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Abstract:Malaria kills an estimated one million peo-

ple a year -- mostly children under 5. State-of-the-

art medicines known as artemisinin combination

therapies (ACTs) are available, and successfully

cure up to 99% of patients. Additionally, insecticide-

treated bed nets and insecticide spraying are helping

to prevent the disease, while a vaccine is in clinical

development. With all these tools at hand, you might

ask why we need more new medicines. Why not just

concentrate on improving the distribution of exist-

ing ones? Whilst access to medicines is clearly a

major challenge, there are several reasons why new

antimalarials are urgently needed -- and will contin-

ue to be needed until we have finally defeated the

parasite. First, the emergence of drug resistance to

any infectious disease treatment is inevitable. A

range of medicines with varying mechanisms of

action are needed to stem the tide of drug resistance

as well as fill the gap when it takes hold. Second,

malaria is a disease predominantly affecting chil-

dren and expectant mothers. These vulnerable

patient groups require medicines tailored to their

needs with robust safety profiles. Third, of the five

species of malarial parasites that infect humans, two

can relapse, and there is currently no safe medicine

to combat the relapse for all patients. Finally, in

order to ultimately eradicate malaria, medicines are

needed that go a step beyond simple treatment and

break the transmission of the parasite from patient

to patient. [Discovery Medicine 9(48):389-398, May 2010]

Introduction

Malaria remains one of the most prevalent infectious
diseases of our time -- killing an estimated one million
people a year (WHO World Malaria Report 2009). The
disease is caused by protozoan parasites of the genus
Plasmodium transmitted via the bite of a female
anopheles mosquito. The parasites infect and destroy
red blood cells where they multiply rapidly leading to
fever, severe anemia and coma, and, if untreated, death.
The disease burden is greatest in African children under
5 years and in expectant mothers. Of those who die, 85
percent are young children; those who survive multiple
infections are partially protected by their immune sys-
tem later in life.

Medicines have always played a key role in controlling
malaria, starting with the discovery of quinine in Peru
and later chloroquine in 1934 by Bayer scientists (CDC
website) (Table 1). Historically, these medicines have
been relatively cheap -- chloroquine therapy cost as lit-
tle as USD 0.10 in Africa -- and so could be purchased
by patients and the parents of sick children. In the
1980s, the treatment of malaria was revolutionized with
the use of the natural product artemisinin, first discov-
ered by the Chinese (Luo et al., 1987).

Combining an artemisinin derivative with at least one
other medicine in one tablet produces what is known as
a fixed-dose artemisinin combination therapy (fACT,
see Table 2). fACTs are currently considered the gold-
standard first-line treatment recommended for uncom-
plicated malaria (WHO Treatment Guidelines 2010).
fACTs are now treating over 100 million people each
year (Table 2). The two main fACTs approved by the
WHO are Coartem® [artemether/lumefantrine] devel-
oped by Novartis and the pediatric form Coartem®

When Is Enough Enough? The Need 

for a Robust Pipeline of High-quality

Antimalarials

TiMoThy N. Wells aND elizabeTh M. Poll

Timothy N. Wells, Ph.D., and Elizabeth M. Poll are

at the Medicines for Malaria Venture, Geneva 1215,

Switzerland.

Corresponding author: Timothy N. Wells, Ph.D.

(wellst@mmv.org).

Discovery Medicine

© Discovery Medicine

http://www.discoverymedicine.com
http://www.discoverymedicine.com
http://www.discoverymedicine.com


390

Dispersible developed by Novartis and MMV, and
CoarsucamTM [amodiaquine/artesunate] developed by
Drugs for Neglected Disease initiative [DNDi] and
Sanofi-Aventis. However, fACTs are more complicated
to produce and therefore more expensive, in fact almost
unaffordable to vulnerable populations. Major efforts,
especially by Novartis and Sanofi-Aventis, have
brought the cost of therapy down below USD 1.00 for
most patients, and to as little as USD 0.35 for small
infants; but, this is still too expensive for most people in
disease-endemic countries. A recently developed initia-
tive -- the Affordable Medicines Facility for malaria
(AMFm), supported by the WHO through its Roll Back
Malaria (RBM) partnership and the Global Fund (GF)
to Fight AIDS, Tuberculosis and Malaria -- aims to
address this issue by subsidizing hundreds of millions
of treatments in Africa thus making them affordable
(Moon et al., 2009).

But controlling malaria is not enough. In November
2007, the Bill and Melinda Gates Foundation and World
Health Organization (WHO) announced the ambitious
goal of moving from efforts to control and treat the dis-
ease, to a new campaign to eradicate it altogether
(Roberts et al., 2007). Such an approach needs a con-
certed integrated effort: the use of bednets and insecti-
cides are essential to prevent infection; diagnostics to
work out accurately who has malaria and differentiate it
from bacterial infections; and a potential vaccine, for
which a Phase III clinical trial has recently been started
to protect children from this disease. This ambitious
goal of eradication was attempted before, in the late
1950s, but did not succeed. It did demonstrate, howev-
er, that with appropriate co-ordination and sufficient
time, elimination can be achieved on a country-by-
country basis. But one of the main stumbling blocks to
achieving global eradication was the emergence of
resistance to the key therapy of the time -- chloroquine
(Wongsrichanalai et al., 2002). So it seems clear that to
achieve eradication we need a range of new antimalari-
al medicines at our disposal to counter the ever-present
danger of resistance.

At present, two fACTs have been approved by the
WHO, and two new fACTs were recently submitted for
approval (Table 2), giving countries a choice of medi-
cines for their patients, as one type will not suit all
needs and situations. In addition, we need new tools
specifically for eradication, which include medicines to
stop transmission of the disease from patient to patient
via the mosquito vector and medicines to destroy the
reservoirs of dormant parasites.

This article will explore the continuing need for new
antimalarials in the context of malaria eradication with
regard to these key challenges and how the current
pipeline of antimalarials is poised to overcome them.

The Challenge of Drug Resistance

The development of drug resistance to each anti-infec-
tive therapy is inevitable -- antimalarial therapy is no
exception. The frequency of occurrence of a resistant
Plasmodium falciparum parasite in an infected patient
is estimated to be 1 in 1010. In a severe malaria patient,
the parasite burden can rise to 1012-1013, which means
that there could be up to 1,000 resistant parasites in one
patient alone. This is a fact that will need to be consid-
ered in the treatment of malaria until the parasite can be
eradicated. As mentioned, the malaria eradication cam-
paign of 1955 failed partly due to drug resistance, pri-
marily to chloroquine (CQ) and later to the replacement
drug sulfadoxine-pyrimethamine (Wongsrichanalai et
al., 2002).

Today the treatment of choice in the majority of malar-
ia cases is fACT. The key to artemisinin’s activity is
believed to lie within the presence of its peroxide bridge
(Meshnick et al., 2002). Artemisinin derivatives, such
as artesunate, artemether, and dihydroartemisinin, are
short-acting antimalarial agents that kill parasites more
rapidly than previous generation antimalarials. They are
able to achieve 10,000-fold reductions in parasite bur-
den per asexual cycle and as a result fever clearance
time is reduced to 32 hours compared to days. While
highly effective, the concern is that if used alone, para-
sites resistant to artemisinin will develop and spread,
making the disease potentially untreatable. Therefore,
in 2006 the WHO produced new treatment guidelines
stipulating that the treatment of choice for uncomplicat-
ed P. falciparum malaria should be fixed-dose ACT,
where artemisinin is protected against the emergence of
resistance by the presence of a second medicine (WHO
Treatment Guidelines 2006).

Over the last 5 years more than 300 million patients
have been treated with ACTs, which is a tremendous
achievement. However, with such large treatment num-
bers and the fact that 28 countries still allow the use of
artemisinin monotherapy (against the advice of the
WHO), resistance is almost bound to occur. Resistance
to the partner drug has always been a hazard, but is one
that is manageable now that we have a range of fACTs
-- either launched or submitted to stringent regulatory
authorities. Artemisinin resistance, however, is a much
bigger issue, since there are fewer alternatives. The first
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signs of emerging resistance have been reported recent-
ly in Southeast Asia (Dondorp et al., 2009). An almost
two-fold increase in parasite clearance time (PCT) to
artesunate has been reported in Pailin, western
Cambodia. For the moment, ACTs are still effective.
But the recent reports of delayed PCT are an early
warning that treatment failure could be just a few years
down the line. The key questions we have at this stage
are how long before resistance to artemisinin spreads
and which other antimalarials might also fall prey to the

same strain of resistance.

Unfortunately, whether artemisinin resistance will
spread in the future is not a question of if, but when. It
is difficult to put a timeframe on this; chloroquine
resistance took over 10 years to dominate Africa
(Wongsrichanalai et al., 2002), yet still remains an
effective medicine in some parts of the world. Within
the next 10 years, however, it is likely that a few things
will change. We have received the first sign - increased
PCT. The second will be the occurrence of parasites that

Table 1. Key Strengths and Weakness of the Major Available Antimalarials (Excluding ACTs)

Drug Key Strengths Key Weaknesses Indications

Quinine • Kills the sexual stages of P.
vivax, P. malariae, and P.
ovale

• Low cost 

• Does not kill the pre-erythrocyt-
ic stages of malaria parasites or
the mature gametocytes of P. fal-
ciparum. Difficult to administer
in severe malaria

• Uncomplicated P. falci-
parum, P. vivax, or unidenti-
fied malaria

• Safe in pregnancy

Chloroquine • It maintains efficacy for the
treatment of P. vivax, P.
ovale, and P. malariae infec-
tions.

• Low cost 

• Widespread drug resistance has
made it almost useless for the
treatment of P. falciparum in
most of the world

• It does not produce radical cure
of P. vivax and P. ovale

• Low safety margin and very
dangerous if overdosed

• Chloroquine-sensitive P. fal-
ciparum or unidentified
malaria

• Uncomplicated P. vivax, P.
ovale, P. malariae, and P.
knowlesi

• Can be used in pregnancy
• Used for prophylaxis

Amodiaquine • Effective against some
chloroquine-resistant strains
of P. falciparum

• Low cost

• There is some cross resistance
with chloroquine

• GI side effects 

• Uncomplicated P. falciparum
malaria 

Mefloquine
(Lariam™)

• Effective against all species
of malaria

• Long half-life of around 21
days

• Associated with adverse neuro-
logical side effects such as mood
disturbance and dizziness, and
GI side effects

• High cost 

• Uncomplicated P. falci-
parum, P. vivax, or unidenti-
fied malaria

• Used for prophylaxis -- pro-
posed for IPTp

Primaquine • Effective against the hypno-
zoite and so provides radical
cure of P. vivax and P. ovale

• Low cost

• Hemolytic side effects in G6PD-
deficient patients

• Must be taken daily for 14 days
to be effective

• Uncomplicated P. vivax and
P. ovale, anti-gametocyte
activity in other species

Sulfadoxine-
pyrimethamine

• One-dose cure
• Can be used in pregnancy
• Low cost

• Resistant strains in East Africa
• Rare severe adverse effects:

Stephen Johnson Syndrome

• Used for IPTp and proposed
for use in IPTi

• Can be used in pregnancy
• Used for prophylaxis

Intravenous artesunate • Intravenous formulation • No GMP formulation available.
Need to compare intravenous
and intramuscular delivery (and
potentially intra-rectal)

• Severe malaria

Atovaquone-proguanil
(Malarone™)

• Administration: once per day
for 3 days

• Active against all species of
Plasmodium

• Inhibits pre-erythrocytic
development in the liver and
oocyst development in the
mosquito

• High cost
• GI side effects 

• Uncomplicated P. falciparum
or unidentified malaria

• Used for prophylaxis 

GI: Gastrointestinal; GMP: Good manufacturing practice; G6PD: Glucose-6-phosphate dehydrogenase; IPTp: Intermittent preventative
treatment in pregnancy; IPTi: Intermittent preventative treatment in infants; WHO: World Health Organization.
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don’t respond to artemisinin derivatives at all. The third
sign will be that 28-day response to therapy is reduced.
WHO defines a successful drug as one that maintains
95% cure rate at 28 days. From the point that this
occurs, current estimates suggest that it might be over
at least a decade before the artemisinins lose their effi-

cacy globally.

The second question, of which other antimalarials
could possibly fall prey to the same strain of resistance,
is less straightforward to answer than the first. Once the
chemical structure of artemisinin was known, many

Table 2. Key Strengths and Weakness of the Major In-Phase III and Available ACTs

Drug Key Strengths Key Weaknesses Indications

Artemether-lume-
fantrine
(Coartem®/Coart
em® Dispersible)

• WHO prequalified
• Stringently approved
• Market leader 
• Comprehensive safety data
• Pediatric formulation with a sweet taste
• First-line therapy in most of Anglophone

sub-Saharan Africa
• Low cost

• Administration: twice per day for 3 days
• Low bioavailability, potential depend-

ence on fatty foods
• Half-life a little shorter than the other

ACTs 
• Some reports of resistant strains 

• Uncomplicated P.
falciparum or
unidentified malaria

Amodiaquine-
artesunate
(Coarsucam®)

• WHO prequalified
• Administration: once per day for 3 days 
• Market leader in Francophone Africa
• Pediatric tablet

• Resistance to amodiaquine can compro-
mise efficacy

• Common GI side effects
• Contraindicated for prophylaxis because

of a risk of hepatotoxicity and agranulo-
cytosis with chromic use

• No approval by stringent regulatory
authority (but prequalified by the WHO)

• Uncomplicated P.
falciparum malaria 

Artesunate-
mefloquine
(ASMQ)

• Administration: once per day for 3 days 
• Satisfactory safety record in Thailand of

non-fixed-dose combination
• Successful treatment of P. vivax malaria in

chloroquine-resistant areas
• Long half-life of mefloquine

• Psychiatric and gastrointestinal adverse
events 

• No approval by stringent regulatory
authority

• No prequalification by WHO
• No plans for pediatric formulation
• High cost of goods ($2.50 per treatment)

due to cost of mefloquine

• Uncomplicated P.
falciparum malaria
and chloroquine-
resistant blood stage
P. vivax malaria 

Dihydroartemisin
in-piperaquine
(Eurartesim™)

• Administration: once per day for 3 days 
• Piperaquine has the longest half-life of ACT

partner drugs
• Long post-treatment prophylactic effect
• Extensive safety data of non-GMP product

• On the WHO treatment guidelines, but
no product approved by WHO prequali-
fication.

• Pediatric formulation still in develop-
ment -- for 2012 launch

• Uncomplicated P.
falciparum malaria

Pyronaridine-
artesunate
(Pyramax®)

• Administration: once per day for 3 days 
• Clinical data and registration also for P.

vivax malaria
• Long half-life of pyronaridine

• Safety data limited to the current clinical
trial data

• Pediatric formulation (sachet) still in
development -- for launch in 2012

• Uncomplicated P.
falciparum malaria
and blood stage P.
vivax malaria 

Naphthoquine-
artemisinin
(Arco)

• Single administration of 400 mg naphtho-
quine and 1000 mg artemisinin

• Published activity based on a number of
small investigator-led studies

• No ICH clinical study, or large phase III
study

• Little information on the safety 
• Not submitted to a stringent regulatory

authority or included in the WHO treat-
ment guidelines

• Uncomplicated P.
falciparum malaria 

Arterolane
maleate-piper-
aquine phosphate
(Arterolane)

• Arterolane is free from concerns of embry-
otoxicity associated with artemisinin deriva-
tives

• Synthetic and therefore free from the vari-
abilities of price from agriculturally derived
material

• Might be active against artemisinin-resistant
strains

• Concerns about efficacy, based on rela-
tively poor activity as monotherapy in
Phase IIa study 

• No studies carried out in children, or
juvenile toxicology data so far

• In clinical Phase III -- Indian launch
expected in early 2011

• Not submitted to a stringent regulatory
authority or included in WHO treatment
guidelines

• Uncomplicated P.
falciparum malaria 

ACT: Artemisinin combination therapy; GI: Gastrointestinal; GMP: Good manufacturing practice; ICH: International Conference on Harmonisation
of Technical Requirements for Registration of Pharmaceuticals for Human Use; WHO: World Health Organization.
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groups worked hard to make synthetic artemisinins --
free from the vagaries of agriculture. Rather than mak-
ing the whole molecule, most groups concentrated on
synthesizing the chemically reactive group -- the
endoperoxide. Two of these molecules are now in clin-
ical development -- Arterolane [Ranbaxy/Medicines for
Malaria Venture (MMV)] in Phase III, and OZ439
(MMV) in Phase II. One key experiment is to test these
medicines in patients from areas where the potential
emergence of artemisinin resistance has been reported.
These studies are currently being designed. Fortunately
for now, such patients are rare, but this makes the clin-
ical studies very difficult and slow to carry out. Further
investigations are also underway to determine the mode
of action of resistance to the artemisinins, which will
also help shed light on the question posed. Again, it is
interesting that no one has yet been able to produce a
stable parasite line which is resistant. This suggests that
multiple mutations are needed to produce artemisinin
resistance in the parasite, and that these have a relative-
ly high cost to the parasite. However, the focus for a
new medicine has to be one which is active against all
the potential drug-resistant strains, and with a com-
pletely new mechanism of action. Such molecules are
now being discovered by MMV and our partners, but
even with a successful clinical program, these remain 7
or more years away from being launched into the com-
munity.

Priming the R&D pipeline to tackle resistance 

While the development of resistance to artemisinin
may be inevitable, there are a number of practical
measures that can be taken to delay this prospect.
Specifically, in relation to the development of new
medicines, it is key to ensure that there are as many
ACTs available as possible (Nosten et al., 2007). If
there is a range of ACTs available on the ground in dis-
ease-endemic countries, there is less chance that resist-
ance will emerge to any one of them. Two fACTs are
currently available and approved by the WHO:
Coartem/Coartem Dispersible and Coarsucam. The
next two ACTs currently under review with a stringent
regulatory authority (the fastest way to approval by the
WHO) are EurartesimTM (dihydroartemisinin/piper-
aquine) from Sigma-Tau and MMV and Pyramax®

(pyronaridine/artesunate) from Shin-Poong and MMV
(Table 1). Both of these new ACTs have significant
advantages over the current fACTs, but more impor-
tantly, individual countries will have the choice of more
medicines from which to select the best for their
patients. Two other medicines artesunate/mefloquine

and naphthoquine/artemisinin have been developed,
but neither has been approved by either a stringent reg-
ulatory authority or the WHO, and so far they are not
used to treat large numbers of patients.

The next objective is to assure that future antimalarials
progressing through the pipeline have novel mecha-
nisms of action. This will avoid the emergence of cross
resistance and theoretically delay the time to the emer-
gence of new strains of resistance. There are two
approaches here -- one is to take existing medicines,
those that have already been affected by drug resist-
ance, and create the next-generation of drugs.
Dihydrofolate reductase (DHFR) inhibitors have been
shown to be very potent antimalarials clinically, but
resistance has emerged (Japrung et al., 2007). We now
have a next-generation dihydrofolate reductase
inhibitor, P218, in preclinical development. By rational
design, we have been able to produce a second-genera-
tion molecule active against the normal and resistant
strains of malaria.

The second approach is to work back from the parasite
itself. Over the last few years advances in screening
methodology have meant that instead of having to
select a specific molecular target, we can screen up to
1,536 different chemical compounds against the whole
parasite (Plouffe et al., 2008). This enables us to poten-
tially identify compounds with activity against more
than one molecular target in the parasite, which in the-
ory would make it harder for the parasite to develop
resistance to the drug in the future. Furthermore this
high throughput screening enables us to test a large
number of compounds rapidly for their activity against
malaria and at relatively low cost. Initially partnering
with Novartis (Sakata et al., 2007) and
GlaxoSmithKline (Gamo et al., 2010; Guiguemde et al.,

2010), we have begun to screen the chemical libraries
of the major pharmaceutical and biotech companies. To
date more than 5 million compounds have been
screened for their antimalarial activity. The success rate
in identifying compounds with activity against the
blood stage of P. falciparum has been as high as 0.5%
in concentrations of each compound of less than 1 μM.
To put this in perspective, even 5 years ago, malaria
medicinal chemists would be pleased to see a research
proposal with just one such compound series. Today,
we have over 20,000 to choose from. We can now be
much more rigorous with the use of our selection crite-
ria (half life, solubility, and safety) in determining
which compounds move forward.

http://www.discoverymedicine.com
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Meeting the Needs of Each Patient Group

Children

Malaria’s main victims are children under the age of 5
(WHO World Malaria Report 2009). Medicines are
always developed initially in adults, before being tai-
lored to different age groups. One of the key challenges
we face in developing pediatric formulations is that
children are not just small adults. The pharmacodynam-
ics and pharmacokinetics of medicines may differ
markedly in children compared to adults, and accurate
dosing for children is essential. Careful studies are
needed to find the best dose for each age group. This is
especially important in infants under the age of 2 years.
Additional safety studies and juvenile toxicology need
to be carried out, and these studies can be extremely
expensive. Additionally, antimalarial medicines are
extremely bitter, and often irritate the gastrointestinal
tract -- resulting in nausea and vomiting. Developing
child-friendly formulations, where the taste is masked
and the medicine is easy to swallow is important. This
is an issue that MMV and Novartis addressed during the
development of the recently launched Coartem®

Dispersible -- the first high-quality ACT developed
especially for children. The medicine is now saving
children’s lives. It has a sweet cherry taste (surprisingly
preferred by African children in taste tests), and dispers-
es rapidly in liquid (Abdulla et al., 2008). It thus has all
the advantages of a syrup, but is stable under African
conditions of heat and humidity for several years; and
more importantly, we can be sure that each child gets
the full dose they need.

Pregnant women

Malaria in pregnancy is the most common and yet pre-
ventable cause of maternal and perinatal morbidity and
mortality in sub-Saharan Africa. About 125.5 million
pregnancies are at risk of being disrupted by malaria
every year and 10,000 women and 200,000 infants die
as a result (Dellicour et al., 2010). P. falciparum specif-
ically attaches to glycosaminoglycans in the placenta,
placing pregnant women particularly at risk. Currently,
there is very little information on the safety and effica-
cy of most antimalarials in pregnancy. The question is
how to determine the best treatment regimen. The doses
needed vary given the physiological changes that occur
during early and late-stage pregnancy. As with infants
the approach is to proceed with caution. Once intensive
safety studies have been completed, medicines are test-
ed first on late-stage pregnant patients. In parallel, a pic-
ture on the effect of medicines on early-stage pregnan-

cy can be built up by pregnancy registers -- dossiers
from women who did not realize they were pregnant at
the time they took the medicine. For ACTs, there has
been concern about artemisinin, as a result of rodent
toxicology studies; however, fortunately there have
been no significant indications of effects on the fetus to
date (McGready et al., 2008). As time goes on, the level
of confidence in the safety of such medicines in early
pregnancy is increasing. Accordingly, the same treat-
ment administered in non-pregnant adults cannot
always be relied upon. Classical antimalarials, such as
quinine, chloroquine, proguanil, pyrimethamine, and
sulfadoxine-pyrimethamine have been available for
over a decade, and can therefore be considered safe in
the first trimester of pregnancy.

Given the high risk nature of malaria in pregnancy, one
approach is to provide protection known as Intermittent
Preventive Treatment in Pregnant Women (IPTp). This
can be described as a sort of pharmacological vaccina-
tion and has been adopted by many African countries.
Each time the expectant mother meets a health worker
(usually two or three times during pregnancy) they are
given a dose of antimalarial -- typically sulfadoxine-
pyrimethamine, selected due to its long half-life and
good safety record. It is highly cost effective -- at
around USD 0.25 per patient -- and it significantly
increases the chances of a healthy baby being born.
However, since it is a relatively ‘old’ medicine, resist-
ance, especially in East and Southern Africa, has devel-
oped (Wongsrichanalai et al., 2002). There is thus an
urgent need to develop new and effective IPTp regi-
mens.

In searching for the next-generation IPTp, safety is the
paramount concern. The antibacterial medicine
azithromycin is somewhat effective in malaria, but
recent clinical studies show that this effect is potentiat-
ed by chloroquine, even in areas where there is chloro-
quine resistance -- an example of clinical drug synergy.
Since both medicines have established safety records in
pregnancy, they are an ideal combination for a fixed-
dose combination tablet for IPTp. MMV and Pfizer are
now working together with the London School of
Hygiene and Tropical Medicine to develop this combi-
nation. The endpoint of the clinical trial is not simply
stopping malaria -- but whether the mother is able to
deliver a healthy baby. Bearing in mind that there is a
relatively high incidence of sexually transmitted bacte-
rial infections amongst these populations, which also
impacts the health of the newborn, this combination has
added public health benefits beyond malaria control.

http://www.discoverymedicine.com
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Patients with severe malaria

Treatment varies depending on the severity of the
symptoms. If the patient is treated promptly after the
onset of symptoms and displays no signs of severity or
vital organ damage then the condition is classified as
uncomplicated malaria. Recommended first-line treat-
ment for uncomplicated P. falciparum malaria is fACT.
However, if treatment is not administered promptly the
disease can rapidly progress to severe malaria, which in
turn can rapidly become fatal. Severe malaria presents
additional treatment challenges: patients are often
unconscious or likely to vomit an oral formulation, and
so require a rapidly-acting intravenous or intramuscular
medication.

Traditionally, quinine was used to treat severe malaria
(Table 1), but the rapid action of artemisinin derivatives
makes them clinically superior. For severe malaria,
intravenous or intramuscular artemisinin is the standard
of care. The current challenge for disease-endemic
countries is the absence of products that have been pro-
duced in a Good Manufacturing Practice (GMP) facili-
ty. The leading manufacturer of intravenous artesunate
is Guilin Pharmaceutical Co., Ltd. in China, and MMV
is currently working with them to ensure that their man-
ufacturing facilities meet WHO Prequalification stan-
dards. This will assure that the final product can be pro-
cured with money from international aid organizations.
The next stage will be to make the medicine even more
convenient for patients, as not everyone has access to a
health worker who can inject an intravenous formula-
tion. A rectal artesunate formulation is being developed
by the WHO/TDR (the research arm of the WHO) as a
‘pre-referral treatment’ for use whilst the patient is
rushed to the clinic -- it will also be interesting to see
how this works in severe malaria (Gomes et al., 2009).

The Challenge of More Than One Species of

Malaria

P. falciparum is the dominant species and responsible
for the vast majority of the malaria-related deaths in
sub-Saharan Africa. Consequently, it is the main target
in malaria drug discovery efforts. Plasmodium vivax
poses the second greatest threat to human health. It is
responsible for as much as 25-40% of the global malar-
ia burden and is a particular problem in South and
Southeast Asia, and Central and South America.
Plasmodium ovale and Plasmodium malariae are two
other species know to infect man, but represent only a
small number of cases to date. In addition, the primate
malaria parasite, Plasmodium knowlesi, has been

known to cause human malaria.

Following infection by a mosquito, P. falciparum and P.
malariae rapidly progress through the hepatocytes
(Figure 1: Malaria parasite lifecycle), undergoing asex-
ual division with the release of large numbers of mero-
zoites into the host bloodstream. For P. vivax and P.
ovale, the medicines which work against the blood
stages of falciparum malaria, such as chloroquine and
amodiaquine are still active against the blood stages.
However, some of the parasites in the hepatocytes
become dormant (a form known as the hypnozoite)
(Wells et al., 2010). The dormant hypnozoite can be
reactivated any time between 3 weeks and several
years, leading to the symptoms of malaria in the
absence of a mosquito bite. Since P. vivax transmission
is rarely intense, activation of hypnozoites is thought to
be a major contributor to disease frequency. P. vivax
and P. ovale therefore pose an additional treatment
challenge: ridding the patient of the reservoir of dor-
mant hypnozoites that cause a relapse.

The only approved anti-relapse drug of choice is pri-
maquine -- an 8-aminoquinoline deployed against vivax
malaria in the Korean War by the U.S. Army (Table 1).
However, it has two significant weak points. First, it
must be taken daily for 14 days to be effective -- such
compliance is unachievable in reality, since the patients
are asymptomatic for most of this time. Second, in
patients who are deficient in the enzyme glucose 6-
phospate 1-dehydrogenase (G6PD), primaquine causes
lysis of the erythrocytes -- causing further anemia in a
patient population already potentially suffering from
anemia due to the parasite infection. As G6PD deficien-
cy provides some protection against infection, unfortu-
nately for this treatment, the phenotype is especially
common in malaria-endemic countries (Hill et al.,
2006).

A next-generation 8-aminoquinoline, tafenoquine, was
also developed by the U.S. Army (the Walter Reed
Army Institute of Research) and is currently in clinical
development with GlaxoSmithKline. This medicine
could be taken as a 2-3 day treatment course, which
would be a significant improvement on the previous
generation that needed a 20-day course. It is being test-
ed for its safety in G6PD-deficient subjects with an
objective to enter a pivotal clinical trial in 2011.
Nonetheless, new classes of anti-relapse drugs are
needed which do not have this safety concern.
Historically, this has been hampered by the fact that the
only test system available was in vivo testing in
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Figure 1. The malaria parasite lifecycle. (Note: the timings are relevant only for P. falciparum.)
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cynomolgus monkeys. Recently the Dutch primate cen-
tre in a collaboration with MMV and other partners
have been able to develop a cell culture model of hyp-
nozoite formation. We are now able to test many more
new classes of compounds, thus casting the R&D net
much wider. It will be very interesting to see if some of
the new compounds coming from the blood-stage
screenings described for P. falciparum are also active
against the dormant hypnozoite.

Blocking Transmission 

One of the keys to malaria eradication is to block the
transmission of the parasite from person to person.
Studies showed that after a mosquito takes a blood meal
from an infected person, they often bite someone in the
same room, such as a family member -- so parasite
transmission can be extremely local. In a malaria
patient the majority of the parasites are in the erythro-
cytes (Figure 1), and cause the clinical symptoms of
malaria. A small proportion of the parasites (1%), how-
ever, form gametocytes or the sexual form of the para-
site. It is these gametocytes, taken up by the mosquito
where they sexually reproduce, that continue the malar-
ia lifecycle to infect the next person.

The first step is to determine which medicines and com-
pounds have this gametocidal or transmission blocking
ability. To do so, MMV and Imperial College London
have developed a high-content assay to screen for all of
the sexual forms of the parasite: gametocytes, gametes,
zygotes, ookinetes, and oocysts (Figure 1). As the para-
site burden is much lower for the sexual forms of the
parasite (there are less than five oocysts compared to
billions of merozoites) (Sinden, 2010), once we know
which compounds have activity against them, based on
this number alone, it should in theory be easier to target
them.

Malaria is a neglected disease as far as research and
development are concerned. Currently we do not even
have a complete picture of the transmission blocking
activity of all the known antimalarials. To complete this
gap in our knowledge we have started a process of test-
ing all the marketed and in-development antimalarials.
This project is described as Lifecycle Fingerprinting of
antimalarials, and we are currently obtaining data on
almost one hundred interesting molecules. Most impor-
tantly, as new scaffolds for antimalarial medicines are
discovered from screening, we can now rapidly select
the ones which are likely to have acceptable activity in
transmission-blocking assays. This will enable us to
focus resources on the most promising drug candidates

in order to expedite their potential registration and use.

Conclusion

Malaria is a multifaceted disease thus requiring a multi-
pronged approach to treatment. Given the challenges
outlined, we can only deem the number of available
antimalarials to be enough once the malaria parasite is
finally eradicated. Until this time, innovative and effec-
tive medicines will continue to be needed. Currently we
have a small range of good tools -- with two high-qual-
ity fACTs approved by the WHO and two others in the
pipeline. The issue of drug resistance in particular is
exacerbated by the sheer size of the problem -- with an
estimated 300 million patients requiring treatment
every year in addition to issues of inappropriate and
irrational treatment practices on the ground in many
disease-endemic countries. But at the same time malar-
ia research has entered a new phase -- the emergence of
new approaches that will not simply control the disease
but target its eventual eradication. What is exciting is
that these new approaches are being developed through
partnerships between the public health sector, universi-
ties, and also pharmaceutical and biotechnology com-
panies. This multi-expertise collaboration provides us
with a high level of confidence that the momentum built
up in the last 5 years will continue. With a strong
pipeline of innovative new medicines we can chart a
course for the eventual eradication of this dreadful dis-
ease.

References

Abdulla S, Sagara I, Borrmann S, D’Alessandro U, González

R, Hamel M, Ogutu B, Mårtensson A, Lyimo J, Maiga H,

Sasi P, Nahum A, Bassat Q, Juma E, Otieno L, Björkman A,

Beck HP, Andriano K, Cousin M, Lefèvre G, et al. Efficacy

and safety of artemether-lumefantrine dispersible tablets

compared with crushed commercial tablets in African infants

and children with uncomplicated malaria: a randomised, sin-

gle-blind, multicentre trial. Lancet 372(9652):1819-27, 2008.

CDC website: www.cdc.gov/malaria/history/index.htm

Dellicour S, Tatem AJ, Guerra CA, Snow RW, ter Kuile FO.

Quantifying the number of pregnancies at risk of malaria in

2007: a demographic study. PLoS Med 7(1):e1000221, 2010.

Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J,

Lwin KM, Ariey F, Hanpithakpong W, Lee SJ, Ringwald P,

Silamut K, Imwong M, Chotivanich K, Lim P, Herdman T,

An SS, Yeung S, Singhasivanon P, Day NP, et al. Artemisinin

resistance in Plasmodium falciparum malaria. N Engl J Med

361(5):455-67, 2009.

http://www.discoverymedicine.com


Gamo FJ, Sanz LM, Vidal J, de Cozar C, Alvarez E,

Lavandera JL, Vanderwall DE, Green DVS, Kumar V, Hasan

S, Brown JR, Peishoff CE, Cardon LR, Garcia-Bustos JF.

Thousands of chemical starting points for antimalarial lead

identification. Nature 465(7296):305-10, 2010.

Gomes MF, Faiz MA, Gyapong JO, Warsame M, Agbenyega

T, Babiker A, Baiden F, Yunus EB, Binka F, Clerk C, Folb P,

Hassan R, Hossain MA, Kimbute O, Kitua A, Krishna S,

Makasi C, Mensah N, Mrango Z, et al., Study 13 Research

Group. Pre-referral rectal artesunate to prevent death and dis-

ability in severe malaria: a placebo-controlled trial. Lancet

373(9663):557-66, 2009.

Guiguemde WA, Shelat AA, Bouck D, Duffy S, Crowther GJ,

Davis PH, Smithson DC, Connelly M, Clark J, Zhu F,

Jiménez-Díaz MB, Martinez MS, Wilson EB, Tripathi AK,

Gut J, Sharlow ER, Bathurst I, El Mazouni F, Fowble JW,

Forquer I, et al. Chemical genetics of Plasmodium falci-

parum. Nature 465(7296):311-5, 2010.

Hill DR, Baird JK, Parise ME, Lewis LS, Ryan ET, Magill

AJ. Primaquine: report from CDC expert meeting on malaria

chemoprophylaxis I. Am J Trop Med Hyg 75(3):402-15,

2006.

Japrung D, Leartsakulpanich U, Chusacultanachai S,

Yuthavong Y. Conflicting requirements of Plasmodium falci-

parum dihydrofolate reductase mutations conferring resist-

ance to pyrimethamine-WR99210 combination. Antimicrob

Agents Chemother 51(12):4356-60, 2007.

Luo XD, Shen CC. The chemistry, pharmacology, and clini-

cal applications of qinghaosu (artemisinin) and its deriva-

tives. Med Res Rev 7:29-52, 1987.

McGready R, Tan SO, Ashley EA, Pimanpanarak M,

Viladpai-Nguen J, Phaiphun L, Wüstefeld K, Barends M,

Laochan N, Keereecharoen L, Lindegardh N, Singhasivanon

P, White NJ, Nosten F. A randomised controlled trial of

artemether-lumefantrine versus artesunate for uncomplicated

Plasmodium falciparum treatment in pregnancy. PLoS Med

5(12):e253, 2008.

Meshnick SR. Artemisinin: mechanisms of action, resistance

and toxicity. Int J Parasitol 32:1655-60, 2002.

Moon S, Pérez Casas C, Kindermans J-M, de Smet M, von

Schoen-Angerer T. Focusing on quality patient care in the

new global subsidy for malaria medicines. PLoS Med

6(7):e1000106, 2009.

Roberts L, Enserink M. Did they really say eradication?

Science 318:1544-5, 2007.

Nosten F, White NJ. Artemisinin-based combination treat-

ment of falciparum malaria. Am J Trop Med Hyg 77(6

Suppl):181-92, 2007.

Plouffe D, Brinker A, McNamara C, Henson K, Kato N,

Kuhen K, Nagle A, Adrián F, Matzen JT, Anderson P, Nam

TG, Gray NS, Chatterjee A, Janes J, Yan SF, Trager R,

Caldwell JS, Schultz PG, Zhou Y, Winzeler EA. In silico

activity profiling reveals the mechanism of action of anti-

malarials discovered in a high-throughput screen. Proc Natl

Acad Sci U S A 105:9059-64, 2008.

Sakata T, Winzeler EA. Genomics, systems biology and drug

development for infectious diseases. Mol Biosyst 3(12):841-

8, 2007.

Sinden RE. A biologist’s perspective on malaria vaccine

development. Hum Vaccin 24:6(1), epub ahead of print, 2010.

Wells TN, Burrows JN, Baird JK. Targeting the hypnozoite

reservoir of Plasmodium vivax: the hidden obstacle to malar-

ia elimination Trends Parasitol (3):145-51, 2010.

Wongsrichanalai C, Pickard AL, Wernsdorfer WH, Meshnick

SR. Epidemiology of drug-resistant malaria. Lancet Infect

Dis 2(4):209-18, 2002.

World Health Organization. Guidelines for the Treatment of

Malaria. Geneva, Switzerland, 2006.

World Health Organization. World Malaria Report. Geneva,

Switzerland, 2009.

World Health Organization. Guidelines for the Treatment of

Malaria. Geneva, Switzerland, 2010.

398

Discovery Medicine, Volume 9, Number 48, May 2010

The Need for a Robust Pipeline of high-quality antimalarials

http://www.discoverymedicine.com

