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Objective of Consultation 
This initiative was a joint collaboration between the Medicines for Malaria Venture (MMV) and 

key experts in the field of antimalarial drug discovery and development.  

Artemisinin-derivative combination therapies are current drugs of choice in the fight against 

uncomplicated malaria. Preservation of the effectiveness of each of the components of such 

combinations is critical to ensure the longevity of this class of drug therapy and that the 

investment made in their development today pays off with substantial in-country deployment in 

the knowledge that resistance is less likely than with mono-therapy. Further options are needed 

using different drug combinations, drug targets and treatment modalities in order to keep one step 

ahead of parasite resistance.  

In addition using experiences from other areas of anti-infective diseases such as TB and HIV-

AIDS and applying them to malaria treatment in terms of tailoring the optimal compounds to be 

included in a combination.   

The meeting objective was to facilitate a platform to develop consensus on strategies for new 

anti-malaria drug combinations for the treatment of uncomplicated Plasmodium falciparum 

malaria primarily. Furthermore this was to address the discovery and development of non-

artemisinin-based combination therapies (NACTs) to replace the ACTs, to include: targets, 

properties (half-life, speed of action), IPT (intermittent preventive treatments), pregnant women, 

infants, falciparum and vivax, single use, cost of goods, low propensity to develop resistance.    

This document summarizes the presentation and discussion outputs of the meeting.   

 

Presentations were made by a panel comprising of  

• David Fidock - Colombia University  

• Phil Rosenthal - UCSF General Hospital 

• David Roos - University of Pennsylvania  

• Akhil Vaidya - Drexel College of Medicine  

• Dennis Kyle - University of South Florida 
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Summary of Presentations 

 

David Fidock 

Slides presented in Appendix 1 

In addressing the topic of optimizing combinations of antimalarial therapies, a presentation was 

given on the problems with resistance to existing antimalarials and the genetic basis for drug 

resistance. Resistance to chloroquine was used as an example to demonstrate its evolution from 

the mid 1940s. First cases were reported in South East Asia and South America. The genesis of 

resistance was rare but it was the strong selective drug pressure that drove its broad 

dissemination. Resistance in Africa was of Asian origin, as is also the case for SP. PfCRT is the 

main determinant in chloroquine resistance, thorough a complex series of point mutations, 

consistent with a rare genetic event and subsequent dissemination. African and Asian resistant 

PfCRT share the same haplotypes of 7-8 point mutations. Experiments have been conducted to 

test whether the observations in the field are conferred in resistant genotypes in vitro: the findings 

enable the definition of resistance patterns.  Stereo-specificity seems to be key to resistance: if 

subtle chemical changes to are made to chloroquine then resistance can be reversed. PfCRT can 

modify parasite susceptibility to multiple antimalarials. Transfection studies have illustrated its 

contribution to quinine or amodiaquine resistance and drug pressuring experiments have also 

implicated its ability to mediate halofantrine resistance. This holds implications for the 

development of molecular markers of resistance and appropriate choices of drugs to treat 

chloroquine-resistant malaria. One role of pfmdr1 in drug resistance mechanisms is illustrated by 

its 3-prime point mutations that can affect susceptibility to quinine and mefloquine and in certain 

strains, chloroquine. Additional transfection studies support the use of pfmdr1 copy number as a 

marker of mefloquine resistance. Allelic exchange studies have also revealed that the PfCRT 

K76T mutation leads to a total loss of chloroquine sensitivity. Biochemical studies have proposed 

three mechanisms for chloroquine resistance: active efflux, passive efflux and pH effects.  

Speculation is taking place on the genesis of drug resistance for artemisinin combination 

therapies (ACTs), which may well occur to the partner drug in the first instance. Whether in fact 

artemisinin resistance can arise is a source of active debate: dihydroartemisinin can induce a 

dormancy state in ring stage parasites, in vitro selection has produced P. falciparum lines that 

manifest a transient, drug-dependent increase in tolerance to artemisinins, early treatment failures 

have been reported along the Thai-Cambodian border, and elevated artemether IC50 values have 

been reported in French Guiana. However, detailed basic research on the basis for drug 

resistance, both from biological and genetic aspects, is lacking and must be conducted. In vitro 
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correlates of resistance need to be confirmed in field studies. PK/PD studies are also critically 

required to define pharmacological correlates of treatment outcome and define combinations that 

not only provide rapid parasite clearance, but also minimize the pressure for selection of 

resistance. 

 

Phil Rosenthal 

Slides presented in Appendix 1 

In order to drive future optimization of antimalarial combinations, it is important to understand 

the molecular epidemiology of antimalarial drug resistance and the impact of drugs in the clinical 

setting. Field based studies are a means of identifying emerging drug resistance. Key to following 

emerging resistance is the selection of parasites with resistance mediating mutations or the 

selection of altered in vitro sensitivity to previously used drugs. Resistance to chloroquine in 

Africa is conferred by the PfCRT K76T mutation. Mutations in PfMDR1 may contribute to 

resistance. It is likely that the mechanism of resistance for amodiaquine is similar, but not 

identical to that for chloroquine. It has been shown that amodiaquine selects for key mutations in 

PfCRT and PfMDR1. Antifolates are in widespread clinical use, both as antibacterial agents and 

antimalarials. The emergence of resistance to SP is a major issue as it is widely used, particularly 

extensively in the high risk groups requiring IPT. Currently there is no replacement for SP in this 

setting. SP resistance may predict resistance to Chlorproguanil-dapsone. DHFR triple mutations 

and DHPS double mutations, which together predict resistance to SP, are now common in Africa.  

 

In examining whether prior treatment selects for resistance, DHPS mutations appear to be 

important, as shown in the clinical setting with SP-containing regimens. Trimethoprime-

sulfamethoxazole given as prophylaxis in HIV infected children dramatically reduced the 

incidence of malaria, in a population where 20% of untreated children had asymptomatic 

parasitemia. Antimalarial activity of antiretroviral protease inhibitors, in particular lopinavir, has 

been observed.  Lopinavir is a component of Kaletra (lopinavir and ritonavir), a widely used 

antiretroviral drug. Importantly, a side benefit of an antiretroviral regimen might be the 

prevention of malaria, and different regimens will likely differ in antimalarial activity.  

 

New ACTs are becoming the standard to treat malaria, showing outstanding antimalarial efficacy. 

However, selection of resistance to artemisinins themselves may be occurring and selection of 

resistance to ACT partner drugs is clearly occurring, threatening the utility of these regimens. 

ACT partner drugs are selecting for resistant parasites, but different drugs appear to select in 
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different ways. Indeed, different drugs may select toward sensitive or resistant phenotypes- so 

called reciprocal drug resistance- possibly due to mutations in transporters altering drug 

concentrations either inside or outside the food vacuole, depending on the site of action of the 

drug. Prior use of a drug does select for higher IC50s. The fact that different combinations appear 

to select in different directions may suggest that multiple combinations should be available for 

clinical use in endemic countries to avoid the repeated use of certain drugs and to prepare for 

increasing resistance to some agents. Nevertheless, additional antimalarial regimens, including 

non-ACT regimens, need to be designed and developed to overcome increasing drug resistance.  

 

Akhil Vaidya  

Slides presented in Appendix 1 

To make informed decisions on antimalarial drug combinations it is critical to have a better 

understanding of parasite physiology and mechanisms of drug action as well as resistance. 

Malaria parasites have a very unusual mitochondrion, which permits specific targeting by 

potential antimalarials. Parasite mitochondria possess an abbreviated electron transport chain, 

with atovaquone targeting the cytochrome bc1 complex. The parasites rely entirely on de novo 

pyrimidine biosynthesis, and the main role of the electron transport chain in blood stages appears 

to be to serve this process. Targeting the mitochondria presents a validated strategy for new 

compound identification and further research is needed to address this.  In an existing drug 

combination, Malarone, proguanil in its prodrug form appears to collapse mitochondrial 

membrane potential through inhibition of an alternative pathway of potential generation.  

However, proguanil activity is masked by atovaquone acting to inhibit mitochondrial electron 

transport chain, which is the dominant route for mitochondrial membrane potential generation. 

Therefore, emergence of atovaquone-resistant mutations in mitochondrial DNA would render 

proguanil ineffective as a prodrug partner.  It is proposed that alternative partners for atovaquone 

should be sought once Malarone approaches off-patent status in order to protect the atovaquone 

component. Equally, given the extensive research in the Plasmodium falciparum mitochondria, it 

is proposed that combination of two compounds with overlapping binding sites on the same 

targets could be a good strategy for novel antimalarial combinations.  

 

 

 

 

 



EXPLORING COMBINATIONS OF ANTIMALARIAL DRUGS     page 6 
 

David Roos 

Slides presented in Appendix 1 

Identification of targets will enable the proactive selection of compounds to yield synergistic drug 

combinations. Other models or species can be used into the search for such targets: many 

important aspects of toxoplasma are common to plasmodium, and this may provide the key to the 

use of combinations if antimalarials are the delay to emerged resistance and optimized synergistic 

drugs. Novel targets such as the apicoplast of Plasmodium falciparum exist that could be 

targeted: prokaryotic transpeptidation inhibitors target the apicoplast. Other candidate targets 

include those where enzymes are expressed at a logically appropriate time, where genes have 

been preserved in all plasmodium species, which have conserved evolutionary aspects, which are 

distinct from mammalian enzymes and where there is a low propensity to polymorphism.  

Databases exist which can be used to identify potential targets, such as TDRtargets.org. 

OrthoMCL Database is a further database which identifies across species, for example candidates 

with apicoplast genes are found in toxoplasma, plasmodium and cryptosporidium sub-species. 

Looking at metabolic pathways in apicomplexian pathways can be used to identify synergistic 

targets which may have a role in combinations and attributes weighted for prioritization on a 

drugability index.  

In addressing the question of which targets may yield synergistic drug combinations, the 

attributes of any specific target should be examined (single vs. combinations vs. synergy). 

Prioritization of targets may require additional datasets/databases which need to be characterized 

and made available, and shortcomings addressed. Existing database sources include: 

http://PlasmoDB.org, http://ApiDB.org, http://TDRtargets.org, http://OrthoMCL.cbil.upenn.edu   

 

Dennis Kyle 

Slides presented in Appendix 1 

One critical issue with artemisinin combination therapies was stated as the fact that combinations 

are with existing drugs and as such the risk is high that the partner drug may have pre-existing 

resistance. Furthermore there is an empirical selection of partner rather than this being a proactive 

and rational selection. An understanding of the pharmacokinetic/pharmacodynamic relationships 

are needed and an understanding of the relative importance of matched/unmatched 

pharmacokinetics. The extension of the two drug combination to a three drug combination 

antimalarial remains a possibility. However, ideally new ACTs should be with new partner drugs.  

Data from the University of South Florida has shown that artemisinin derivatives are working at 

the cell level and it appears that ring stage parasites, under pressure of artemisinin, enter a 
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dormant phase. After a period of around 10 days the parasites appear to re-emerge. The data 

suggest that a partner drug to an artemisinin derivative must have activity against dormant forms 

or a long enough half life to remain active in the blood when dormant forms begin to emerge and 

grow.  

Different models exist to evaluate drugs and drug combinations. With in vitro drug susceptibility 

assays there are issues with standardization between different laboratories and require robust and 

relevant drug resistance genotypes and phenotypes. Whether assays should be cidal or static is 

debated and resistance threshold issues exist. There is a potential for artemisinin resistance to be 

underestimated. Isobolograms are qualitative indicators of synergy, additivity or antagonism 

however data can be over-interpreted. Combinations of antimalarial drugs are mostly additive but 

remain useful indicators of clinical correlates (mefloquine plus DHA, artemisinin or artesunate 

etc). Quantitative dose response relationships of a series of combination drugs can be defined by 

looking at the inhibition of partner drug alone and in combination with sub-inhibitory artemisinin 

concentrations. In vivo models for testing combinations include rodent models such as those of 

Peters et al. Issues with these models however relate to differing mechanisms of resistance, of 

metabolism and of life-cycle which may be 24 or 44 hours between species. The Aotus monkey 

model however provides an excellent opportunity to test combination partners showing good 

clinical correlation. Optimization of selection will come with improved understanding of 

pharmacokinetic/pharmacodynamic relationships.  
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Expanded Discussion 

 

There is a general agreement that that level of efficacy currently seen with ACTs will not be 

sustained in the long term, especially in high endemic areas, with concerns over toxicity and  

changes in susceptibility and resistance. There could indeed be substantial changes in morbidity 

and such areas require further research.  

It is entirely possible that combinations of more than two antimalarials may become the norm in 

the future, as is the case in TB treatments. The matching of pharmacokinetics should then be 

carefully evaluated and that deliberate selection of combination partner will need to take place. 

The use of a triple combination may extend the potential utility of artemisinin derivatives. Other 

avenues for artemisinin-type compounds should be nevertheless explored. Mechanism of action 

and target are both important pieces of information for consideration when choosing combination 

partners or drug candidates.  

The range of options should be as broad as possible and targets and alternative antimalarial 

classes require active research. Evidence-based approaches do not necessarily have a good track 

record of developing target to drug new chemical entities. By looking at drug targets in the early 

stages of combination drug discovery programmes, rationale decisions can be made around 

candidate selection. There is a concept of designing a combination product where two different 

scaffolds attack the same target, for example from the folate pathway. As such, the overlapping 

activities may reduce the risk of resistance developing.  

While synergism is a useful feature, it was argued that there is value in combination with a third 

which is not synergistic. Furthermore, work is needed on new chemical entities such that they are 

not viewed in isolation but as a tool for combination, in particular as no resistance should pre-

exist in the population.  

Further research is needed in the mechanisms around intermittent preventive therapy and 

profiling of “ideal” regimes. Equally the issue with liver stage parasitology; whether they do not 

get into the liver or whether drugs are inactivated in the liver is not clear.  

The concept of “ring-fencing” certain drugs for specific populations have been flagged. For 

example, SP has a huge potential for IPT and should perhaps be reserved for this specific 

population or modality. As such drugs which have been used for many years may have prolonged 

utility in restricted populations. Prior to use of new ACTs in IPT populations, a full understanding 

of safety in pregnancy and infants is needed. The value of drugs such as SP is undisputed; 

however why these drugs work so well in certain populations is not clear and merits further 
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investment in research. SP in IPTi is better researched compared to IPTp; at a single dose the 

combination has a long half life, which appears to maintain a low level of parasitaemia which 

seems to prevent further infection and treats at the same time – a form of “immunization” with an 

attenuated parasite and as such keeps the parasite in check. Alternative treatment modalities such 

as administering SP weekly may also be considered. Consensus is that drug development rarely 

focuses on IPTp and as such research investment is also inadequate.  

Given the length of drug development timelines, discussions should be taking place now around 

the optimal use for existing drugs and in the design of new scaffolds for new or known targets. 

Fundamentally different challenges exist in the identification of new targets, given that target-

based drug discovery efforts have not been as successful as first anticipated. MMV includes both 

whole cell and specific targets in its portfolio. It was reinforced that the lack of cross-sharing of 

knowledge means that best practice and information exchange does not occur. Unless this occurs, 

progress will be hampered. Major roadblocks exist including standardization of assays and of 

laboratories.   

In discussion of resistance patterns, certain drug classes may select for specific patterns, if they 

are found to share a common resistance modality. The aminoquinolones are an example. Whether 

this is the case for other artemisinin derivative combinations is unknown currently. An argument 

has been developed that, even when resistance has been developed, for example with atovaquone, 

research on the target should continue to be supported: it is only with detailed knowledge of any 

target that target-susceptibility can be circumvented in new drug design. Consensus was reached 

that it is for the scientists to search for new targets and to find a forum to exchange knowledge 

and best practice.  

The role of organizations such as MMV may be to provide review across the range of ACTs to 

guide the broader view of utility and potential emergence of resistance through an ongoing and 

consistent review of emerging clinical data in the field. The concept of cycling ACTs to minimise 

the risk of resistance emerging to the partner component while being a theoretical aspiration, is 

not practical in terms of deployment. The crucial need for a serious policy of control of ACTs  

was emphasized in order to protect the drug class from miss-use and to prolong longevity of 

deployment. It should be clear that as not all ACTs are equal, one failing ACT is not a failure for 

the entire class. Diagnostics for malaria remain an integral part of the overall picture of disease 

management and are currently less than satisfactory. The need to strengthen health systems in 

endemic countries should not be underestimated and integral elements of malaria management 

such as presumptive diagnosis of fever needs to change in the field through education of health 

workers etc.  


