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Chemotypes

Families of molecules with
similar chemical structures that
share biological or therapeutic
effects. Many distinct
chemotypes may have the
same biological activity.

Chemoprotection

In the context of malaria,
chemoprotection refers to
medicines that prevent healthy
individuals from contracting
malaria. Such drugs are used
by travellers but are also
considered for mass
eradication campaigns.
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Malaria medicines:

a glass half full?

Malaria is a human tragedy: by one estimate it may
have killed half of all the people who ever lived' and
currently claims the lives of hundreds of thousands of
young children every year? Stark as the numbers are,
these figures understate the loss of developmental poten-
tial for malaria-endemic countries, the impact on their
health-care systems and on their economic growth**.
However, the past decade has seen a renaissance in the
research and development for malaria medicines®”.
The critical factors at play here are an increased collabo-
ration between academia and industry and a focus on
finding new chemotypes by screening directly against the
parasite. A call for the eradication of malaria by the Bill
and Melinda Gates Foundation in 2007 (REF. 8) identi-
fied new priorities, such as transmission blocking and
chemoprotection in vulnerable populations’, and new
target candidate profiles'®. The past decade has seen a
transformation of the portfolio of malaria medicines,
with a dozen or so new chemical entities entering clinical
development and breakthroughs in translational research
that have enabled human proof-of-concept experiments
to be performed rapidly" (FIGS 1,2). Not only have new
classes of molecules been discovered, but so have new
ways of collaborating and methods to accelerate drug
development. However, emerging drug resistance threat-
ens all this success. Artemisinin-based combination
therapies (ACTs) are used worldwide as the first line of
treatments'?, but patients with resistance to artemisinin
and its partner drugs are now being routinely identified
in Southeast Asia'*"'®. However optimistic the pipeline
appears, there is still a need for new chemical agents,
especially to prevent relapse of Plasmodium vivax infec-
tion and to protect vulnerable populations, especially in
early pregnancy. Eradication of malaria will take many
decades: the challenge is to continually find innovative
ways of targeting the parasite. Paradoxically, the lack of
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Abstract | Despite substantial scientific progress over the past two decades, malaria
remains a worldwide burden that causes hundreds of thousands of deaths every year.
New, affordable and safe drugs are required to overcome increasing resistance against
artemisinin-based treatments, treat vulnerable populations, interrupt the parasite life
cycle by blocking transmission to the vectors, prevent infection and target malaria species
that transiently remain dormant in the liver. In this Review, we discuss how the antimalarial
drug discovery pipeline has changed over the past 10 years, grouped by the various target
compound or product profiles, to assess progress and gaps, and to recommend priorities.

commercial incentives for new malaria medicines has
a silver lining: it has created a niche in which academia
and industry can continue to work together to pioneer
new models of collaboration and openness.

The announcement of the United Nations’ Millennium
Development Goals'** highlighted the eradication
of malaria as a key target. The goal outlined in this
announcement is to decrease the incidence of malaria by
2015. In 2000, malaria was responsible for 350 million to
500 million infections and more than 1 million deaths,
particularly in children under the age of 5 years and in
expectant mothers®. Progress in the first decade of the
new millennium to reduce these frightening statistics was
steady but slow, with 4% year-on-year reductions in deaths
driven by the roll out of insecticide-treated bed nets** and
fixed-dose ACTs'. In 2007, the Bill and Melinda Gates
Foundation, with the support of the Director General
of the WHO (World Health Organization), announced
a campaign to drive the eradication of malaria. The
advantages of such a call were obvious; the elimination
of malaria would have tremendous benefits for public
health. However, gains made against malaria are frag-
ile, and whenever a country has decreased its public
health focus and funding on malaria control the disease
prevalence has climbed dramatically®.

To eradicate malaria, achievable milestones must be
set. The publication of the Global Malaria Action Plan
(GMAP) by the WHO? set some of those milestones;
for example, a tenfold reduction in malaria incidence
and deaths by 2030 (compared with 2015). The first
GMAP was published in 2008 and covered the period
until 2015. More recently, input and consultations are
being sought from experts and regions for GMAP2. Both
GMAP?2 and the Global Technical Strategy for Malaria
(co-ordinated by the WHO) will cover the 10 years
between 2016 and 2025. All these plans and proposals
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Pharmaceuticals

Target candidate profiles
A specific set of quantitative
criteria that a molecule must
be predicted of achieving
before it is considered for
development. These criteria
typically involve biological
activity, pharmacokinetics
and, in malaria, cost of goods.
The target product profile

is the definition of the
specifications for the final
medicine, which, for malaria,
may consist of several active
molecules.

Herd immunity

Immune protection that occurs
when an entire population,
including those without
immunity themselves, is
protected from an infectious
disease owing to the high rate
of immunity within that
population.

Figure 1| Key events in the historical timeline of the discovery of antimalarial therapeutics. Guided by millennia-old
Chinese and South-American ethnobotanical knowledge of medicinal plant extracts that relieve fevers, chemists isolated
and described two major classes of antimalarials: the quinines and artemisinins. Inappropriate use of some antimalarials in
the mid-twentieth century resulted in the emergence of drug resistance, halting earlier malaria eradication campaigns
in the 1960s. Parasite resistance against chloroquine, sulfadoxine—pyrimethamine (SP), amodiaquine and mefloquine is
now widespread. Moreover, emergence of resistance in the greater Mekong region in Southeast Asia against the newest
antimalarials, artemisinins, and new partner drugs such as piperaquine threatens to reverse recent gains in the battle
against malaria. Recently, novel molecules that act on new targets in the parasite have entered clinical development both
for the treatment of acute, blood-stage Plasmodium falciparum infection and conforming to other malaria-related target
compound profiles. DNDi, Drugs for Neglected Diseases initiative; P vivax, Plasmodium vivax; MMV, Medicines for Malaria
Venture; WHO, World Health Organization. Images (left to right) courtesy of: Worldwide Picture Library/Alamy (bark);

Getty Images/iStockphoto Thinkstock Images (mosquito).

call for a transformation of the malaria landscape. That
is, even though substantial progress has been made over
the past decade with the number of deaths from malaria
falling by 4% per year, to achieve a 90% reduction by
2030 we need to accelerate progress to as much as a
10-16% fall each year. As a public health goal, this is
audacious and is clearly not a call to business as usual.
Along with the widespread deployment of insecticide-
treated bed nets, the discovery of new malaria medicines
is a key pillar in reducing malaria-associated deaths by
this margin Moreover, in the context of malaria eradica-
tion, despite considerable progress towards vaccination,
no effective vaccines capable of protecting a sufficient
proportion of the population to elicit herd immunity are
on the horizon (BOX 1).

Since 2000, malaria-associated mortality has been
reduced by more than 50%, but emerging drug- and
insecticide-resistance continues to pose a major threat®.
Insecticides continue to be at the front line, both as
larvicides and as part of insecticide-treated bed nets.
Although tremendous gains have been made as a result
of wider distributions of bed nets*, new classes of insec-
ticides are urgently needed to combat the emergence of

resistant mosquito strains. Currently, only pyrethroid is
approved for use with bed nets, and resistance among
malaria vectors is increasing®.

Medicines have also had a tremendous impact on
reducing malaria-associated mortality, and ACTs have
been used to treat hundreds of millions of patients, fol-
lowing the isolation of the active ingredient, artemisinin,
by Chinese researchers. Here, the landscape has changed
dramatically in the past 5 years, and five types of fixed-
dose ACTs have been approved by either Stringent regula-
tory authorities or prequalified for purchase by the WHO
(BOX 2; FIGS 1,2; TABLE 1).

These successes, however, are no grounds for com-
placency. We need to protect the medicines we have by
ensuring correct deployment and continual vigilance
to stop the production and distribution of counterfeit
medicines. Even with fixed-dose combinations there
remains a risk of resistance emerging, and therefore a
need for new medicines. New molecules should shorten
the duration of treatment and increase compliance,
and also prevent the transmission of the parasite back
to the insect vector. If the parasite reservoir is going to
be eliminated, medicines have to demonstrate a level
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Stringent regulatory
authorities

Regulatory agencies from the
European Union (for example,
the European Medicines
Agency), the USA (the Food and
Drug Administration) and Japan
(the Ministry of Health, Labour,
and Welfare), all of which are
members of the International
Conference on Harmonisation
of Technical Requirements for
Registration of Pharmaceuticals
for Human Use (ICH), and other
agencies that adhere to the
same guidelines, such as in
Switzerland, Australia and
Canada.

Approved or
Registration marketed

Phase Il

Artemether—
lumefantrine
D ——

Figure 2 | Progression of the clinical development of new antimalarial candidates over the past 5 years.

Drug candidates with white arrows have molecularly defined targets. Some molecules have been approved by
disease-endemic countries and not by stringent regulatory authorities or prequalified by the WHO (World Health
Organization), and these are indicated by asterisks. This local marketing may be due to the fact that either the
manufacturing sites have not been inspected to international standards or that the clinical data are still limited,
especially in areas of clinical safety. The injectable form of artesunate is marketed as Artesun. The fixed-dose
combination (FDC) of artesunate-mefloquine is marketed as ASMQ; the FDC of artesunate-amodiaquine is marketed as
ASAQ Winthrop; the FDC of artemether—lumefantrine is Coartem-Dispersible, for which several generic versions have
been prequalified; the FDC of dihydroartemisinin—piperaquine is Eurartesim; and the FDC of arterolane—piperaquine
(arterolane is the international non-proprietary name (INN) for OZ277) is marketed as Synriam. Two of the newer
compounds already have an INN: cipagamin for KAE609 and artefenomel for OZ439. Phase Il includes both Phase lla (tests
of compounds in patients as monotherapies) and Phase IIb (tests of compounds in patients as combination therapies).
Note that the width of the panels does not reflect the large differences in required time, costs or the probability of

success of the individual drug development phases.

of safety such that they can be given to people who are
infected with extremely low levels of parasite and are
asymptomatic. New molecules that can either prevent
relapses from P, vivax or Plasmodium ovale infection or
that can provide chemoprotection for vulnerable popu-
lations, including expectant mothers, are also needed.
This need for protection will only increase as the malaria
eradication agenda proceeds. People in areas that are
currently disease-endemic will have fewer infections,
will lose their partial immune protection and will need
chemoprotection when entering the remaining disease-
endemic areas. In this article, we summarize the discov-
ery of new classes of medicines, illustrated with several
case studies, to underline the progress made and also
the challenges that remain in treating and preventing
malaria.

Eradication requires different types of drugs

In 2007, the global agenda for malaria eradication
brought together several themes to describe the perfect
medicine for treating malaria, termed the SERCaP (single
exposure radical cure and prophylaxis)®. However, it
soon became clear that no single chemical entity could
meet these needs and therefore the ideal medicine would
be a combination of two or more ingredients, each of
which meets a number of different target candidate pro-
files'. The first question is how to treat malaria with a
single exposure to a drug: the current gold standard for
treating malaria is a 3-day course of an ACT. Moving
to a single exposure would mean that a health worker
could directly observe the administration, and this could
provide a critical advantage in a malaria eradication
campaign. Currently, one major concern in the field

426 [ JUNE 2015 [ VOLUME

www.nature.com/reviews/drugdisc

© 2015 Macmillan Publishers Limited. All rights reserved



Box 1 | Malaria vaccine development

Much of the optimism for malaria eradication has centred on the launch of a vaccine.
Developing a vaccine against this pathogen is a tremendous challenge: even after
multiple infections, adults in malaria-endemic regions naturally acquire only partial
immune protection against the disease'®. Despite considerable efforts over the past
40 years, there is currently no approved malaria vaccine.

Malaria is a protozoan disease, with active antigenic variation that distinguishes it
from the viruses and bacterial toxins that have been highly successful vaccine targets**’.
Until now, there have been no human vaccines developed for any protozoan disease —
including Chagas disease, African sleeping sickness, visceral leishmaniasis,
cryptosporidiosis and giardiasis — other than malaria. The most advanced malaria
vaccine, Mosquirix (the peptide RTS,S and the proprietary AS01 adjuvant, which
contains monophosphoryl lipid A and QS-21), was co-developed by GlaxoSmithKline,
the PATH Malaria Vaccine Initiative, the Walter Reed Army Institute of Research, USA,
and the Bill and Melinda Gates Foundation. Mosquirix provides efficacy against all

episodes of malaria with 55% protection in children but only 33% protection in infants

111

Mosquirix was submitted to the European Medicines Agency (EMA) for scientific opinion
under Article 58 in June 2014, with a decision expected in 2015 (Article 58 allows the
EMA to provide a scientific opinion even though the vaccine will not be marketed
in the European Union). Even Mosquirix’s partial protection will save lives in Africa.
However, its deployment still faces major hurdles such as affordability, determining
which populations will receive the vaccine, and how the three to four doses required
will be distributed and implemented in childhood immunization programmes in Africa.
There are currently no other malaria vaccines in late-stage Phase Ill trials'*.
Alternative strategies of thinking are needed, perhaps a return to more classical
whole-organism-based vaccines such as PfSPZ'*3, which comprises attenuated
Plasmodium falciparum sporozoites. This general type of vaccine successfully prevents
protozoan disease in veterinary medicine'*. In the clinical setting, PfSPZ was
administered 4-6 times intravenously, which also raises significant issues in terms of
production, delivery and costs. Increasing the response to the antigen by simply
increasing the power of the adjuvant risks inappropriate immune stimulation**.
The choice of adjuvant for human use is more restricted than in veterinary practice,
and it is not easy to predict human efficacy from animal models'*® (both for antigenicity
and adjuvant). Another concern with recombinant antigens and protozoans is that
they enable the pathogen to easily reduce its immunogenicity through genetic drift.
Even without relying on population-level mutations, protozoans are masters of
antigenic variation: Plasmodium spp. carry approximately 60 variants of the var family

of surface protein-encoding genes

7 and switch between these during a single

infection to evade host immune response!'®. As a comparison, the genomes of
trypanosomes encode ~1,000 variants of their variant surface antigen, and the parasites
switch these episodically during infection'*°. Malaria vaccines are species-specific,
and almost all vaccines in the clinical pipeline (24 of them) target P, falciparum and

not Plasmodium vivax (the exception is PvDBP)'2. Many candidates target the
pre-erythrocytic stages. However, recently there has been a prioritization of vaccines
that would prevent transmission of the parasite. Such vaccines will require new
regulatory and clinical development strategies as the benefit would be for the
community as a whole rather than for the individual patient.

Prequalified

The WHO (World Health
Organization) prequalification
process is a formal assessment
of diagnostics, medicines and
vaccines, including review of
the clinical dossier and the
manufacturing and stability
data, and site visits to
manufacturers. Thisis a
centralized procedure to
approve products for
purchase by specialized
agencies of the United
Nations.

is that the patient frequently does not take the full
course of treatment; for example, if the symptoms are
resolved rapidly, the danger is that a mother will save the
remainder of the treatment for the next time her child
is infected. Exposing parasites to subtherapeutic doses
leads to more treatment failures and recrudescence of
the original malaria parasites, which then encourages the
emergence of resistant strains.

A single-exposure cure places a very high barrier
for any new molecule: a hyperparasitaemic patient may
carry as many as 1 x 10'? parasites in the circulation.
Clinically, an acceptable cure rate would result in >95%
of treated patients clearing the initial infection, which
can be achieved with currently available ACTs. Even
though new molecules would be used in combinations

REVIEWS

(to protect against the emergence of resistance), each
active ingredient should still ideally be capable of
killing a large proportion, if not all, of the parasites on
its own. Medicines such as artesunate are capable of
rapidly killing the parasite, reducing the parasite load by
as much as 10,000-fold over a single 48-hour life cycle®.
Nevertheless, such medicines would need to be active
for three or four parasite life cycles to ensure a complete
cure”. New medicines active against the blood stages
would therefore need both a ‘fast kill’ profile and be able
to maintain a plasma concentration above the minimal
inhibitory concentration (MIC) for more than 1 week.
Longer duration of action could be also useful in some
parts of Africa to provide post-treatment protection, in
areas where a child can be bitten almost every night.
Five years ago, conventional wisdom dictated that the
choice was between short-acting and fast killers, such as
artemisinin derivatives, or long-acting drugs with rela-
tively slower parasite reduction rates. It is encouraging
to note that many of the new generation of antimalarials
are both fast-acting and can maintain active plasma
concentrations for more than 1 week. This reflects the
increased focus on attempting to increase the in vivo
half-life of compounds in the early stages of the drug
discovery process.

Another drug class needed in the ongoing battle against
malaria is the chemoprotectants. Chemoprotectants
should be safe and effective drugs to prevent infection,
particularly in vulnerable populations such as expectant
mothers and small children, and all residents in areas
where continuous, intense transmission is absent and
partial malaria immunity does not develop (also known
as seasonal chemoprevention). Until recently, the sulfa-
doxine-pyrimethamine combination has been used
for this purpose, but with the emergence of resistance
against this combination®* chemoprevention is threat-
ened”®. New medicines for chemoprevention are therefore
needed, and molecules that have activity against the liver
schizont stage of the parasite are good chemoprotectants.
However, the vulnerability of the target group means that
safety and efficacy of such medicines must be first dem-
onstrated in less vulnerable populations. The goal in this
strategy is not so much to design new compounds that
are safe for chemoprotection in these populations, but
instead to accelerate reproductive and juvenile toxicology
studies, including for approved drugs, and deprioritize
compounds for which significant concerns are raised.

Requirements for eradication

Eradication requires completely different approaches to
simple control. One key intervention is to block the trans-
mission cycle; that is, stopping parasite-carrying humans
from infecting the mosquitoes. Only the sexual stages of
the parasite survive after being taken up in the blood meal
of the mosquito when she feeds. Therefore, a medicine
that can selectively kill the sexual stages or prevent the
completion of their development in infected mosquitoes
would halt malarial transmission. Although it is possible
to think of new medicines that only target transmission,
many of the new compounds currently in develop-
ment both block transmission and kill the blood stages.
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Blood stages

Early steps in the asexual,
intra-erythrocytic replication
cycle include the attachment
of the Plasmodium spp.
merozoites to blood cells,
reorientation, irreversible
attachment, junction
formation, parasitophorous
vacuole formation and
invasion. The resulting
immature trophozoite ring stage
progresses into the mature
tro-phozoite and schizont
stages, which ruptures the
blood cell to release new
merozoites.

Standard membrane
feeding assays

Assays that measure

the transmission of
Plasmodium parasites back
to mosquitoes; the insects’
uptake of blood gametocytes
and their successful mating

is measured by counting
(post-zygotic) midgut oocysts
(the only route to re-infection).
These assays involve
mosquitoes feeding on human
blood or serum through a
membrane.

Box 2 | New artemisinin-based combinations and recent new product launches

A child-friendly taste-masked artemether-lumefantrine combination (Coartem-Dispersible) developed by Novartis in
collaboration with the Medicines for Malaria Venture (MMV), was approved in 2009 by Swissmedic and more recently by
the European Medicines Agency (EMA) and the US Food and Drug Administration. A fixed-dose amodiaquine-artesunate
combination (ASAQ-Winthrop), developed by Sanofi in collaboration with the Drugs for Neglected Diseases initiative
(DNDi) was prequalified by the WHO (World Health Organization) in 2008. In both cases, more than 250 million courses of
treatment have been distributed in the past 4 years at affordable prices: as low as US$0.25-0.50 for the youngest children.

Three other new fixed-dose artemisinin-based combination therapies (ACTs) have also been launched:
dihydroartemisinin-piperaquine (Eurartesim), developed by Sigma Tau with MMV and approved by the EMA in 2011
(REF. 120); pyronaridine—artesunate (Pyramax), developed by Shin Poong Pharmaceutical with MMV (which was the first
medicine to be given a positive scientific opinion by the EMA under the Article 58 process in 2012); and artesunate—
mefloquine, a collaboration led by the DNDi (the drug is now manufactured by CIPLA), which was prequalified by the
WHO in 2012. From a regulatory perspective these are seen as originator combinations, with a complete dossier of
clinical trials. Other companies are now able to make generic versions, requiring only good manufacturing practice
data and comparative bioequivalence, and several such versions now exist.

The second major transformation has been the availability of new treatments for severe malaria. Clinical studies have
demonstrated the superiority of injected artesunate over the classical treatment of injected quinine!?'?2, At the time of
the studies, no product existed that was either prequalified by the WHO or approved by a stringent regulatory agency.
Guilin Pharmaceuticals achieved prequalification for an injectable artesunate in 2010 (Artesun), and to date 25 million
vials have been distributed. After more than a decade of research, two generic manufacturers are producing
suppositories of artesunate for re-referral treatment, and these are anticipated to be submitted to the WHO Medicines
Prequalification Programme in 2015.

In terms of chemoprotection, non-immune travellers have two main options: atovaquone—proguanil (Malarone),
which has the limitations of high cost and daily dosage, and mefloquine, which was discovered at the Walter Reed Army
Institute of Research, USA, and has increasingly been under pressure owing to psychiatric side effects'?’. Malarone’s high
costs are mainly associated with the cost of synthesizing atovaquone, but beginning in 2011 a generic version (marketed
by Glenmark) became available at a cost of approximately $3 per day for the adult dose — a 50% cost reduction. The raw
materials account for ~25% of this cost, suggesting that there is margin for further cost reduction. Mefloquine is a
racemic mixture with significantly different pharmacokinetics and pharmacology between the two enantiomers. It was
believed that the binding of (-)-enantiomer to adenosine receptors was responsible for the psychiatric side effects,
but a trial with the (+)-enantiomer failed to demonstrate improved safety?.

In the absence of a fully effective vaccine, chemoprotection in Africa is essential for vulnerable populations, such as
expectant mothers and young children. So far, chemoprotection has had to rely on older medicines. There has, however,
been substantial progress in the use of the sulfadoxine-pyrimethamine combination to protect pregnant women'°.
Studies in the Sahel region'?*'?, where malaria is seasonal, showed that monthly use of sulfadoxine-pyrimethamine plus
amodiaquine reduced malaria incidence by 75%?° at a cost of less than $0.60 per year; this regimen is now being used to
protect millions of children®. Here, the synergy of academic medicine combined with the engagement of pharmaceutical

manufacturers (in this case Guilin Pharmaceuticals, China) was a critical success factor.

In 2012, the WHO recommended that adding a single
dose of primaquine (0.25 mg per kg) to current treat-
ment regimens would help block transmission®'. The next
generation of medicines could have this transmission-
blocking component already built in; some of the current
candidates do provide partial inhibition of transmission
in standard membrane feeding assays. The second require-
ment is that medicines should be usable in mass screen-
and-treat campaigns to remove the parasite even from
patients who are asymptomatic. The major difference in
such usage of new antimalarials compared with conven-
tional treatment is that these medicines must demonstrate
exceptional safety, and therefore larger investments in
Phase IV safety studies will be needed.

Treating relapses from P. vivax and P. ovale

Although 90% of global malaria fatalities are caused by
Plasmodium falciparum, up to 2.5 billion people are at
risk from P. vivax, which is mostly prevalent in South
America and Asia*. P, vivax has an additional compli-
cation in its life cycle: dormancy. Forms of P. vivax can
remain dormant in the human host from a few weeks
to several years, and then re-emerge and cause a new

infection®. Radical cure means effectively clearing the
body of parasites, including those that are dormant.
The target candidate profile for this type of malaria (which
we have called TCP3b)" is based on finding a molecule
better than primaquine. Fourteen days of primaquine
treatment is sufficient to completely eradicate P. vivax in
the body. However, primaquine has an Achilles heel:
in patients who are deficient in glucose 6-phosphate
1-dehydrogenase (G6PD), primaquine causes a significant
increase in the risk of haemolysis®. G6PD deficiency seg-
regates with protection against malaria. New agents will
need to be as effective as primaquine but with a shorter
regimen and preferably an improved safety profile.

In 2014, the completion of a clinical study of a new
8-aminoquinoline, called tafenoquine, provided a
breakthrough in this regard. Tafenoquine was discov-
ered by researchers at the Walter Reed Army Institute of
Research, USA, and developed by GlaxoSmithKline with
support from the Medicines for Malaria Venture (MMV).
The clinical study showed that tafenoquine could have
the same therapeutic effect after a single dose as 14 days
of primaquine (but the study was not powered to show
this statistically)***. The hope is that tafenoquine will be
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Table 1 | WHO prequalified and/or EMA- or US FDA-approved ACTs

Drugs

Artemether—
lumefantrine

Artesunate—
amodiaquine*

Dihydroartemisinin—
piperaquine

Trade names

Coartem, Coartem-
Dispersible,
Riamet, Faverid,
Amatem, Lonart, AL

Coarsucam,
ASAQ-Winthrop

Eurartesim,
Duo-Cotecxin

Partners
and/or initial
manufacturer

Novartis (Coartem,
Riamet), MMV/
Novartis (Coartem-
Dispersible);
generic versions

of CIPLA, IPCA,
Strides and Guilin

Sanofi, DNDi, MMV

Sigma-Tau/MMV
(Eurartesim),
Beijing
Holley-Cotec
(Duo-Cotecxin)

Formulation

Tablet (adult),
dispersible flavoured
tablets (paediatric)

Dispersible tablets
for allages

Tablet (adult,
paediatric), dispersible

formulation for children

(submission in 2015)

Pyronaridine— Pyramax Shin Poong Tablet (adult), sachet
artesunate Pharmaceutical, with granules
University of lowa,  (paediatric; submission
USA, MMV in2014)
Artesunate— ASMQ, Mefliam Farmanguinhos, Tablet (adult,
mefloquine Plus, Artequin DND;, CIPLA, paediatric)
Mepha

Approval date Stringent Regulatory
Authorities granting
approval

2001 (adult) and Swissmedic, EMA, US FDA,

2009 (paediatric), WHO prequalified

Swissmedic

WHO prequalifiedand WHO prequalified;

approved in Morocco  stringent approval not

(2007), a non-stringent  yet granted

regulatory authority

(SRA)

2011,EMAand WHO  EMA

prequalified

2012, EMA (Article 58); EMA

WHO prequalified.

Approved by the

Korean FDA in 2011,
and for use in Vietnam
and Cambodiain 2014

2012, WHO
prequalified;
Artequin (Mepha)
originally approved
by Portugal’s SRA

Stringent approval not
yet granted

ACT, artemisinin-based combination therapy; CHMP, Committee for Medicinal Products for Human Use; DNDi, Drugs for Neglected Diseases initiative;
EMA, European Medicines Agency; EU, European Union; Farmanguinhos, The Institute of Drug Technology, Brazil; FDA, Food and Drug Administration;
MMV, Medicines for Malaria Venture; WHO, World Health Organization. *Fixed-dose combination generics are manufactured by Ajanta, IPCA and Guilin
Pharmaceuticals, and co-blistered generics are manufactured by Strides and CIPLA. Information in this table is from REF. 6.

Hypnozoites

Latent liver stages

of Plasmodium vivax and
Plasmodium ovale, species
that are predominant in South
and Southeast Asia and
South America but only in
Ethiopia and Sudan in Africa.
Hypnozoites can remain
dormant for weeks or even
years, and carriers remain
symptom-free until a relapse
occurs.

submitted to the regulatory authorities in 2016-2017.
However, it still has the haemolytic liabilities of prima-
quine and will require a point-of-care G6PD diagnostic
test; thus, there is room for improvement. New approaches
to eliminate the dormant liver stages or hypnozoites require
a better understanding of their basic biology. Moreover,
the mechanism of action of primaquine is unknown, so
the only way to find new drugs is to directly study the
effect that compounds have on relapse, as discussed under
phenotypic screening below.

Blanket protection: leaving nobody behind
It is an interesting paradox that although many individ-
uals use chemoprophylaxis against malaria as a personal
safeguard, this is frequently downplayed as an approach
in public health. Recent data on the use of sulfadoxine-
pyrimethamine plus amodiaquine in the Sahel region
helped bring more perspective in this regard. Monthly
administration of chemoprotection for the 4 months of
the transmission season is extremely inexpensive — less
than US$0.60 per child — and is highly effective'?. This
sets a very high hurdle for a future vaccine in terms of
cost effectiveness.

To expand chemoprotection there are three main
populations that need to be considered. First, new mol-
ecules need to be developed that can be used in eastern

Africa, where sulfadoxine-pyrimethamine resistance
could limit the usefulness of the sulfadoxine-pyrimeth-
amine plus amodiaquine combination®. Second, to pro-
tect the entire population, new medicines suitable for use
in pregnant women are also a priority, especially because
pregnancy increases the risk of malaria infection”.
However, African women often do not report pregnancy
in the first trimester; therefore, any drug that is given to
the general population should ideally be known to be
safe in pregnancy. To help address this issue, reproduc-
tive toxicology evaluation of new medicines should be
accelerated. Typically, reproductive toxicology evalua-
tion is performed during the Phase II studies of a new
chemical entity. Currently, at MMV this evaluation is
being performed in parallel with Phase I studies, but
in the future it should be conducted as part of the pre-
clinical work-up. The third and final group that needs
protection is the non-immune travellers. Traditionally,
these individuals have not been part of the public health
agenda. However, as malaria starts to be eliminated from
regions of the world, new non-immune populations will
begin to emerge, and mobility becomes a major risk fac-
tor. One country with this dichotomy is Zambia, where
the disease is beginning to be controlled in many parts
in the south of the country, but in the north there are
areas where malaria incidence in children aged 5 years
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and under is greater than 15%. New chemoprotective
regimens are needed that can protect workers from the
south of Zambia (or even from other essentially malaria-
free zones) travelling to the north. As the pipeline of new
medicines to treat malaria grows and strengthens, the
pressure to increase the focus on new types of chemo-
protection will increase.

Strategies for developing new medicines
Improving on existing success: expanding the medicinal
arsenal. The gold standard of malaria treatment is the
ACT. This is a fixed-dose combination of an artemisinin
derivative (artesunate, artemether or dihydroartemisinin)
and a 4-aminoquinoline or aminoalcohol, compounds
that trace their ancestry back through chloroquine and
eventually to quinine (which was first used in Europe in
the seventeenth century) (FIG. 3). Given that artemisinin
endoperoxides and their derivatives, such as artesunate,
are the mainstay of current therapy, these endoperoxides
are logically good starting points for drug discovery.
However, one of the biggest concerns with artesunate
is that the raw material is derived from plants and
there is an 18-month lead time between demand for
this material and its supply. This lag in demand and
supply has sometimes caused catastrophic changes in
price: artesunate prices have varied as much as fourfold
in the past decade. In 2002, the MMV in collabora-
tion with the University of Nebraska, USA, Monash
University, Australia, and the Swiss Tropical Institute
(now known as the Swiss Tropical and Public Health
Institute) began a collaboration to attempt to make a fully
synthetic endoperoxide molecule that was as effective as
artesunate and also as affordable as artesunate at its best
price ($400 per kg).

Although there has been much progress in simplifying
the total synthesis of endoperoxide antimalarials***, we
are still a long way from achieving a cost-competitive
total synthesis. The result of the initial work was 0Z277
(FIG. 4), developed through a partnership between the
MMV and Ranbaxy, and subsequently called Rbx11160
or arterolane, the synthesis of which was efficient, with
a cost of $800 per kg, less than artesunate at its peak
price. The activity of arterolane in clinical studies was
in the same order of magnitude of activity as the mar-
keted artemether-lumefantrine combination (Coartem;
Novartis)*. Ranbaxy continued with the development
of arterolane, in partnership with the Department of
Science and Technology of the Government of India,
combining arterolane with the 4-aminoquinoline
piperaquine. A limited Phase III programme has led
to the submission and eventual approval of arterolane—
piperaquine (under the trade name Synriam) in India
in 2013, followed by approval in seven African Nations
in 2014, although the medicine has yet to be approved
by a stringent regulatory agency or prequalified by the
WHO. At 120 Indian Rupees ($2), Synriam is cheaper
than many of the marketed ACTS, although the price of
these may fall with the anticipated marketing of Sanofi’s
new, semisynthetic artemisinin. The rapid approval of
Synriam based on a single study, and the fact that in the
first year the drug was used to treat almost one million

patients in India, highlights another issue in malaria
drug development: the involvement of local companies
can significantly enhance the impact of a medicine.

The original team that developed OZ277 continued
with the di