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Abstract. Molecular determinants of antimalarial drug re-
sistance are useful and informative tools that complement
phenotypic assays for drug resistance. They also guide the
design of strategies to circumvent such resistance once
it has reached levels of clinical significance. Established
resistance to arylaminoalcohols such as mefloquine and
lumefantrine in SE Asia is mediated primarily by gene am-
plification of the P. falciparum drug transporter, pfindri.

Single nucleotide polymorphisms in pfindri, whether as-
sessed in field isolates or transfection experiments, are as-
sociated with changes in ICs, values (to arylaminoalcohols
and chloroquine), but not of such magnitude as to influence
clinical treatment outcomes. Recently described emerging
in vitro resistance to artemisinins in certain areas correlates
with mutations in the SERCA-like sequence PfATP6 and
supports PfATP6 as a key target for artemisinins.
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Introduction

Antimalarial drug resistance is currently one of the great-
est challenges to reducing mortality caused by Plasmo-
dium falciparum infection. Resistance arises via selection
of mutations, and is decisive in determining the lifetime
of antimalarial agents. Resistance has recently forced
many countries to change national treatment protocols
[1], particularly to combinations of antimalarial drugs
with artemisinins as one component.

Understanding the molecular basis of drug resistance is
useful for several reasons. Providers of antimalarial drugs
can use molecular data to complement more established
methods [2] in following the development of drug resis-
tance in a given area. Samples for molecular testing are easy
to collect (e.g. as blood spots) and store prior to transfer
to a central laboratory for assay. Since molecular changes
are generally discrete, assessments are relatively easy to
standardise between units. Molecular markers theoretically
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offer the earliest way to detect emerging drug resistance
and intervene accordingly, since they examine fundamen-
tal processes in the resistance pathway. Molecular data can
also be used to guide development of novel antimalarial
compounds to bypass drug resistance mechanisms.
Several recent advances in our understanding of mecha-
nisms of resistance to different classes of antimalarial
agents make this an opportune moment to review this
area. We begin with a description of how molecular mod-
els for drug resistance have developed, focussing on me-
floquine (and related drugs such as quinine) where the
role of pfindr1 has recently been clarified. Evidence for in
vitro artemisinin resistance and its molecular mechanism
are also described. Relevance of these findings will then
be discussed in the context of combination therapies.

Mechanisms of drug resistance

Broadly, there are two ways in which malaria parasites
have become resistant to antimalarial drugs. Resistance
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against antifolates and atovaquone has arisen by mutations
in drug targets that reduce their sensitivity; in these exam-
ples, an understanding of the molecular basis of drug ac-
tion has been a prerequisite for elucidating the mechanism
of drug resistance. Other drugs such as chloroquine and
mefloquine may not have parasite-derived protein targets
that can mutate, allowing parasites to escape from thera-
pies. For these classes of antimalarial drugs, the parasite
has become resistant through mutations in transporters
involved in determining drug disposition within the in-
traerythrocytic parasite and its organelles. This effectively
reduces drug concentrations at critical (presumed) target
sites. In this context, mutation(s) of an individual trans-
porter can modulate drug sensitivities to different antima-
larial classes; similarly two genes may act epistatically to
determine a single drug’s resistance phenotype [3].

Developing models of drug resistance

Understanding the molecular basis of drug resistance has
evolved in different ways, depending on the drug in ques-
tion. For example, classical genetic studies using isolates
with differing chloroquine sensitivities allowed ‘reverse
genetic’ analyses to identify the associated chloroquine
resistance genotype [4]. Confirmation that mutations in
the drug resistance gene (pfcrt, or chloroquine resistance
transporter gene) associated with the chloroquine-resis-
tant phenotype were causal for that phenotype came after
experimentally transfecting the ‘resistant’ pfcrt sequence
(76T) into sensitive parasites [5].

However, such studies will have an undetermined and
possibly limited applicability unless their contribution to
clinical resistance is also ascertained. This is partly be-
cause the role of the resistance gene is only being investi-
gated in the background of a laboratory-adapted parasite
strain. In vitro studies of field isolates address this limita-
tion, although the magnitude of any change in ICj, asso-
ciated with a given mutation in transfection experiments
is not always a reliable indicator of the clinical relevance
of the mutation. Drug resistance is essentially the abil-
ity of parasites to multiply in the presence of previously
therapeutic drug concentrations and, therefore, can only
be accurately assessed in studies linked in some way to
the treatment of patients.

Unfortunately, studies assessing therapeutic outcome
themselves may be confounded by non-drug related vari-
ables (such as compliance and immunological status of
patients) and, therefore, constitute a major challenge.
This can be met by collaboration between basic and clini-
cal researchers and has led to a useful understanding of
mechanisms of clinical resistance to antifolates [6] and
chloroquine [7], as discussed in detail in recent reviews
[8, 9]. This review focuses instead on resistance to ar-
ylaminoalcohols (mefloquine, lumefantrine and quinine)
and artemisinins.
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Resistance to mefloquine and other
arylaminoalcohols

The pfmdrI-chloroquine hypothesis

Demonstration that clinically important resistance to
mefloquine and other arylaminoalcohols is determined
largely by pfindrl has required a circuitous path of in-
vestigation involving many groups. The observation that
mammalian cancer cell multidrug resistance (MDR)
genes mediate resistance to unrelated anticancer agents
(increased MDR1 gene copy number leading to increased
expression of the protein product P-glycoprotein 1) [10]
led to proposals that a similar mechanism might be im-
portant in antimalarial drug resistance. Similarities be-
tween verapamil inhibition of multidrug resistance phe-
notype in cancer cells [11] and verapamil reversal of
chloroquine resistance in P, falciparum [12, 13] focussed
attention on a hypothesis in which amplification of a P
falciparum MDR1 orthologue could mediate chloroquine
resistance.

Two P falciparum MDR orthologues (pfindrl and 2)
were subsequently identified [14, 15]; pfindrl (located
on chromosome 5; product P-glycoprotein homologue or
Pghl) was, like its human counterpart, amplified in cer-
tain isolates (including chloroquine-resistant ones [15]).
Later studies showed that chloroquine pressure on labora-
tory isolates could de-amplify pfindrl [16, 17]. An asso-
ciation between pfindr1 single nucleotide polymorphisms
(SNPs) and chloroquine resistance was noted [18], and
subsequently tested in a large number of field studies that
produced conflicting results. Recent genetic studies have
allowed testing of the pfindri-chloroquine resistance
hypothesis more fully. Wild-type allelic replacement of
SNPs clustered at the 3" end of pfindr1 of the chloroquine-
resistant isolate (7G8) halved chloroquine IC, [19], but
other classical [20] and reverse [21] genetic approaches
have failed to show an association between pfindri SNPs
and chloroquine 1Cy,.

Meanwhile, an independent body of work combining ge-
netic studies localising chloroquine resistance to a gene
on chromosome 7 [4, 22, 23] with reverse genetic [5, 24]
and field-based approaches [7] has clearly demonstrated
the role of PfCRT (P, falciparum chloroquine resistance
transporter) in mediating chloroquine resistance. Current
analysis indicates that eight to nine point mutations have
accumulated in pfcrt to cause chloroquine resistance,
with K76T being both necessary and sufficient to gener-
ate chloroquine resistance. The physiological mechanism
of chloroquine resistance remains unresolved; PfCRT it-
self may represent a chloroquine transporter, with K76T
increasing chloroquine leak from the food vacuole [8].

It is possible that mutations in pfindrl associated with
chloroquine resistance may represent the parasite’s re-
sponse to altered fitness consequent to carrying mutant
pfert. Chloroquine’s legacy is a high prevalence not
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only of mutated pfcrt but also of mutated pfindrl; hence
pfindrl may indeed be a chloroquine resistance gene, al-
beit a secondary or ancillary one [7, 25, 26].

pfindrl and arylaminoalcohols

Well before any candidate drug resistance genes were de-
scribed, resistance phenotypes of parasites to mefloquine
and chloroquine were found to be related, although the
relationship was a reciprocal one, i.e. chloroquine resis-
tance appeared to be associated with mefloquine hyper-
sensitivity and vice versa [27-30]. In vitro mefloquine
resistance was also associated with resistance to other ar-
ylaminoalcohols (halofantrine, lumefantrine and quinine)
and the chemically unrelated artemisinins (peroxides).
The first clue to the molecular basis of this phenotype de-
rived from analysis of arelatively small number of samples
from Thailand that showed pfindrl amplification in field
isolates of parasites with elevated ICsys to mefloquine
and halofantrine [31]. Compared to wild-type, only one
SNP (Y 184F) was observed in all samples. Mefloquine
selection pressure on P, falciparum in the laboratory [14,
17, 32] induced pfindrl gene amplification. Conversely,
chloroquine pressure led to increased sensitivity to aryl-
aminoalcohols and deamplification of pfindri [16, 17].
However, the relationship between pfindrl amplification
and in vitro mefloquine [33] or halofantrine [34] resis-
tance was not absolute in laboratory studies. Further-
more, the relative difficulty of quantitating pfindri copy
number in large numbers of field isolates may have de-
layed testing of the amplification model of arylaminoal-
cohol resistance in the field. Instead, more attention was
focussed on pfimdrl SNPs in the field that were also being
studied as a cause of chloroquine resistance.

pfindrl SNPs and sensitivity to arylaminoalcohols
pfindrl SNPs originally proposed as mediating chloro-
quine resistance [18] (corresponding to substitutions
N86Y, Y184F, S1034C, N1042D and D1246Y) have been
found in parasites from various geographical regions. The
86Y and 184F alleles (at the 5" end of pfindrl) are found
in isolates from all continents, while the ‘CDY” alleles
(at 1034, 1042 and 1246, respectively) are especially
prevalent in South America, where they are often found
in combination.

A classical genetic approach was used to confirm the
association between the HB3 pfindrl locus and hyper-
sensitivity to mefloquine [20]. The alleles in the experi-
mental strains used suggest that the determinant of hy-
persensitivity was probably the 3’ 1042D allele in HB3.
The importance of this amino acid, as well as 1034, had
been demonstrated by heterologous expression studies
[35, 36]. Reverse genetic studies of pfindr! confirm that
SNPs at the 3" end of pfindri affect sensitivity to meflo-
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quine and other drugs [19, 21]; for example, introduction
of one or all of the CDY amino acids generated parasites
with lower mefloquine ICs,, while reversion of CDY to
wild-type (SND) had the opposite effect [19]. The effect
of these 3" SNPs in the field has been more difficult to
assess since they are relatively rare in SE Asia and Africa,
but virtually ubiquitous in S. America. In a set of isolates
from Thailand, where results from isolates containing al-
leles 1034C and 1042D were combined, there was evi-
dence that one or both 3" mutations were associated with
a threefold reduction in mefloquine ICs, [37]. In a care-
fully controlled study of samples from the Thai-Myanmar
border, 1042D was associated with approximately five-
fold lower ICj, for mefloquine [38] (Fig. 1), as well as
reduced lumefantrine ICs, [38], a finding replicated in a
separate study [39].

The lack of association between 3’ mutations and me-
floquine IC;, observed in other studies in SE Asia prob-
ably reflects reduced statistical power to detect effects
when these SNPs are at low prevalence [40, 41]. In South
American parasites shown to have CDY alleles at the 3’
end, mefloquine ICss are indeed low [42] and mefloquine
remains predictably efficacious in such areas [43].
Despite several attempts, it has not been possible to en-
gineer allelic exchange at the 5" end of pfindrl [21]; nor
has a classical genetic study focussing on this locus been
undertaken. Hence for the N8§6Y SNP our understanding
is limited to correlative analysis of laboratory strains and
field isolates. 86Y is associated with in vitro mefloquine
hypersensitivity in laboratory isolates [20] and field sam-
ples from both Africa [44] and SE Asia [37, 40, 45]. 86Y
was associated with reduced ICs, to halofantrine in Africa
[44]; it has not yet been shown directly to influence lume-
fantrine ICs, although selection of 86N alleles over 86Y
in reinfections after lumefantrine-artemether treatment
[46] (see below) suggests that such a relationship exists.
The Y184F SNP has generally not been associated with
any change in mefloquine ICy, [37, 40, 44] (whether at
single or multiple copy [40], see inset to Fig. 1). 184F
was associated with increased mefloquine ICs, in Cambo-
dian isolates [41]. In the first phase of a study of samples
from the Thai-Myanmar border, 184F was associated
with reduced mefloquine ICs, [38], but after analysis of
an independent validation set of samples this relation-
ship was not sustained, suggesting that the effects of this
SNP on mefloquine ICy, are at best weak. For this reason,
184Y and 184F datasets have tended to be collapsed for
ICs, analysis [37, 40] and this convention is maintained
in the body of Figure 1.

In summary, these laboratory and field data show remark-
able agreement and suggest that some pfindri SNPs in-
duce hypersensitivity to arylaminoalcohols; reversion to
wild-type status at these loci is associated with return of
ICys to original levels. Considered in this way, it is not
surprising that studies assessing in vivo drug efficacy [39,
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Figure 1. Mefloquine 1Cyys for field isolates and transfection experiments according to pfindrl genotype and amplification. Values
(grouped within studies) are derived from studies denoted 111, respectively [44], [50], [42], [77], [78], [38], [41], [37], [40], [19], and
[21]. Only field studies with at least five isolates per group are included; isolates are grouped according to pfindrl sequence as (i) ‘wild-
type’ (86N and SND at positions 1034, 1042, and 1246, respectively), (ii) ‘86Y’ (86Y and SND), or (iii) ‘CDY mutations’ (at least one of
1034C, 1042D or 1246Y). 184Y and 184F parasites are considered together in the main body of the figure. Isolates definitely possessing
amplified pfindrl are shown for studies in which copy number was assessed [37, 40] (amplification detection thresholds of 3 and 2 copies
respectively); amplified pfindrl genes may potentially be present in other data sets, particularly in SE Asia [38, 41, 77, 78]. Field data are
median and interquartile range [37, 38, 40, 50], or mean and 95% confidence intervals [41, 42, 44, 77, 78]. Representative transfection
data are mean (+ SEM [19] or standard deviation [21]) of replicates using cloned transfectants. Clinical [40] and historical laboratory
resistance thresholds are shown at 108 and 48 nM, respectively. Inset: effect of Y184F mutation. Only field studies with at least five iso-
lates per group are included; isolates are wild-type at pfindrl 86, 1034, 1042 and 1246; values are derived from studies denoted 6, 7 and 9
(respectively [38], [41] and [40]) (the last with amplification detection shown). Data are median and interquartile range [38, 40] or mean

and 95% confidence intervals [41].

40] have failed to show important associations between
pfindrl SNPs and treatment outcome.

pfindrl amplification and clinical resistance

While molecular models of drug resistance have been
commonly developed by correlating parasite genotype
with in vitro sensitivity (in laboratory and field settings),
only simultaneous measurement of genotype and clini-
cal drug efficacy can confirm a model’s applicability to
the critical question of whether a patient with a given
parasite will be cured by a particular antimalarial regi-
men. Unfortunately, such studies are relatively difficult
to perform, since they require a large number of patients
and samples, excellent follow-up and a variety of meth-
odological approaches. Studies must be performed in an
area where there is a significant clinical failure rate, e.g.
SE Asia, for studies of mefloquine resistance. In studies
from the Thai-Myanmar border, it became clear early on
that when clinical response to mefloquine monotherapy
(25 mg/kg) was related to in vitro sensitivity assays, re-
sistance threshold occurred at 45 ng/ml (108 nM) [45], a
value well above the historically applied cut-off threshold
of 20 ng/ml (48.2 nM). The ‘new’ breakpoint was well

above the range of IC;, values associated with SNPs (and
SNP reversions) in other studies (see above and Fig. 1).
Consistent with these considerations, 86Y to 86N ‘re-
version” was associated with an increase in median ICjy,
from 19.0 to 52.0 nM but did not predict clinical failure
of mefloquine monotherapy [40]. Instead, the best pre-
dictor of clinical failure was pfindrl copy number; in-
creased pfindrl copy number predicted clinical failure of
mefloquine monotherapy with a sensitivity of 71% and a
specificity of 78%, and had an adjusted hazard ratio of
causing mefloquine failure of 6.3. Increased copy number
was associated with an increase in median mefloquine
ICs, from 52.0 to 156.1 nM.

Highly comparable IC,, data and associations with pfmdr1
copy number have been obtained from a distinct set of
samples on the Thai-Myanmar border using the same
approach (Tim Anderson, personal communication). An-
other study in Thailand using a less sensitive method for
detection of amplification of pfindr 1 (threshold =3 copies,
so that some samples with 2 copies of pfindr! may have
been classified as ‘single copy’) showed similar trends
[37]. Despite the additional difficulties in standardising
IC,, measurements between sites, there is good overall
agreement between these various studies (Fig. 1) with
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Table 1. Clinical (in vivo) phenotypes associated with pfindrl
genotype.

Genotype Associated phenotypes Relative risk
(*adjusted
hazard ratio)

pfmdrl Mefloquine failure 6.3% [40]

amplification Mefloquine-artesunate failure ~ 5.4* [40]
4-dose lumefantrine-artemether 3.2 [39]
failure

pfimdrl 86N vs  Reinfection after lumefantrine- 2.7 [46],

86Y artemether 2.2 [75]

regard to the relationship between pfindrl amplification
and clinical mefloquine resistance. These observations
have been extended in an analogous way to predict clini-
cal failures after lumefantrine-artemether treatment [39],
although interestingly only with a lower dose (four dose)
regimen was a relationship observed between pfindrl
copy number and recrudescence of parasites.

More than a decade after initial observations [31], there
is now good evidence to back a model in which amplified
pfindrl and associated increased Pghl expression induces
reduced sensitivity to arylaminoalcohols, generating re-
sistance to standard courses of mefloquine monotherapy
as well as (in a smaller proportion of cases) artemisinin
combination therapy (mefloquine-artesunate or four-dose
lumefantrine-artemether therapy) (Table 1). There is little
evidence to suggest that SNPs in pfindrl can generate re-
sistance to therapeutic regimens, although they may be
of relevance in reinfection (see below). Measurement of
pfindrl copy number should be routinely applied in resis-
tance studies involving these drugs.

pfert and resistance to arylaminoalcohols

Clearly there are additional factors that modulate resis-
tance to arylaminoalcohols. Given the reciprocal asso-
ciation between mefloquine and chloroquine sensitivity
in field and laboratory isolates, pfcrt itself is an obvious
candidate. Transfection experiments on pfcrt mutations
that mediate chloroquine resistance showed that acquisi-
tion of pfert 76T induces mefloquine hypersensitivity [5].
This suggests the presence of two genes acting epistati-
cally on mefloquine sensitivity [3], although in each case
mutant alleles induce hypersensitivity, rather than resis-
tance, and reversion to 76K in resistant lines does not
change mefloquine IC; significantly [24]. The possibil-
ity that pfcrt might generate elevated mefloquine ICs, via
mutation at a distinct locus was raised by a study in which
chloroquine-resistant parasites placed under halofantrine
pressure were shown to undergo an S163R mutation [34,
47]. However this mutation was not found in a survey of
mefloquine-resistant parasites from SE Asia (Steve Ward,
personal communication). In summary, the relevance of

Antimalarial drug resistance

pfert to development of clinically relevant mefloquine re-
sistance appears limited.

The situation in Africa

Amplification of pfindrl has only rarely been reported in
Africa [48] where mefloquine has not been widely used
until recently. However, amplification of pfindrl may
have been induced by low-dose mefloquine in Gabon,
although this amplification has since disappeared on as-
sessment over the following 5 years [49].

Association between 86N and copy number

In field isolates from Thailand, there was an inverse rela-
tionship between the alleles 86Y [31, 37, 39,40] or 1042D
[39] and pfmdrl amplification. The basis for this remains
a mystery, and also needs to be investigated in other geo-
graphical areas. Presumably, in a parasite population
mostly consisting of 86Y as a result of previous chlo-
roquine use (Fig. 2), wild-type pfindrl associated with a
slightly higher mefloquine ICs5, may have an advantage
under mefloquine pressure and thus be more likely than
86Y or 1042D parasites to undergo gene amplification.
Amplified 86Y pfindrl remains limited to the laboratory
context [17, 32].

Threshold of.

& clinical resistance

Failures

? Threshold of
4 clinical resistance

Mefloquine IC5,

Pl e T

Cures

Chloroquine ICg,

Figure 2. Schematic model showing the influence of changes in
pfert and pfindrl sequence on chloroquine and mefloquine ICs,
and their relevance to clinical resistance. Chloroquine pressure
leads to mutations in pfcrt (K76T) required for clinically relevant
chloroquine resistance (1). Secondary/compensatory mutations in
pfimdrl such as N86Y also occur under chloroquine pressure caus-
ing a degree of mefloquine hypersensitivity (2). When mefloquine
is introduced as monotherapy, parasites with wild-type pfindrl are
eliminated by a therapeutic course but become re-established be-
cause of their selective ability to reinfect patients with residual drug
present (3). Wild-type parasites then amplify pfindrl to varying
levels, generating clinically relevant mefloquine resistance (4, 5)
associated with a small reduction in chloroquine ICs,. pfert (in par-
ticular 76T) remains unchanged during this second period of drug
pressure. Symbols A wild-type pfert, A 76T pfert, @ wild-type or
184F pfimdrl, O 86Y or CDY (see Fig. 1) in pfmdrl.
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Coevolution of chloroquine and arylaminoalcohol
resistance

These insights allow us to suggest how chloroquine resis-
tance is reciprocally related to that of arylaminoalcohols
(Fig. 2). Development of chloroquine resistance proceeds
via pfcrt mutations, accompanied by (perhaps compensa-
tory) pfimdr1 mutations, both of which reduce mefloquine
IC4, by imprecisely understood changes in the physiol-
ogy of the digestive vacuole. Associated with reversal of
this mefloquine hypersensitivity in the field, wild-type
pfindrl is first selected and then amplified, with pfcrt (in
particular 76T) remaining unchanged during this process.
pfindrl amplification results in somewhat reduced 1Cs,s
for chloroquine ([40] and Dr. Tim Anderson, personal
communication) that are probably of no clinical signifi-
cance, although this has not been tested formally.

Quinine

Because of side effects and duration of treatment, quinine
is not generally used to treat patients with uncomplicated
malaria, and is reserved for treatment of severe malaria.
The mechanism of action of quinine is incompletely un-
derstood, although like mefloquine and chloroquine, sen-
sitivity of parasites to quinine appears to be modulated by
proteins (Pghl and PfCRT) expressed in the food vacuole
that also influence mefloquine and chloroquine sensitiv-
ity. In an analogous manner to mefloquine, studies in SE
Asia demonstrate that pfindrl amplification is associ-
ated with elevation of quinine ICs, by two- to threefold
[37, 38, 40]. These data suggest the mechanism by which
quinine ICsys tend to correlate with those of other aryl-
aminoalcohols such as mefloquine. However, as quinine
treatment was not given to patients in these studies, no
relationship between pfindrl amplification and therapeu-
tic outcome can be assessed. There is little evidence that
pfindrl SNPs have a significant role to play in treatment
response to quinine; transfection of SNPs at the 3" end of
pfmdrl induces small increases in quinine ICs, [19, 21],
while field studies of pfindri SNPs have not shown an
association with quinine ICs, [37, 38, 40, 50].

The pfcrt SNP K76T also modulates quinine sensitivity
in laboratory [51] and transfection [5, 24] experiments,
although depending on the background strain, 76T is as-
sociated with reduced [5], elevated or unchanged [24]
quinine ICsys compared with 76K. Given the fixation of
76T in many areas, no field data on interaction between
76T and quinine ICs, are available. In SE Asia, chloro-
quine and quinine ICys are reciprocally related, while
worldwide, they appear to be positively correlated [52],
confirming that parasite genetic background can influ-
ence how pfcrt interacts to modulate quinine 1Cy, values.
A systematic quantitative trait loci screen of an estab-
lished cross of P, falciparum identified regions of chro-
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mosomes 5, 7 and 13 as possible modulators of quinine
ICy, [53]. These loci have been suggested to be pfindri,
pfert and pfnhel, respectively. These findings may be
unambiguous in this experiment, but it is hard to assess
their relevance to parasites isolated from patients, where
different mechanisms such as gene amplification (see
above) may also operate.

An approach based on genome scanning for transporter
sequences suggested 11 genes as potential modulators of
quinine sensitivity [52] (including pfcrt and pfindr1). The
tendency of such studies to pick out false-positive asso-
ciations was pointed out by Anderson ef al. [38], who ad-
dressed the problem by performing a two-phase study, in
which associations identified in the first phase were vali-
dated in a second phase. Very few positive associations
identified in the initial phase were still present after the
validation phase. For quinine in particular, no significant
association with SNPs in any transporter remained after
the validation phase.

Artemisinins

The cellular target for artemisinins has remained con-
troversial. A commonly proposed theory states that iron
contained in parasite haem reacts with artemisinins’
peroxide moiety, leading to release of free radicals and
damage to parasite structures. Further, it has been sug-
gested that target resistance against a drug with such a
non-specific mechanism of action is unlikely to emerge;
resistance could only emerge via mutations in drug trans-
porters such as pfimdrl and pfcrt. Increased pfindri copy
number is associated with elevated IC, for artemisinins
in SE Asia [37, 40], but this almost certainly relates to
mefloquine, not artemisinin pressure, and the small asso-
ciated increase in artemisinin ICy, has probably occurred
as a ‘bystander’ effect (see combination therapy below).
As for arylaminoalcohols, pfindrl SNPs are generally as-
sociated with artemisinin hypersensitivity in laboratory
studies [20], transfections [19, 21] and field isolates from
Africa [44] and SE Asia [37], although these are not uni-
form findings [38, 40]. Similarly, pfcrt appears to have a
minor modulating effect on artemisinin ICsy; this effect is
either slight [5] or non-existent [24] depending on parasite
background. A study of several transporters revealed an
association between a polymorphism in another predicted
transporter (gene G7, a member of the ABC transporter
family) and artesunate IC, [38], but this area has not
been explored in further detail. Recently a hypothesis has
been advanced describing the sarco/endoplasmic reticu-
lum calcium-dependent ATPase (SERCA)-type PfATP6
protein as the target of artemisinins [54]. No association
was found between SNPs in PfATP6 and artesunate 1Cs,
in SE Asia, although these field studies have been carried
out in areas where there was no evidence of significant in
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vitro or in vivo artemisinin resistance [40]. The ability of
malaria parasites to develop stable resistance to artemisi-
nins via other means is of interest [55], although the sys-
tem used (rodent malaria parasite P chabaudi) may limit
the applicability of these findings to human infection.

Failures following monotherapy: role of resistance
Although there has been no evidence for clinically rel-
evant in vivo artemisinin resistance when the class is used
as a partner in combination therapy, artemisinin mono-
therapy is well described as having poor efficacy. In any
case, WHO has recommended cessation of monotherapy
(press release 20.1.06) to try to limit emergence of ar-
temisinin resistance. Recrudescences with monotherapy
tend to occur rather late, and studies following patients
up to day 42 detect a higher proportion of recrudescences
than those stopping at 28 days. Recent estimates of recru-
descence rates after artemisinin monotherapy at 28 day
follow-up are 20—40% in Africa [56—58] and about 20%
in SE Asia [59-61]. Duration of therapy has been reported
to be of critical importance in efficacy of artemisinin-
based monotherapies, with extension to 7 days improving
cure rates significantly [62—64]. However, these earlier
suggestions have not been confirmed in a separate study
[60], where PCR correction was applied to differentiate
reinfection from recrudescence.

In the first study to assess in vitro properties of recrudes-
cent parasites following artesunate monotherapy, there
was no difference in baseline dihydroartemisinin (DHA)
IC,, values between recrudescent parasite isolates and
isolates subsequently cured by artesunate [61]. The main
factor associated with recrudescence was found to be
high parasitaemia, suggesting that failure of artesunate in
this study was not the result of artesunate resistance.
However, a recent study of 7-day artesunate from Central
African Republic has provided the first evidence of an
association between in vitro and in vivo artemisinin resis-
tance, i.e. that genotypic resistance may indeed contribute
to clinical failure of monotherapy [65]. Study design was
ideal for detecting artesunate recrudescences; patients
were non-immune, follow-up was for 42 days (and com-
plete) and PCR correction was employed. Importantly,
the investigators reported DHA IC,, as well as 1Cy, val-
ues; mean (95% confidence interval) DHA IC,, values in
5 recrudescent parasite isolates was 46.2 (13.1-79.3) nM
compared with 8.9 (2.6-15.2) nM in 17 non-recrudescent
isolates (p = 0.02). DHA ICy, values were similar for the
two groups and there was clearly a change in the shape of
the DHA inhibition curve resulting in a eightfold reduc-
tion in IC;:1C,y, ratio. Strictly speaking, this study does
not provide absolute proof of artemisinin resistance since
DHA levels were not measured in patients. However, our
understanding of pharmacokinetic/pharmacodynamic
relationships with artemisinins is rudimentary, making
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interpretation of plasma levels beyond demonstration of
simple compliance a problematic process.

It may be that IC, values from many areas are not so
informative, since ICs, can remain stable while IC,,
changes. In any case, significant elevations in artemis-
inin IC4;s have recently been observed in field studies
[66]. A significant number of isolates with altered 1Cs;s
were found in French Guiana and Senegal. In this case,
several loci were examined to identify genes determining
the in vitro resistance, including the proposed artemis-
inin target PfATP6 [54]. Remarkably, in French Guiana,
a PfATP6 SNP producing S769N was strongly associated
with elevated ICs, (>30 nM) values for artemether (odds
ratio 27). This mutation was not related to ICs,s for any
other drug.

The in vivo relevance of these findings is unclear as there
were no corresponding clinical data, but these results are
sobering evidence for artemisinin resistance. Moreover,
they independently provide strong evidence for the role
of PfATPG6 as the target of artemisinin therapy.

Combination therapy

Antimalarial combination therapies can improve treat-
ment efficacies of failing individual components and pro-
vide some protection for individual components against
the development of higher levels of resistance [67]. Ar-
temisinin-containing combination therapies (ACTs) have
been advocated as the best available option, and are the
most commonly adopted regimen in countries changing
antimalarial policy in the last decade. However, there are
a variety of effective combinations [68].

Artemisinins rapidly reduce parasitaemia, but have poor
efficacy as short course monotherapy (see above). When
used in combination with another agent, the rapid reduc-
tion in parasite numbers results in relatively few parasites
being exposed to the second drug (to which significant
resistance may already exist), theoretically preventing
emergence of additional resistance mutations [69]. Fur-
thermore, since artemisinins themselves are not required
to mediate final cure, there should also be little oppor-
tunity for artemisinin resistance to develop. In addition,
reduction in gametocyte carriage may also reduce trans-
mission of resistant parasites [70].

ACT in SE Asia

Evidence of the benefits of ACTs has been obtained in SE
Asia. Mefloquine resistance was reported to be reversed
by the addition of artesunate [67] with the combination
retaining a cure rate of over 95% [71] in patients without
hyperparasitaemia. There is, nevertheless, good evidence
for parasite-mediated resistance against ACT, with recru-
descence after mefloquine-artesunate strongly associated
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with amplification of pfndri [40]. Increased pfindrl
copy number predicted clinical failure of mefloquine-
artesunate therapy with a sensitivity of 77% and a speci-
ficity of 65%. Day 42 failure rate was higher in patients
harbouring isolates with three or more copies of pfindrl
compared with two copies, suggesting a ‘dose-response’
relationship. Although this phenomenon is associated
with an increase in ICs, against both mefloquine and arte-
sunate, amplification is presumed to act through reduced
mefloquine efficacy for the following reasons: low effi-
cacy of mefloquine monotherapy is well established in
this area [72], and the pharmacodynamic action of arte-
sunate in removing parasite biomass appeared preserved
in terms of parasite clearance time [40], although parasite
clearance data may be relatively insensitive at detecting
impairments in acute clearance kinetics. Similar consid-
erations apply to ACT with lumefantrine; clinical failures
following a four-dose artemether-lumefantrine regimen
were more than three times as common in isolates with
an increased pfimdrl copy number compared with single
copy [39]; the six-dose regimen does not suffer from such
high failure rates in this geographic area [71], although
nearby (in Cambodia) the failure rate may be even higher
than 20% [73].

ACT in Africa

These arguments have been used to support the de-
ployment of ACT in Africa, where transmission rates
are much higher than in SE Asia. ACTs deployed so
far in SE Asia (mefloquine-artesunate, lumefantrine-
artemether) combine pharmacokinetically mismatched
drugs. In Africa, reinfection commonly occurs within
weeks of the primary infection, thereby potentially ex-
posing parasites to the longer half-life drug at low lev-
els, giving ideal conditions for selection of resistance
to this drug.

The frequency with which reinfection occurs following
primary infection was evident during a study of arte-
mether-lumefantrine in Tanzania, in which 45 of 200
children presented with recurrent parasitaemia during the
42-day follow-up period [46]. pfimdrl SNPs have been
shown to be involved in lumefantrine sensitivity in a ge-
netic cross [20], and a number of studies have shown an
association between the 86Y allele and hypersensitivity
to another arylaminoalcohol, mefloquine (see above). In
this study, there was good evidence for selection of 86N
parasites occurring during reinfection, adding to the list
of phenotypes mediated by the pfindrl gene (Table 1);
frequency of 86Y alleles decreased significantly from
76.6% before treatment to 54.8% in patients with recur-
rent parasitaemia, with a corresponding rise in the fre-
quency of the 86N allele. The major contributor to the rise
in 86N alleles was reinfection between 20 and 30 days
after treatment, when residual lumefantrine levels are low
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(and no artemether is present); 86N and 86Y returned to
their baseline proportions by day 40.

This observation of P, falciparum ‘caught in the act’ of
allele selection by a pharmacokinetically mismatched
combination may be worrying for public health deci-
sion makers, prompting the recommendation that future
combination therapies should employ drugs with bet-
ter-matched elimination rates [74]. However, it is clear
that artemether-lumefantrine protects against reinfection
more effectively than artesunate-amodiaquine [75]. This
highlights the problem that a combination that benefits
individual patients may not be best choice for public
health reasons [76]. Furthermore, it is debatable whether
the pfindri allele selection observed can be described
as ‘selection for resistance’ (or ‘tolerance’ as suggested
by some authors [74]). 86N is not a de novo mutation in
pfindrl, but the original allele; 86Y only appeared under
chloroquine pressure (see above). Increase in 86N sim-
ply represents selection of a pre-existing allele present
at approximately 25% frequency pre-treatment [46, 75].
Additional mutations, such as amplification of pfindrl
(so far not described in most of Africa), will be required
to generate levels of resistance that could impact sig-
nificantly on in vivo response to treatment using this
combination. It is therefore premature to dismiss arte-
mether-lumefantrine as a long-term therapy in Africa,
although there is a clear need for careful monitoring of
the effects of ACTs, measuring the most appropriate in
vivo and in vitro phenotypes and molecular markers as
well as extending studies to cover multiple episodes of
malaria [76].

Conclusion and future directions

Understanding the molecular basis of resistance to anti-
malarial compounds has involved investigations in basic
science, the clinic and epidemiology. Establishing resis-
tance mechanisms operating in the field is an iterative
process and has been complicated by the fact that resis-
tance has evolved via both target mutation and modula-
tion of drug disposition. Two genes that encode proteins
expressed on the parasite food vacuole, pfcrt and pfindri,
interact in an epistatic manner to influence sensitivity to
chloroquine and arylaminoalcohols such as mefloquine;
only after many years of work it is becoming clear that
pfcrt has a dominant role in chloroquine resistance, while
pfindrl is the major determinant of arylaminoalcohol re-
sistance. Like multidrug resistance in cancer cells, aryl-
aminoalcohol resistance is mediated via increased gene
copy number. Transfection experiments aiming to reduce
copy number (knockdowns) may provide additional evi-
dence of the action of pfindri.

Our understanding of the molecular basis of quinine
resistance remains much less advanced than for chloro-
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quine or mefloquine. However, there has been a major
advance with regard to understanding how artemisinins
work and how resistance may develop to this class of
antimalarial agent. This is particularly timely given the
investment in artemisinin combination therapies being
employed to halt the catastrophic problem of malaria
in Sub-Saharan Africa. Until recently, a commonly held
view was that no resistance against artemisinin deriva-
tives existed, nor was it likely to develop if they were
deployed as combinations. Unfortunately, the reality
is that artemisinins can select for resistance, and it is
not surprising that parasites that are over 30 times more
resistant to artemether than sensitive isolates have re-
cently been described in French Guiana [66]. Fortu-
nately, the same report has simultaneously validated the
P, falciparum SERCA gene PfATP6 as both target and
resistance gene for artemisinins, opening the way for
molecular and therapeutic strategies to circumvent this
alarming problem. This example, perhaps more than any
other, demonstrates the value of a fundamental under-
standing of drug action and resistance.
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