC between 0.012 and 0.025 μg/ml for the
benzoxacinorifamycin KRM-1648; synergy with ofloxacin

Dhople 2001 [93] Bactericidal activity of KRM-1648
Dhople 2001 [94] Epiroprim most active dihydrofolate reductase inhibitor (MIC

0.5–1 μg/ml); synergy effects with dapsone
Dhople and Namba 2002 [95] MIC for sitafloxacin 0.125–0.5 μg/ml
Ji et al. 2006 [37] MIC values R207910<moxifloxacin< STR<RIF< amikacin<

linezolid<PA-824
No bactericidal activity with PA-824, some activity
with R207910 and linezolid

Dubuisson et al. 2010 [96] Limited activity of capuramycin analogs against M. ulcerans
Scherr et al. 2012 [50] Limited activity of antifungal azoles against M. ulcerans
Cappoen et al. 2013 [97] Low activity of bisbenzaldehydes against M. ulcerans
Cappoen et al. 2014 [98] Limited activity of diazene derivatives against M. ulcerans
Cappoen et al. 2014 [99] Activity of 1,3 diaryltriazenes against M. ulcerans
Scherr et al. 2015 [100] Of several avermectins tested, selamectin had the highest

activity (MIC 2–4 μg/ml)
Omansen et al. 2015 [101] Limited activity of ivermectin and moxidectin
Scherr et al. 2016 [88] Most scaffolds from a library of compounds with activity

against M. tuberculosis were inactive or only weakly active
against M. ulcerans
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(nodules and plaques) for 2, 4, 8, or 12 weeks with RIF (10 mg/kg) and STR
(15 mg/kg). Five patients received no treatment. Their lesions were excised at
enrollment, whereas the lesions of patients who received treatment were excised
after completion of drug therapy. While the lesions of the patients who received
no treatment and the patients who received only two weeks of drug treatment
were culture-positive after excision, all others were negative. These encouraging
results motivated further clinical studies. In a case series of 215 patients with BU
from Benin in 2003/2004, encouraging results were obtained with eight weeks
of RIF/STR combination therapy. Only three patients had a recurrence one year
after completion of treatment [119]. An open-label, randomized clinical trial
conducted between 2006 and 2008 in Ghana compared RIF/STR treatment
for eight weeks with RIF plus intramuscular STR for four weeks followed by
RIF plus oral clarithromycin (7.5 mg/kg) for four weeks. After one year, 96%
of the patients in the RIF/STR group and 91% in the RIF/STR-clarithromycin
group had healed lesions [120]. A pure oral treatment with RIF (10 mg/kg)
plus clarithromycin (12 mg/kg) once daily for eight weeks was evaluated in
2007–2009 in 30 patients with BU from Benin [121]. All lesions healed and there
were no relapses after 1.5 years. Results of a randomized controlled trial with
RIF/clarithromycin are expected to become available in 2019.

M. ulcerans does not grow at the human core body temperature. Meyers
et al. showed in the 1970s that this thermosensitivity makes thermotherapy a
valid treatment option [122]. Due to the lack of a simple thermotherapy device,
this therapeutic approach was not followed up for a long time. However, more
recently it has been shown that inexpensive reusable phase-change material
devices available as commercial pocket heat pads can be used to trigger suitable
local hyperthermia and that heat treatment with these simple rechargeable
pads is effective [123, 124]. A combination of chemotherapy and thermotherapy
may be an attractive future approach to reduce the duration of specific BU
therapy [73].

BU lesions frequently show a transient worsening during treatment [125]. This
may be related to the repulsion of necrotic tissue [126] or secondary infection
[127], but may occasionally also represent an immune reconstitution inflamma-
tory syndrome [128, 129]. During antibiotic treatment, massive leukocyte infil-
tration of lesions is observed and ectopic organized lymphoid tissue is developing
[130, 131], but this immune reconstitution does not necessarily lead to “para-
doxical reactions,” since it does not seem to interfere with wound healing in
most patients [131]. After successful completion of specific treatment, small BU
lesions may close rapidly with the development of a stable scar. Large wounds
may require debridement and skin grafting [1].

12.8 Future Directions and Opportunities

BU is one of the infectious diseases designated by the World Health Organiza-
tion as a neglected tropical disease (NTD). While for some of these diseases,
nonprofit drug research and development organizations, such as the Drugs for
Neglected Diseases initiative (DNDi) support the development of new drugs,
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there are only sporadic efforts toward drug development for BU. When taking the
cost of failure into account, development of a new drug is estimated to cost several
hundreds of million dollars. Overall funding for BU research and development in
2017 was $2.9 million, with 46% of this amount targeted towards basic research
and 42% towards drug development [132]. Within product (drugs, vaccines, and
diagnostics) development, each area received less than $1 million. Since overall
drug research and development for BU, including the screening of drug candi-
dates, progression from hits to leads, lead optimization, and preclinical and clin-
ical studies, is thus not achievable, repurposing of drugs under development for
other diseases, in particular tuberculosis, appears currently to be the only viable
approach. Recent evidence indicates that an IPA-based drug, like the tuberculo-
sis development candidate Q203, could both simplify and shorten BU treatment,
an assumption that should be tested in human clinical trials.
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13.1 Unmet Medical Needs in the Treatment of Leprosy

Leprosy or Hansen’s disease has afflicted humanity since time immemorial [1].
Improvements in hygiene and sanitation and organized initiatives to deploy mul-
tidrug therapy (MDT) have reduced the overall prevalence of this infection [2].
Despite these interventions, leprosy persists as a chronic mycobacterial infec-
tion that imposes a substantial burden of disease and human suffering in many
settings [3, 4]. As a result, the World Health Organization (WHO) considers lep-
rosy a neglected tropical disease (NTD) since it is a symptom of social inequity
and poverty [5–9]. By causing neurologic dysfunction, disability and deformity,
this NTD promotes underdevelopment by trapping the world’s poorest in a cycle
of destitution [9].

Leprosy is caused by two mycobacterial species, Mycobacterium leprae and
Mycobacterium lepromatosis [10, 11], which upon entering the human host target
specific cells including macrophages, histiocytes, Schwann cells, and endothe-
lial cells [12]. The peripheral neuropathy that happens after invading Schwann
cells results in peripheral nerve dysfunction and produces impaired sensation to
touch, temperature, and proprioception, causing severe neurologic dysfunction,
deformity, and loss of limbs [13–15]. Some individuals develop blindness because
of corneal ulcerations secondary to lagophtalmos or due to chronic uveitis [1].
Historically, stigma leads to self-imposed isolation, decreased social involvement,
decreased self-worth, and long-term enduring shame [8, 9]. From a societal per-
spective, individuals with leprosy have been persecuted, incarcerated, isolated,
and mistreated simply because of their illness. The stigma of leprosy is as damag-
ing as the infection per se and remains an ongoing challenge in worldwide efforts
to control or eliminate this mycobacterial infection [8].

The precise mode of transmission of leprosy remains uncertain but probably
involves human-to-human contact through respiratory droplets [16–19]. Recent
ecological data suggest that environmental factors such as trauma or skin breaks
during soil and water exposures, insect vectors, free-living amoebas, and animal
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reservoirs (armadillos, squirrels, felines, or other animals) influence leprosy
transmission [16–20].

The immune response to M. leprae by the human host defines the clinical
manifestations of leprosy [1, 21]. Clinical classification (Ridley–Jopling staging)
includes tuberculoid, borderline (borderline tuberculoid, borderline borderline,
and borderline lepromatous) and lepromatous forms (Table 13.1). Leprosy
reactions, due to their potential inflammatory impact on the peripheral nerve,
constitute an important contributor to peripheral nerve dysfunction character-
ized as sensory loss and muscle atrophy (Figure 13.1) [13]. Most reactions fall
into two main types: reversal reactions (type 1 reaction) and erythema nodosum
leprosum (type 2 reaction). These reactions occur in more than half of patients
and manifest as acute episodes of inflammatory processes that may occur
before, during, and even after completion of effective MDT [22]. Management of
leprosy reactions traditionally involves the use of glucocorticoids, thalidomide,
and clofazimine to reduce the inflammatory response and prevent further nerve
injury [1, 22]. Infection due to M. lepromatosis produces diffuse leprosy of Lucio
and the Lucio phenomenon [10, 11].

13.2 Current Therapies for Leprosy

13.2.1 Direct-Acting Antibacterial Therapy

For millennia, there have been many natural remedies used to ameliorate the
clinical manifestations of leprosy. For example, in India, the Sushruta Samhita
(600 bce), an ancient treatise on medicine and surgery written in Sanskrit,
recommended treating leprosy (also known as “kushta,” meaning “eating away”)
with oil derived from the chaulmoogra tree [9]. This oil remained the mainstay of
leprosy treatment in India until the introduction of sulfones [9]. In 1933, Sister
Hilary Ross of the Sisters of Charity and Dr. George Fite of the US Public Health
Service established a laboratory for drug testing at the National Hansen’s Disease
Program in Carville, Louisiana in the United States [22]. Subsequently, Dr. Guy
Henry Faget pioneered sulfone drug therapy and demonstrated the efficacy of
sulfone drugs, including promin, diasone, and promizole in the treatment of lep-
rosy [22]. Sulfone-based therapy consisting of intravenous promin began by 1941
[2, 23–25]. The use of dapsone replaced promin by 1947 [24]. The inability of
M. leprae to grow in axenic culture systems impaired the ability to develop
anti-leprosy drugs, requiring the assessment of antibacterial activity employing
alternative approaches other than the traditional in vitro methods [25]. By 1960,
the inoculation of M. leprae into the mouse footpad allowed the replication of
bacilli that offer a model for assessing the antimicrobial activity of compounds
against M. leprae and determine their bactericidal or bacteriostatic proper-
ties [26]. By the mid-1970s, rifampin and clofazimine were introduced to treat
cases of leprosy [2, 24, 27–31]. In 1982, in response to concerns of antimicrobial
resistance developing in patients receiving dapsone monotherapy and the
potential emergence to rifampin, the WHO Study Group on Chemotherapy
of Leprosy for Control Programmes recommended the introduction of MDT.



Table 13.1 Clinical staging of leprosy (Hansen’s disease) according to the Ridley–Jopling system and WHO categories, types of leprosy reactions, and
multidrug therapies.

Ridley–Jopling
classification Tuberculoid (TT)

Borderline
tuberculoid (BT)a)

Borderline
borderline (BB)

Borderline
lepromatous Lepromatous

WHOb)classification Paucibacillary Paucibacillary Multibacillary Multibacillary Multibacillary
Type 1 reaction No Yes Yes Yes No
Type 2 reactionc) No No No Yes Yes
Clinical features Skin lesions: single

or few
hypopigmented
macules or plaques
with a raised edge,
dry, scaly, hairless
with hypoesthesia
or anesthesia

Few peripheral
nerves are
commonly enlarged

Skin lesions:
hypopigmented
anesthetic patches
that become
confluent

Moderate nerve
involvement

May have late
neural thickening
with asymmetrical
anesthesia and
paresis

Skin lesions:
hypopigmented
anesthetic patches,
punched-out centers,
and raised
erythematous borders

Multiple nerve
involvement with
symmetrical thickened
nerves

Asymmetrical
anesthesia and paresis
may be present

Deformity, amputation,
and disability

Skin lesions:
widely distributed
nodules with
diffuse skin
infiltration

Multiple nerve
involvement with
symmetrical
involvement
(thickened nerves)

Symmetrical glove
and stocking
anesthesia

Deformity,
amputation, and
disability

Skin lesions: widely
distributed skin
lesions: macules,
nodules,
erythematous
papules

Diffuse skin
infiltration with
thickened
peripheral nerves

Symmetrical glove
and stocking
anesthesia

Deformity,
amputation, and
disability

Multidrug treatment
US NHDPd)

Dapsone 100 mg/d× 12 mo
Rifampin 600 mg/d× 12 mo

Dapsone 100 mg/d× 24 mo
Rifampin 600 mg/d× 24 mo
Clofazimine 50 mg/d× 24 mo (may substitute with daily
minocycline)

(Continued)



Table 13.1 (Continued)

Ridley–Jopling
classification Tuberculoid (TT)

Borderline
tuberculoid (BT)a)

Borderline
borderline (BB)

Borderline
lepromatous Lepromatous

Multidrug treatment
WHOe)

Dapsone 100 mg/d× 6 mo
Rifampin 600 mg once monthly
under supervision× 6 mo

Dapsone 100 mg/d× 12 mo
Rifampin 600 mg once monthly under supervision× 12 mo
Clofazimine 50 mg/d× 12 mo plus 300 mg every month
under supervision× 12 mo

Alternative drug
regimens

Clarithromycin 500 mg daily used as a substitute for clofazimine in children or used as a substitute for
other drugs in adults
Ofloxacin 400 mg daily may also be used as a substitute for clofazimine only in adults
Minocycline 100 mg daily may also be used as a substitute for dapsone in those individuals with
intolerance to dapsone (i.e. those with side effects including methemoglobinemia, hemolytic anemia,
or severe gastrointestinal intolerance)
The combination of rifampin, ofloxacin, and minocycline is sometimes used for single-lesion
paucibacillary leprosy or in relapse cases of leprosy

a) Borderline forms represent a mixture of signs and symptoms of polar forms.
b) World Health Organization (WHO).
c) Management of type 1 reaction (reversal reaction) requires prednisone or prednisolone (40–80 mg daily tapered over a 12- to 20-wk period. Treatment of type 2

reaction (erythema nodosum leprosum) involves the use of prednisone or prednisolone (40–80 mg daily tapered over a 12- to 24-wk period) but sometimes
requires a longer taper. Thalidomide at a dose of 200–400 mg in divided doses is sometimes used in combination with corticosteroids to control severe ENL.
Clofazimine may be used in those intolerant to corticosteroids or in combination. Other drugs are also employed as steroid-sparing agents including methotrexate
or cyclosporine.

d) National Hansen’s Disease Program (NHDP), United States.
e) The decision by WHO to recommend MDT in 1982 was largely based on expert opinion and the existing experience at that time of the benefits of MDT in the

treatment of tuberculosis.
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Figure 13.1 Fite-Faraco staining of a skin biopsy from a patient with lepromatous leprosy
demonstrating large number of bacilli in cutaneous structures and many bacilli residing inside
the peripheral nerve characteristic of leprosy or Hansen’s disease, 400×.

First-line drugs included a combination of dapsone, rifampin, and clofazimine
for treating patients with multibacillary forms of leprosy, and dapsone combined
with rifampin for those with paucibacillary forms (Table 13.2) [27]. In 1991,
WHO recommended shortening MDT regimens in order to increase coverage
[2, 24]. In addition, in 1998, a single dose of a combination of rifampin, ofloxacin,
and minocycline (ROM) was introduced for treating single-lesion paucibacillary
forms of leprosy, demonstrating increased adherence and fewer side effects but
was also less effective than the standard WHO-recommended therapy [28].
Currently, minocycline and ofloxacin are used as alternative drugs for those with
drug intolerances or among relapse cases.

The institution of MDT through active case finding among populations living
in endemic communities reduced the prevalence of this infection [2, 4]. Nev-
ertheless, since 2005, the number of reported new cases has remained consis-
tently stable despite continued use of MDT. The number of new cases will reach
the 4 million mark by 2020 [4]. Most new cases already have grade 2 neurologic
disability by the time of their diagnosis. Since cases of leprosy in children indi-
cate ongoing transmission of M. leprae in endemic settings, targeted screening
involving school-based surveillance followed by household continuous surveil-
lance increases early detection of new leprosy cases.

The management of leprosy requires the use of MDT in combination with
steroids or other anti-inflammatory drugs among those with leprosy reactions
[22]. The effectiveness of MDT is measured as the rate of relapse after completing
an officially recommended antibacterial regimen. Cases of relapse or reinfection
with M. leprae are rare [24]. The appearance of new lesions during or after
completing MDT is most frequently due to the occurrence of leprosy reactions
[22]. Relapse after successful completion of WHO-recommended MDT is rare
[24]. Detection of drug resistance with the use of rapid-DNA-based molecular



Table 13.2 Comparison of the two treatment strategies of leprosy: direct-acting antibacterial therapy and host-directed therapy.

Treatment strategy Direct-acting antibacterial therapy Host-directed therapy

Goal Kill or inhibit the growth of
M. leprae and M. lepromatosis

Prevent infection

Prevent the occurrence of clinical manifestations

Ameliorate clinical manifestations and/or severity of the disease including the
occurrence of leprosy reactions

Mechanism(s) Bactericidal or bacteriostatic
mechanisms involving
inhibition of DNA
transcription or translation by
blocking key enzymes or at
the ribosomal level, or
blockage of cell wall synthesis

Enhance innate immune response (macrophages)

Augment acquired cell-mediated immunity

Modulate intracellular pathways involved in autophagy

Modulate intracellular lipid metabolism in phagocytic cells (i.e. macrophages and
histiocytes)

Examples Dapsone
Rifampin
Clofaziminea)

Ofloxacin
Minocyclineb)

Clarithromycin
Nitazoxanide
Other quinolones
(moxifloxacin)

Rifampin or dapsone used as chemoprophylaxis among household contacts in cases of
multibacillary types of leprosy

BCG (Bacillus Calmette-Guerin) vaccine has shown to protect against some forms of
leprosy

Interferon-gamma-promoting macrophage function

Nitazoxanide influencing autophagy

Leukotriene inhibitors such as zafirlukast or peroxisome proliferator-activated receptor
(PPAR) agonists influencing intracellular pathways involved in the intracellular
processing of carbohydrates and lipids

a) Clofazimine likely acts through both treatment strategies, as an antibacterial drug but has also immunomodulatory roles.
b) Minocycline is considered to have also some degree of immunomodulatory activity.
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assays may occur among patients having a relapse. However, except for patients
who were treated with dapsone monotherapy, the emergence of multidrug
resistance has been only rarely identified [24].

13.3 Innovative Therapeutic Strategies

Despite important efforts including the institution of MDT to control or elimi-
nate leprosy, this disease remains an important public health concern that affects
mostly impoverished populations living in underdeveloped settings [2]. The use
of shorter MDT reduced the prevalence of leprosy but did not end its transmis-
sion. Detection of new cases indicates persistent transmission of the infection,
with more than 100 countries still reporting cases [3, 4]. Indeed, there are many
gaps in our understanding of the epidemiology of leprosy that diminishes our
ability to eliminate leprosy transmission by the year 2020 [4]. Furthermore,
many patients who are “successfully treated” due to completion of antimicrobial
therapy are left with long-term neurologic dysfunction that often ends with limb
loss and/or disability [22]. Therefore, leprosy is a chronic infectious disease that
urgently needs innovative strategies to eliminate its transmission [32] and pre-
venting nerve injury including (i) advancing our understanding of the epidemi-
ology of leprosy in order to develop elimination tools; (ii) detecting new cases
earlier in order to prevent neurologic sequelae; (iii) developing host-directed
therapies including drugs, biologicals, or vaccines targeting the prevention of
nerve damage and/or the occurrence of leprosy reactions [33–39] (Table 13.3).

13.3.1 Host-Directed Therapy

M. leprae has evolved to adapt by metabolic alterations to survive the intracellular
environment of the human host [33]. Once macrophages and histiocytes engulf
and internalize M. leprae into membrane-bound organelles called phagosomes,
M. leprae subvert the endosomal–lysosomal fusion [33, 34]. Concomitantly, M.
leprae produce accumulation of lipid droplets inside macrophages, and some of
these lipid compounds are host-derived and some are part of the cell membrane
of the leprosy bacillus [34]. As a result, these foamy cells or foamy macrophages
are typically identified in tissue specimens of multibacillary cases [13, 34]. Lipids
play two crucial roles in the intracellular survival by providing nourishment to
M. leprae and evading the immune system: host-derived lipids serve the energy
needs of M. leprae, whereas its own lipids modulate the immune response [34].
It has been shown that patients with multibacillary leprosy have abundant lev-
els of polyunsaturated fatty acids such as eicosapentaeoic acid, arachidonic acid,
and phospholipids. Other important lipid compounds of M. leprae cell mem-
brane include phenolic glycolipid A (PGL-1), phthiocerol dimycocerosate, and
Man-lipoarabinomannan play crucial roles in the survival and virulence of the
leprosy bacillus [34]. Targeting the metabolic strategies employed by the leprosy
bacillus, including the roles of lipids in the survival and pathogenesis of lep-
rosy, is important to future drug designing efforts (Table 13.3) [35]. Restoring the
autophagy machinery among those with multibacillary leprosy may also prove



Table 13.3 Description of currently available drugs used in the treatment of leprosy, leprosy reactions, and drugs in development.

Class Drug Mechanism of action Described resistancea)

Sulfone Dapsone
(diaphenylsufone
or DDS)

Prevents the utilization of para-aminobenozic acid (PABA) for the
synthesis of folic acid by competitive inhibition for dihydropteroate
synthetase

Mostly bacteriostatic, but it does have some bactericidal activity

Missense mutation within codons 53
and 55 of the DRDR folP1 is
considered the most common form
of antimicrobial resistance due to the
initial use of dapsone monotherapyb)

Rifamycin Rifampin Inhibits the DNA-dependent RNA polymerase by binding on its
β-subunit

Bactericidal against M. leprae

β-subunit of the DNA-dependent
RNA polymerase encoded by rpoB

Rimnophenazine Clofaziminec) Not fully elucidated. It reaches high concentrations inside
macrophages and binds preferentially to guanine-containing
sequences of bacterial DNA

Mostly bacteriostatic, but it does have minimal bactericidal activity

Not fully elucidated and appears to
be rare given the multiple
mechanisms of action of this drug

Fluorinated
carboxyquinolone

Ofloxacin Inhibits DNA replication by inactivating tetramer containing two
β-subunits (gyrA) and two β-subunits (gyrB) of the DNA gyrase

DRDR gyrA, gyrB

Tetracycline Minocycline Inhibits bacterial protein synthesis by binding into the 30s and 50s
ribosomal subunits

Not fully studied in M. leprae
infection probably because of its use
mostly as single-dose therapy in
combination with rifampin and
ofloxacin for single-lesion PB leprosy

Macrolide Clarithromycin Inhibits bacterial protein synthesis by binding to the 23SrRNA
ribosomal subunit

Missense mutation within the
23SrRNA gene, reducing binding of
the drug to ribosomes

Fluoroquinolone Moxifloxacin
DC-159a

Inhibits DNA replication by inactivating tetramer containing two
β-subunits (gyrA) and two β-subunits (gyrB) of the DNA gyrase

Moxifloxacin is considered more effective than ofloxacin against
leprosy and is considered a bactericidal agent

Not yet evaluated in the treatment of
leprosy

2-Acetoloxy-N-
(5-nitro-2-thiazolyl)
benzamide

Nitazoxanide Induces autophagy in mammalian cells by unblocking the autophagy
machinery and processes interrupted in lepromatous forms of leprosy

It may also disrupt the membrane potential and intrabacterial pH
homeostasis

Not yet evaluated in the treatment of
leprosy



Glucocorticoids Prednisone or
prednisolone

Inhibition of NF-kappa β by promoting the synthesis of the inhibitor
of Kappa β, reducing the nuclear transcription of genes involved in the
production of inflammatory cytokines (IL-1, TNF-α)

Used in the treatment of type 1 (reversal reactions) and type 2
reactions (erythema nodosum leprosum)

N/A

Piperidinyl
isoindole

Thalidomide Inhibits the release of TNF-α from monocytes and modulates other
cytokine action

Used in the treatment of type 2 reactions (erythema nodosum
leprosum)

N/A

Methylxanthine
derivative

Pentoxiphylline Inhibits phosphodiesterase affecting intracellular signaling of
inflammatory cytokines (TNF)

Used in the treatment of type 2 reactions (erythema nodosum
leprosum)

N/A

Tumor necrosis
factor (TNF)
inhibitors [38]

Infliximab
Adalimumab
etanercept

Inhibits TNF-α receptor and some case reports have shown successful
treatment of leprosy reactions with the use of etanercept and
infliximab

Paradoxically, there have also been associations of these biologic
agents unveiling previously subclinical leprosy or trigger type 1
reactions

N/A

T-cell inhibitors Methotrexate

Cyclosporine
[39]

Blocks proliferation of lymphocytes by inhibiting dihydrofolate
reductase, which is essential for purine and pyrimidine base
biosynthesis

It forms a complex with cyclophilin that inhibits the activity of
calcineurin, which regulates nuclear translocation of NFAT

Both agents used mostly in the treatment of type 2 reactions
(erythema nodosum leprosum)

N/A

a) DRDR (drug resistance determining region) of genetic markers of antimicrobial resistance detected with the use of rapid DNA-based molecular assays.
b) The strategy of multidrug therapy relies on the principle that for chronic infections that require prolonged treatment courses, combining effective antimicrobials

reduces the emergence of resistance.
c) Macrophages sequestrate clofazimine as crystal-like drug inclusions, leading to an important metabolic disruption in energy homeostasis within macrophages and

an increase in interleukin-1 receptor antagonist production.
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to be a useful synergistic intervention along with WHO-recommended MDT
regimens by promoting the intracellular killing of M. leprae [36, 37].

Leukotriene inhibitors such as zafirlukast [40] or peroxisome proliferator-
activated receptor (PPAR) [41] agonists may play a potential role by influencing
intracellular metabolism of lipids in the treatment of leprosy or leprosy reactions.
Finally, sequence-based genomic analysis of M. leprae to identify the function
of specific mycobacterial proteins is crucial in future efforts to identify newer
compounds to treat leprosy or prevent the occurrence or ameliorate the severity
of leprosy reactions [42].

13.4 Conclusions

The best form of preventing leprosy and most NTDs is to improve social condi-
tions that predispose individuals to become ill in the first place. However, there
is no doubt that we urgently need a better understanding of this ancient disease
with the use of modern technologies and application of innovative approaches
to relieve human suffering of this unique infectious disease. The availability of
anti-leprosy drugs has reduced the overall prevalence of this infection. However,
we continue to see a large number of new cases and many of them are left with
long-term disability, dysfunction, and deformity. In this context, further research
efforts should assess the use of host-directed therapies including the potential use
of preventive or therapeutic vaccines [43–45] to reduce the risk of infection or
prevent nerve damage. Drug development needs to target the intracellular life of
M. leprae including interfering with lipid metabolism or promoting intracellular
killing of M. leprae by promoting the function of phagolysosomes or enhancing
the autophagy machinery.
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