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Abstract The prevention and treatment of malaria is
heavily dependent on antimalarial drugs. However, begin-
ning with the emergence of chloroquine (CQ)-resistant
Plasmodium falciparum parasites 50 years ago, efforts to
control the disease have been thwarted by failed or failing
drugs. Mutations in the parasite’s ‘chloroquine resistance
transporter’ (PfCRT) are the primary cause of CQ resis-
tance. Furthermore, changes in PfCRT (and in several other
transport proteins) are associated with decreases or
increases in the parasite’s susceptibility to a number of
other antimalarial drugs. Here, we review recent advances
in our understanding of CQ resistance and discuss these in
the broader context of the parasite’s susceptibilities to other
quinolines and related drugs. We suggest that PfCRT can
be viewed both as a ‘multidrug-resistance carrier’ and as a
drug target, and that the quinoline-resistance mechanism is
a potential ‘Achilles’ heel’ of the parasite. We examine a
number of the antimalarial strategies currently undergoing
development that are designed to exploit the resistance
mechanism, including relatively simple measures, such as
alternative CQ dosages, as well as new drugs that either
circumvent the resistance mechanism or target it directly.
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Many shall be restored that are now fallen and many shall fall that are
now in honour
Horace, Ars Poetica (18 BC)

The malaria parasite and the quinoline class
of antimalarial drugs

Plasmodium falciparum has persisted as a major cause of
human suffering and death despite the deployment of
successive classes of potent antimalarial drugs. The par-
asite has also proven refractory to the vaccine approaches
trialled to date. As a result, malaria remains a leading
global health problem, currently accounting for approxi-
mately 225 million clinical cases and almost 1 million
deaths per year [1]. Moreover, the socio-economic burden
of the disease is horrendous, particularly in endemic
countries where malaria is estimated to cost 1.3 percent of
economic growth per year [2, 3], and where human
cognitive abilities, education, and productivity are all
reduced as a consequence of infection by P. falciparum
[4-6].

In the course of its complex life cycle, the parasite
invades the erythrocytes of its host, and it is this intra-
erythrocytic stage that gives rise to all of the symptoms of
malaria and against which the majority of antimalarial
drugs act [7]. The first effective antimalarial was an
extract prepared from the bark of the South American
Cinchona tree. This treatment was introduced to Europe in
the seventeenth century, and in 1820 it was shown that the
active ingredients were a group of quinoline compounds—
including quinine (QN). QN was used extensively (and is
still recommended by the WHO as a second-line treatment
for both severe and uncomplicated malaria [1]), but war-
time shortages of the drug led to the development of
synthetic quinoline alternatives. One such synthetic
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antimalarial—quinacrine (QC)—was heavily used in
World War II. However, by the end of the war, it was
superseded by a superior synthetic substitute—chloroquine
(CQ). CQ proved to be a safer, cheaper and more effective
drug, and served as the frontline antimalarial treatment
from the mid-1940s to the 1990s, by which time the
emergence and spread of CQ-resistant (CQR) parasites
had rendered the drug ineffective in most endemic regions.
Due to the effectiveness and longevity of CQ and its
predecessors, it is estimated that the quinolines have saved
more lives than any other class of drug in history [8, 9].
The non-quinoline antimalarials deployed to replace CQ
have by comparison suffered short life spans. For exam-
ple, resistance to Fansidar (sulfadoxine-pyrimethamine)
arose within 1 year and rapidly became widespread [10],
while artemisinin, the drug recently deployed to treat
multi-drug resistant malaria, is beginning to succumb to
resistance in Cambodia, Thailand, Burma, and Vietnam
[11-15].

Against this backdrop of failed and failing drugs, and in
the absence of an effective vaccine, the UN has committed
to ending malaria deaths by 2015, and the goals of malaria
elimination and eradication have been revived [1]. If these
goals are to be met, there is a dire need to expand the
arsenal of antimalarial drugs, and to make the most of the
weapons at hand. Efforts to understand the mechanisms of
drug resistance are vital to extending the longevity and
effectiveness of the current set of antimalarials, and could
aid the development of the next generation of drugs. Here,
we review our current understanding of the mechanism of
CQ resistance, and apply these insights to dissect the often
perplexing patterns observed in the parasite’s susceptibility
to different quinoline drugs. We assess the current anti-
malarial drug strategies, and provide examples of how
inherent weaknesses in the quinoline-resistance mecha-
nisms could be exploited to deliver new, robust
antimalarial strategies.

Chloroquine: mechanisms of action and resistance

CQ is a diprotic weak base with the relative proportions of
the neutral, mono-protonated and di-protonated species
varying with pH. The neutral species enters the parasite
and its internal compartments via simple diffusion. On
entering the acidic environment of the parasite’s internal
‘digestive vacuole’ (DV; pH ~35; [16-18]), the equilib-
rium is shifted towards the di-protonated form (CQH,*™M)
which, unable to diffuse across the membrane, is trapped
and thereby accumulates to high concentrations within this
compartment [19, 20]. Here, CQ is thought to bind to the
monomeric haem released from the parasite’s digestion of

@ Springer

Fig. 1 Structure of antimalarial drugs and CQ-resistance reversers.
a CQ and related antimalarial compounds. b ‘CQ resistance-
reversers’—compounds reported to restore (albeit partially) the
sensitivity of CQR parasites to CQ. ¢ The endoperoxide antimalarials
currently in use (artemisinin and its derivatives), and two related
compounds undergoing development (artemisone and 0Z439).
d Next-generation 4-aminoquinolines that are active against multi-
drug resistant parasites, and two compounds (T3.5 and mibefradil)
that possess intrinsic antiplasmodial activity as well as the ability to
potentiate the activities of quinolines

host haemoglobin, preventing its conversion to the inert
crystal haemozoin. It is the resulting accumulation of the
toxic haem monomers and/or the haem-CQ complex that is
thought to kill the parasite [21]. Other related antimalarials,
such as QN, QC, amodiaquine (AQ), piperaquine (PIP),
and pyronaridine (PN), are also thought to accumulate in
the DV and to exert the same ‘anti-haemozoin’ activity
[22-27]. However, although the quinoline methanols QN
and mefloquine (MQ) have been shown to bind to haem
[28] and to inhibit haemozoin formation in vitro, it is
probable that these drugs also target other (possibly cyc-
tosolic and/or membrane) processes in the parasite [25].
Likewise, halofantrine [HF; which, along with the related
antimalarial lumefantrine (LM), is a synthetic analogue of
QN] has been shown to interfere with the crystallisation of
haem in vitro, but is also suspected to have other targets
within the parasite [29]. The structures of the above am-
inoquinolines and related antimalarials are shown in
Fig. la.

CQR parasites accumulate four to ten times less CQ in
their DV compared with CQ-sensitive (CQS) parasites [30,
31], and it is this marked decrease in CQ accumulation that
underlies the phenomenon of CQ resistance. CQR parasites
can be partially re-sensitised to CQ in vitro by a range of
weak bases including the calcium channel blocker verap-
amil (VP) [32]. This ‘resistance reversal’ effect is
characterised by both an increase in CQ accumulation and
a decrease in the CQ ICs59 in CQR parasites [31, 32].
However, the concentration of VP required to reverse CQ-
resistance falls outside its therapeutic range [33].

The fact that CQ remained effective over decades (and
QN over centuries) of high usage indicates that: (1) the
crystallisation of haem into haemozoin is an excellent drug
target; and (2) evolution of resistance to anti-haemozoin
drugs such as the quinolines is not a feat easily achieved by
the parasite. A full understanding of the mechanisms
underlying CQ resistance may provide a foundation for
the design of new drugs that evade these mechanism(s)
and/or the development of strategies by which these
mechanisms may be countered and CQ (and/or related
compounds) thereby restored as a mainstay of antimalarial
chemotherapy.
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The malaria parasite’s ‘chloroquine resistance
transporter’, PEFCRT

Analyses of the haploid progeny arising from a genetic
cross between a CQR (Dd2) and a CQS (HB3) strain
identified a gene on chromosome 7 that segregated with the
VP-reversible CQR phenotype [34-36]. Polymorphisms
in this gene, designated the ‘chloroquine resistance trans-
porter’, associate completely with CQ-resistance in
parasites from a number of endemic regions [36] and can
confer VP-reversible CQ-resistance upon otherwise CQS
strains [37].

The pfert gene encodes a 424 amino acid protein that
localises to the DV membrane [36] and which is a member
of the Drug/Metabolite Transporter (DMT) superfamily
(Transporter Classification (TC) 2.A.7) [38]. PfCRT is
predicted to contain 10 transmembrane domains (TMDs)
and to be orientated in the DV membrane with the N and C
termini extending into the cytosol (Fig.2; [38]).

E,1,K,D, del

Fig. 2 Arrangement of known polymorphic residues in PfCRT.
PfCRT is predicted to contain 10 «-helical transmembrane domains
(TMDs) and to be orientated in the DV membrane with the N- and
C-termini extending into the parasite cytosol [38]. The positions of
the polymorphic residues are indicated with black circles. The key
CQ resistance-associated mutation (K76T) is represented as a red
square. The box attached to each polymorphic residue lists the (non-
wild-type) amino acid(s) known to occur at that position. The
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Trafficking of the protein to the DV membrane is facili-
tated by phosphorylation of the residues S33, S411 and
T416 [39]. CQR parasites arose independently in at least
five regions (Columbia, Peru, PNG, the Philippines, and
South-east Asia—strains from the latter spread to Africa),
and distinct PfCRT haplotypes are associated with each of
these regions. A current list of unique PfCRT haplotypes is
provided in Table 1. Depending on the strain, PfCRT can
contain anywhere between 4 and 10 mutations, with a total
of 32 polymorphic residues identified to date. However,
one mutation—the substitution of the lysine at position 76
for threonine (K76T)—has been found in almost all CQR
field isolates [40], the one exception being a CQR strain
which instead contains an alanine at this position (K76A)
[41]. Moreover, it has been shown that reversion of this
mutation restores CQ sensitivity to CQR strains [40]. The
cause(s) of the variation in the number and nature of the
mutations which accompany K76T is unclear. These vari-
ants of PfCRT may have resulted from different histories of

digestive
vacuole

predicted roles of the TMDs are as follows: 4 and 9 (outlined in dark
green) are implicated in the binding and translocation of substrates,
TMDs 3 and 8 (boxed in light green) are thought to assist in the
binding and translocation of the substrate and may also influence the
substrate-specificity of the transporter, TMDs 1, 2, 6, and 7 (boxed in
black) are involved in recognising and discriminating between
substrates, and TMDs 5 and 10 (outlined in mid-green) play a role
in the formation of homo-dimers [38]



1971

Know your enemy: understanding the role of PfCRT

vooonyy 1 1 0 D S L I S Nd d 4 S 1L d9 1 S TL TV HODODHSILIIDODNS ¥00 00¢¢ endeq uerssuopuy
[oczl 1 L O O S L I NN Jd d 4 S L d9 1 S TJL TV HDHSILAION 400 €8L erpoquie))
€LEETNAY I I O D S L I N N d 4 4 S L 9 1 S 1T UL TV HDODHSILILAIDODNS ¥0D a0 eueyD
f[occl ¥ T 0O D S S I NN Jd d 4 S L d9 L S TJL I A4 HDODHSILAIDN R (00) vEL erpoquie)
l[occl¥ 1 O O S S I NN 4 d 4 S L d9 L S TJLI V HDODHSILAIDN 400 8¢L erpoquie))
etz ¥ 1T 0 D S L I NNJd T4 S L 491 S T1TUIL 1TV DHSILAION NN 9 eury)
izl ¥ T O D S L I NN Jd d 4V L 91 S 1T L 1TX DHSILAI DN NN p eury)
izl 1T 1T 0 D S L I NNJd T4V L d91 S TUIL TAX DHSILAION NN el eury)
izl ¥ T 0 D S L I NN Jd d 4V L 91 S 1T L 1TX DHSILAI DN NN q eury)
[912] I LANWODNS 40D aje[os] sourddryryq
(81l S L 9 1 STLNLDNS SO0 9¢ erpoquie)
89I18ZvVv I 1 O D S L I S N d O 4 S L 49 1 S 1T L 1TV HODODOSILANWNINS J0D 819VL rIqUIN[0D)
909182vV L. I O O S L I N N d O 4 § L 9 1 S T L TV HODOOSIILIANWOINS ¥OD 61SLVL rIquIN[o)
o¢el L 1 0 O $ L I NN Jd O 4 S L 9 1 S T L TV HODHSIILIANINS d0D Aef eIqQUIO[0D)

ocl ¥ 1T O D §$ L 1 d Nd O 4 S 1L 9 1 S 1T L TV HDODHSILNRKNDNS ¥00 or111ng Jlopendg
L9I8ZYVY 4 1T O O N L I @ N d O 4 S L 49 1 §$ 1T L 1TV HODHSILNRNDNS 30D I7L0L BIqUIN[OD
[L1T] DHSINNMKNDODNS NN ynsng eIsouopup
SoSIIXAV I L-WSN NN and ey
SPEONVY I LTINS ¥0D 8TOHJ-AND eueAnn
[o12] I LAWSNS S0 ape[os] sourddryyq
€SPEONVY I LNWY NN 8M-AND euednn
F9rE0NVV SNLNIS NN 800-AND ruedny
il T O O S L 1 dNdJdO A4V L dT1T S TL TV HODODHSILNRNSNS 30 ¥ONd ONd
[cofl ¥ T O 4 S L 1 d Nd O 4 S 1L d9 1 S TIL TV HODODHSILNRNSNS S0 60CH  euvID YoudL]
1L209dvVv 4 1T O D §$ L I d N d O 4 S L 9 1 §$ 1T L TV HODHSILNRNSNS 30 8DL [zeig
[yl 1 O D S L 1 d NdJdO A4V L dT1 S X L TUL ODHSILNIWSN NN CHd sourddrmyq
PP06LdVY 4 I O O S L I d N d O 4 Vv 1L 91 §$ XA L 1T L HODHSILNRNDNS ¥ IHd sourddrryqg
[oL1] N 0 b | I INNDN NN QJe[OS]  neEsSIg-BouInD
oecl ¥ 1 O D $ L I N N d O 4V L 949 1 S 1T L TV HDODHSIMNRNDNS S0 ora ONd
POO6YEI00AX 4 I O O S L I N N d O 4 v L 4 1 S§$ 1T L 1TV HDHSIMNMKNDIDNS S0 Lag eIy
890¢€cdV 4 I O O S L I N N d O 4 Vv L 9 1 S T 1L 1TV HODODHSIMNKNDNS S0 ¢dH SeINPUOH

oouoragar 1LE 9SE TSE 0SE YEE €€€ LTE 9TE LLT SLT 1LT 16T 0TT SOT 861 ¥61 €91 091 TSI 8¥1 ¥l €1 101 L6 06 LL 9L SL ¥L TL 8S 6€ oSt

/70U UOISSAIOY L¥IDJId ur proe ourwie jo uonisoqd smels Jelid e} uIsuQ

LIDJd jo sedhiofdeH T d[qe,

pringer

A



R. L. Summers et al.

1972

eoumn MaN ended HNJ ‘UMOUNUN A/] ‘IUBISISAI-AUIbOIONYD ¥ “OANISUas-aumboIo[yd §9) (LYDId Ut uonisod SIy) Je SNPISAI B JO 20UIsqe dY) Ul SU[NSI) UOHBINW UONI[I( —

9ouaI9)a1 Ay Jo ooeld ur popraoid dre s1oqUINU UOISSIOOE AY) ‘dseqerep JDON U} 03ul pyisodop uoaq sey eyep 20uanbas oY) dIoym SIsed SOy} U] "[qe[leArUN Ie Blep 20uanbas
UOTYM JOAO SUOISOI 9JedIpUl S[[D JUBdBA P[oq Ul pAYSIYSIY ore (0T pue ‘¢gH ‘LdE surens SO 9y} woij <o'T) 1YDJId Jo 9ouanbaes proe ourtre od£)-prim oY) WoIJ JOFFIP Jey) sonpIsay

[ceed H ODOHSILAII SN S ¥00 9,000 endeq urrsouopuy
#08280DV HOD 1 LAdID3N S N0 (OS] iille]
S082800V HSILAIIDS S NN Are[os] eury)

[1¢l S 1L d 1 ST LAI DN S ¥OO 801 erpoquie))

[s1¢l S 1L d 1 SLLAIIODN S ¥OD 9L1 erpoquie))

(W] T L 0 D S L I § N 4 @ - § L 9 I S 1T L 1T V H OHSILAIIOIN S ¥0D 8TSM pue[rey,

W] T L 0 >0 $ L I 8§ N d &4 4 S L X I S 1T L 1T V H OHSILAIOIDN S ¥00 cod pue[rey,

W] T L 0 >0 § L 1 §$ A 4 4 4 S$ 1L 9 I S 1T L 1T V H ODOHSIVAIINILd 30 6r pue[rey,

Wl 1T L 0 D s L - § N d d& 4 S L 9 I § 1T L 1TV HODHSILAIIOIDN S ¥0O L09 pue[rey],
6L0c€ddy I L O DO S L I S N d @ 4 S L 9 I S 1T L 1T V H A HSIIAIODNS SO0 doded K1ojeroqe ]
9269¢dvV I L O D S L I § N d @4 4 S L 9 I §$ 1T L 1T V H OHSIILIAIODN S ¥0 Tpd  soeTJ/euryoopuy

fizl T L 0O D S 1L 1 S N d 4@ 4 S L 9 1 S 1T L 1V O TS T LATIDN S ¥0OD 8801D€6AL pue[rey],
086SLIVV I 1 O D S L I S N d @ 4 S Vv & I S 1T L 1T V 4 DHSILAIOIDN S ¥0O 9L pue[rey],

f[tcetl1 1T X D S 1L 1 S N d d@ 4 S L 9 1 S 1T L 1TV HDHSIIAIOIDN S SO MI-1/901 A1ojeI0qe]
f[tcetl1t 1 0 D s L 1 S N d @ 4 S L 9 I S T L 1T V HODHSIIIIAN S SO AI-1/901 K1ojeroqe]

[st T T O O $ L I § N d & 4 S L 9 I S 1T L 1T V H DO HSIIAIOIDN S ¥0 1-1/901 A1oyeroqe]

[s T T O O $ L I § N d & 4 S$ L 9 I S 1T L 1T V H O HSINIATIOIDN S ¥0D N-1/901 A1oyeroqe]
Tweoodvy 11 O D S LIS N d 4 4 S L g4 1 S 1T L 1TV HOHSIMXAIODNS SO 1/901 uepng

[oL1] S ! b | v I Ld41DN NN Qe[OS]  nEssIg-eouny
8s80VV I I O O S L I S N T & 4 § L 9 I 4 1T V 1T V H DOHSILAIIDN S S0 JHTY K1ojeroqe]
LOSSSOVY I A O DO S L I S N d @ 4 § L 49 1 4 1T L 1T V H OHSTILAIIDN S S0 VI A1o1eI0QE]
90¢s8O0VY I I O O S L I § N d @ 4 § L 9 I S 1T L 1T V H ODHSILAIIODN S ¥0D 3 puereyy,

souarsper 1LE 9S€ TSE 0SE PEE €€€ LTE 9TE LLT SLT 1LT 16T 0TT SOT 861 ¥61 €91 091 TSI 81 ¥¥I €1 101 L6 06 LL 9L SL ¥L TL 8S 6€ are[0SI
/70U UOISSAIIY L1¥DId ur proe ourwe Jo uonisod smeis JElitsfe) Qo

penunuod T 3dqe],

pringer

Ns



Know your enemy: understanding the role of PfCRT

1973

drug use (and therefore different selection pressures)
between geographic regions and/or the evolution of alter-
nate sets of PfCRT mutations that confer CQ resistance. It
is worth noting that most of the PFCRT mutations found in
CQR parasites are located on or towards the vacuolar side
of the protein (Fig. 2) and that the key K76T mutation
results in the loss of a positive charge from the putative
substrate-binding site of the protein [38].

The mechanism by which mutant PfCRT reduces CQ
accumulation within the DV, and thereby confers resis-
tance, has been the subject of much debate (for recent
reviews, see [42, 43]). There is now, however, a significant
body of data which indicates that the resistance-conferring
form of the protein (PFCRT?®) has the ability to move CQ
out of the DV, away from its site of action. For example,
PfCRT R has been implicated in the transport of radio-
labelled CQ in CQR parasites [20, 44, 45] and in a
(verapamil-sensitive) CQ-mediated efflux of protons from
the DV of CQR parasites [46, 47]. Naude et al [48] also
provided indirect evidence of CQ transport via PFCRT®
using a heterologous expression system; Dictyostelium
discoideum transformants expressing PECRT?® at endo-
somal membranes displayed a verapamil-sensitive decrease
in CQ accumulation. Finally, a direct demonstration of CQ
transport via PECRT® was achieved using the Xenopus
oocyte expression system [49]. In this study, PfCRT was
expressed in the oocyte plasma membrane where it could
be readily assayed for the ability to transport radiolabelled
CQ. PfCRT® was shown to mediate VP-sensitive CQ
transport, whereas the wild-type form of the protein found
in CQS parasites (PfCRT®S) did not exhibit CQ transport
activity. The version of PFCRT?® expressed in oocytes
was from the CQR strain Dd2; this protein contains eight
mutations not found in the wild-type protein (Table 1).

Transport properties of PFCRT

Functional expression of PfCRT at the oocyte surface has
provided a system with which the transport properties of the
protein can be investigated in detail. A key finding has been
the demonstration that the K76T mutation is necessary but
not sufficient for the transport of CQ via PfCRT, consistent
with the view that one or more of the other PfCRT muta-
tions act in concert with K76T to confer CQ resistance. In
addition to inhibition by VP, CQ transport via PFCRT R is
inhibited by a number of quinoline antimalarials (including
QN, AQ, primaquine, and MQ) as well as the antiviral agent
amantadine (which exhibits some antimalarial activity in
vitro, particularly against CQR parasites) [50]. By contrast,
PIP and artemisinin (both equally effective against CQS
and CQR strains) are without significant effect. A strong
dependence of PfCRT“?®-mediated CQ uptake on the pH

Fig. 3 Proposed roles for PfCRT and PfMDRI in quinoline
resistance. a CQ, QN, and MQ are weak bases and therefore
accumulate in the acidic environment of the parasite’s digestive
vacuole (DV; pH ~35) in their protonated forms (CQH', CQH,>",
QNH™, and MQH™, respectively). PfCRTS?® does not interact with
CQ [49], nor is it thought to interact with QN or MQ [68], whereas
wild-type PfMDRI1 (b) imports CQ and QN (and possibly MQ) into
the DV [76, 77]. Thus, CQ, QN, and MQ are expected to accumulate
in the DV of parasites carrying the native forms of these transporters.
When present at high concentrations in the DV, CQ kills the parasite
by preventing the conversion of the potentially toxic haem monomers
into the inert crystal haemozoin. It is not clear whether QN and MQ
share this mechanism of action, or if they instead (or in addition)
target other processes in the DV and/or the cytosol [24]. Indeed,
amplification of wild-type pfindrl has been associated with MQ
resistance [82, 87-89, 91-94, 211-213]; it is thought that the resulting
overexpression of PIMDRI1 causes an increase in MQ accumulation
within the DV, which in turn leads to a reduction in the concentration
of MQ at its putative cytosolic target. ¢ PFCRT® mediates the efflux
of CQ (and possibly QN) out of the DV [49, 68]. MQ inhibits
transport via PFCRT“?R [49], but does not appear to be a substrate
itself [68]. However, direct measurements of MQ transport via PECRT
are required to confirm this finding. d Certain mutations in Pf/MDRI1
abolish the import of CQ and QN (and possibly MQ) via this protein
[76, 77]. Hence, the DV concentrations of CQ, MQ and QN are
expected to be reduced when the mutant forms of both proteins are
present. In the case of CQ, this results in resistance. By contrast, the
decreased levels of MQ in the DV (which may lead to an increase in
the cytosolic concentration of MQ) might be expected to increase
parasite susceptibility to MQ if the primary target of this drug is
cytosolic. Likewise, the effect on QN-susceptibility would depend on
whether QN exerts its primary mode of action within the DV or
cytosol. Alternatively (or in addition), MQ and QN may inhibit
PfCRT R (e) and/or PIMDRI1 (f), and thereby exert part of their
antimalarial effect by blocking the physiological functions of these
transporters [49, 68, 75, 76, 89]. Several resistance-reversers (RR)
have been shown to inhibit PFCRT®?R, and the ability to block this
form of the protein may underlie the observed increase in the intrinsic
antiplasmodial activities of RRs in CQR versus CQS parasites [56, 65,
69]. Black and green lines indicate transport pathways and red lines
denote modes of antimalarial action. Pathways and modes of action
that have not been directly demonstrated or characterised are shown
as dashed lines

of the medium, together with the observation that uptake
was influenced by the membrane potential, indicated that
CQ is transported in its charged forms (CQH22+ or CQH™).
These findings strongly support the mechanistic model for
the role of PfCRT in CQ resistance that is presented in
Fig. 3a, c. Protonated CQ is unable to interact with PFCRT
when the substrate-binding site contains a positive charge
(e.g., K76 or R163; Table 1; Fig. 2). Removal of the posi-
tive charge alters the substrate specificity of PfCRT to allow
the transport of the protonated drug, down its electro-
chemical gradient, away from its site of action in the
parasite’s DV.

Another important insight gained from the character-
isation of PFCRT?® activity is the observation that the
protein behaves as a carrier rather than as a channel (refer
to Summers and Martin [43] for a detailed discussion);
PfCRT ®-mediated transport of CQ is saturable, highly
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temperature-dependent, and its inhibition by a range of
different drugs and compounds is concentration-dependent.
The saturability of CQ transport (K, of ~245 pM) is of
particular relevance since the addition of 100 nM CQ to the
extracellular medium is estimated to result in a CQ con-
centration of ~2 mM in the DV of CQS parasites, and
between 200 and 500 pM in the DV of CQR parasites. This
finding could have significant implications for the use of
CQ against CQR P. falciparum; the resistance mechanism
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could be overcome simply by increasing the dose of CQ,
and thereby the level of CQ in the DV, such that PACRT®
can no longer maintain sub-lethal levels of the drug (refer
to “Re-examining the CQ dosage regimen” of this review
for further discussion of this hypothesis).

Attempts to generate transfectant parasite lines in which
pfert is knocked-out have been unsuccessful, indicating
that PfCRT is essential for parasite viability [40, 51].
Hence, quite apart from its role in mediating CQ resistance,
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PfCRT appears to fulfill a vital physiological function in
the parasite. Indeed, it is thought that some of the mutations
that accompany K76T may serve to maintain the normal
physiological role of the protein [38, 52]. Within the DMT
superfamily, PfCRT bears closest similarity to those pro-
teins known to transport amino acids, weak bases, and
divalent organic cations [38]. Given that the only known
metabolite transport function of the DV to date is the efflux
of peptides and/or amino acids (produced from the diges-
tion of haemoglobin), it was proposed that PFCRT normally
functions as an amino acid/peptide exporter [38]. Consis-
tent with this idea, a number of peptides, including several
derived from human haemoglobin, were found to cause a
marked inhibition of CQ transport via PfCRTCQR, and a
radiolabelled peptide was shown to be transported by
PfCRT?® [49]. However, the same peptide was not
transported by PFCRT?®, and at this stage it is unclear
whether the interaction of peptides with PFCRT® arises
from their resemblance to the endogenous substrate or
whether it might instead be due to their structural similarity
to VP and the quinoline drugs [49, 53].

CQ resistance-reversers

In the 25 years since the CQ-chemosensitising effect of VP
in CQR parasites was first described, over 40 resistance-
reversers have been identified [54, 55]. Resistance-revers-
ers belong to a wide range of pharmaceutical classes,
including calcium channel blockers (e.g., VP and amlo-
dipine), calmodulin inhibitors (e.g., chlorpromazine),
antidepressants (e.g., desipramine), antihistamines (e.g.,
chlorpheniramine, CP), and a number of plant-derived
products [53, 56] (Fig. 1b). Reversers of CQ resistance
generally exhibit poor antiplasmodial activity, and hence
are only effective against the parasite when acting in syn-
ergy with CQ (or another quinoline). Small-scale clinical
trials have shown that CQ is more effective against CQR
parasites when administered in combination with CP [57,
58], but at present, the routine clinical application of
resistance-reversers has been prevented by problems with
potency and host toxicity.

The CQ resistance-reversing compounds identified to
date share several structural features, and a number of
studies have demonstrated structure—activity relationships
for resistance-reverser activity [59—62]. Bhattacharjee and
colleagues [63] developed a 3D pharmacophore model for
CQ resistance-reversal using structure—activity profiling.
The pharmacophore includes one or two hydrophobic
aromatic groups and a protonatable N atom, usually a
secondary or a tertiary amine linked by an aliphatic side
chain [53, 63]. Using a series of 28 dihydroanthracene
derivatives, Alibert and co-workers have expanded on the

proposed pharmacophore to describe the properties of a
putative binding site for resistance-reversers [59]. This
hypothetical binding site features hydrogen bonding
between a putative serine OH group and the protonated
amine of the resistance-reverser, which is stabilised by an
electrostatic interaction with a negatively charged carbox-
ylate group of an aspartate residue [59]. Interestingly, this
hypothetical binding site matches the threonine (OH group)
and glutamate (COQO™ group) residues at positions 76 and
75, respectively, in the CVIET haplotype of PfCRTC?®
(Table 1), which suggests that resistance-reversers may
interact with PfCRT® at the same site as CQ [59].
Hence, these compounds may exert their resistance-
reversing effect by competing directly with CQ for the
substrate-binding site of PFCRT“?®. This hypothesis is
supported by a number of genetic studies which suggest
that resistance-reversers interact with this region of
PfCRT® [37, 40, 64-66].

The recent characterisation of PfCR in the Xenopus
oocyte system has confirmed that a number of resistance-
reversers (VP, primaquine, and a series of dibemethin-
based compounds) interact directly with the protein to
inhibit CQ transport in a concentration-dependent manner
[49, 67] (Fig. 3e). Findings by Lehane and Kirk [68] sug-
gest that some resistance-reversers are themselves
substrates of PfCRTCQR, and that they therefore exert their
effect by competing with CQ for transport out of the DV.
However, direct measurements of transport are required to
confirm that PFCRTC®® possesses the ability to translocate
VP (or any other resistance-reverser).

TCQR

PfCRT as a drug target

The finding that resistance-reversers interact directly with
PfCRTC® to inhibit CQ transport suggests that the normal
physiological role of PfCRT may likewise be blocked by
these compounds. Since PfCRT is known to be essential to
the survival of the parasite, the inhibition of its function by
a CQ resistance-reverser could exert an antimalarial effect
(Fig. 3e). Indeed, the intrinsic antiplasmodial activities of
resistance-reversers from diverse pharmacological classes
have been shown to be greater in CQR parasites than in
CQS strains [56, 65, 69]. Furthermore, the ICs, values of a
range of resistance-reversers were shown to correlate
inversely with CQ ICsq values in the offspring of a genetic
cross between the Dd2 (CQR) and HB3 (CQS) strains [65].
Genome-wide scans revealed that this effect was directly
associated with mutations in pfcrt [65]. Moreover, in high-
throughput assays that tested a library of known pharma-
ceutical compounds in 61 strains of P. falciparum, the
antiplasmodial activities of 42 compounds were shown to
correlate negatively with that of CQ, and the activities of
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17 of these compounds (including several resistance
reversers) mapped to the pfert loci [70].

Several lines of evidence are therefore consistent with
the idea that resistance-reversers inhibit an essential func-
tion of PFCRTC?® In this regard, it is worth noting that the
identification of the normal substrate of PFCRT may make
it possible to target both mutant and wild-type forms of the
transporter; substrate mimics that are potent inhibitors of
both PFCRT® and PFCRT? could be generated using
rational drug design strategies. These compounds would be
expected to have intrinsic antimalarial activity against both
CQR and CQS parasites, as well as acting as CQ resis-
tance-reversers. A paradigm shift towards thinking of
PfCRT as a drug target also provides a framework for
deciphering the complex patterns that have been observed
between the parasite’s resistance to one drug and con-
comitant changes in its susceptibility to a host of other
antimalarials. PfCRT mutations that are associated with
drug pressure (or reduced susceptibility) may have arisen
in order to mediate the transport of the drug away from a
site of action (as is the case with CQ), or, alternatively, to
prevent the drug from inhibiting the normal function of
PFCRTCR, That is, PfCRT can be considered as a drug
resistance mediator as well as a drug target—a hypothesis
which is discussed further in “Dissecting the patterns and
underlying mechanisms of quinoline resistance”.

Other proteins involved in CQ resistance

CQ resistance has been linked to polymorphisms in a
second protein—the P. falciparum multidrug resistance
transporter 1 (PfMDR1) [71, 72]. PEIMDRI1 is a homologue
of the ABC transporters that mediate multi-drug resistance
in human cancer cells [72] (TC 3.A.1.201) and is expressed
primarily at the parasite’s DV membrane [73]. Its ATP-
binding domains are located at the cytosolic face of the
membrane [74, 75] and the protein is thought to transport a
wide range of substrates, including drugs, from the cytosol
into the DV [75-78]. Mutations in PFIMDR1 can modulate
the level of CQ resistance exhibited by parasites already
harbouring PfCRTCQR, but they do not, by themselves,
confer CQ resistance [79]. Of the five PEMDRI polymor-
phisms initially reported [71], N86Y, S1034C, N1042D
and D1246Y all appear to contribute to CQ resistance,
whereas Y184F is common to both CQS and CQR strains
[71, 79, 80]. It is unclear whether the novel PfMDRI1
mutations recently detected in South-east Asia (E130K,
V11091 and F1226Y) play a role in CQ resistance [81, 82],
but it is thought that the F1226Y mutation is involved in
conferring resistance to MQ [82].

When expressed in mammalian CHO cells, PIMDR1
appeared to localise to internal vesicular compartments
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[77]. Expression of the wild-type form of PIMDRI caused
an increase in the accumulation of CQ and a heightened
susceptibility to the drug. Taken together, these findings
suggest that wild-type PfMDRI1 may increase the CQ
susceptibility of CHO cells by mediating import of the drug
into internal compartments, where its accumulation appears
to exert a toxic effect. It was therefore proposed that wild-
type PEIMDR1 may perform a similar function in the par-
asite, that is, to import CQ into the DV (Fig. 3b) [77]. By
contrast, expression of a mutant version of PfIMDRI—
containing the CQ resistance-associated mutations S1034C
and N1042D—did not result in an increase in CQ sus-
ceptibility. This suggests that certain mutations may reduce
or abolish the ability of PEMDRI1 to import CQ into the DV
(Fig. 3d) [77]. Consistent with this hypothesis, a study by
Lanzer and colleagues [76] has revealed that wild-type
PfMDR1 mediates CQ transport when expressed in X. la-
evis oocytes, whereas a number of mutant PfMDRI
haplotypes do not. Thus, CQ resistance-associated muta-
tions in PfCRT and PfMDRI1 appear to contribute to the
same outcome: a reduction in the concentration of CQ at its
site of action in the parasite DV.

Mutations in another putative ABC transporter—the P.
falciparum multi-drug resistance-associated protein 1
(PfMRP1; TC 3.A .1.208)—have also been implicated in
CQ resistance [83]. Although an association between
PfMRP1 mutations and CQ resistance could not be con-
firmed in studies of freshly isolated field strains [84, 85],
the findings from a PfMRP1 knock-down experiment
suggest that the transporter may play a role in CQ resis-
tance [86]. When compared to the W2 parent strain,
parasites with reduced PfMRP1 expression accumulated
more CQ and displayed increased susceptibility to the drug
[86]. Given that PEMRPI is thought to be located at the
parasite’s plasma membrane, it was suggested that the
protein exports CQ out of the cell, thereby reducing its
concentration within the parasite [86]. The W2 strain used
in this study was derived from Dd2 parasites, which are
known to contain mutations in PFMRP1 that are linked to
CQ resistance (Y191H and A437S; [83]). Hence, it remains
to be determined whether these mutations enable PIMRP1
to alter CQ accumulation, or if this is an inherent ability of
the wild-type protein.

Dissecting the patterns and underlying mechanisms

of quinoline resistance

Mefloquine, halofantrine and lumefantrine

Resistance to mefloquine (MQ) is typically associated with

an elevated sensitivity to CQ and vice versa [87-92].
Moreover, parasites which display reduced susceptibilities
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to halofantrine (HF), and lumefantrine (LM) (both of which
are structurally related to MQ) usually exhibit cross-resis-
tance to MQ [79, 80, 82, 89, 90]. The major determinant of
MQ resistance is the amplification of pfmdrl, and this
modification is also linked to reduced susceptibilities to HF
and LM [82, 87-89, 91-94]. Following selection for
resistance to MQ, former CQR lines were found to have
gained additional copies of pfmdrl and also displayed an
increase in sensitivity to CQ [89, 90]. By contrast, selection
of high-level CQ resistance is accompanied by an increase
in MQ susceptibility and the de-amplification of pfindrl
[87]. Moreover, the sensitivity of the parasite to MQ can be
increased by the introduction of PEMDR1 mutations that
are associated with CQ resistance, particularly N86Y [79,
80, 88, 92, 93]. Indeed, it is often the wild-type form of the
gene (which contains N86) that is amplified in association
with MQ resistance [91-93].

Polymorphisms in PfCRT are not typically associated
with differences in MQ susceptibilities between parasites
isolated from the field. However, they have been shown to
modify MQ responses in vitro [37, 50, 95], and, as is the
case with PIMDR1, MQ and CQ, appear to exert opposing
selection forces on PfCRT. For example, the parasite’s
sensitivity to MQ can be increased by the introduction of
CQ resistance-conferring mutations in PfCRT [37]. Fur-
thermore, when the CQR strain K1 was selected for
resistance to HF, the resulting ‘KIHF’ line exhibited
decreased susceptibility to both HF and MQ, but was
simultaneously restored to CQS-status [50]. The KIHF
strain was found to contain three novel PfCRT mutations,
one of which—S163R—introduces a positive charge to a
region of PfCRT which, by homology with related DMT
proteins, is implicated in the binding and translocation of
substrates [38]. Hence, it was postulated that S163R is a
‘resistance-reversing’ mutation which re-instates the para-
site’s sensitivity to CQ by preventing the drug from
escaping from the DV via PFCRTR [50, 96]. Consistent
with this hypothesis, the introduction of S163R into Dd2
PfCRT® was found to abolish CQ transport activity in
the Xenopus oocyte expression system [49].

Current knowledge of the mechanisms underlying CQ
resistance may provide useful insights into the roles played
by PIMDRI1 and PfCRT in the parasite’s resistance to MQ.
Two scenarios that would readily account for the inverse
relationship between MQ and CQ resistance are: (1) the
primary target of MQ lies outside the DV, and changes in
PfMDR1 and/or PfCRT effect MQ susceptibility by alter-
ing the distribution of the drug within the parasite (Fig. 3a—
d), and (2) MQ targets PIMDR1 and/or PfCRT directly,
impairing the physiological function of these transporters
(Fig. 3e, f; [76, 89, 97]). In the latter scenario, amplifica-
tion of pfindrl would increase the expression of the
transporter, which may alleviate the effects of inhibition by

MQ [76]. In the former scenario, changes that reduce the
concentration of MQ in the cytoplasm would be expected
to increase the parasite’s resistance to this drug. For
example, if wild-type PIMDRI1 transports MQ into the DV,
as has been demonstrated for CQ, then amplification of
pfindrl could increase the amount of MQ sequestered in
this compartment, thereby reducing MQ susceptibility.
Conversely, if PFCRTCR mediates the efflux of MQ from
the DV, the concentration of the drug in the cytoplasm
would rise, leading to an increase in the parasite’s sensi-
tivity to MQ. It is worth noting that MQ may interact with a
broader range of PfMDRI1 haplotypes than CQ. For
instance, MQ was able to inhibit transport of the substrate
‘fluo-4’ via two mutant haplotypes of PfIMDRI1, whereas
CQ had no effect [75]. Moreover, MQ resistance is not just
associated with amplification of wild-type pfindrl, but is
occasionally reported in strains which possess multiple
copies of a mutant form of pfidrl [89, 98].

Since mechanisms of transport and inhibition often
overlap, it is possible that the process of MQ translocation
would itself exert an inhibitory effect on the normal
functions of PEMDR1 and/or PFCRT R, Furthermore, the
relative contributions of transport (which would entail MQ
translocation) and binding (without the subsequent trans-
location of MQ) to the inhibitory effect of MQ may differ
between the two transporters. Both mechanisms are con-
sistent with the finding that MQ inhibits PF/MDR 1-mediated
transport of the substrate fluo-4 [75]. However, as MQ
transport via PEIMDRI1 has not been directly demonstrated,
it is unclear whether MQ competes for transport with fluo-
4, or if it instead binds to PEMDR1 but is not translocated.
In the case of PfCRT, the decreased MQ sensitivity of CQR
parasites harbouring the S163R mutation could be
explained in two ways. The re-introduction of a positive
charge to the PfCRT substrate binding-site is likely to
prevent MQ from interacting with PFCRT?®, which could
either: (1) abolish the ability of the protein to transport
MQ, thereby restoring sequestration of the drug within the
DV [50, 96], or (2) prevent MQ from binding to and
inhibiting PfCRTR, However, the first scenario is at odds
with a recent finding by Lehane and Kirk [68]. CQ induces
a H' leak from the DV of parasites carrying PACRT®
(but not PFCRT?S) that is thought to represent efflux of
the protonated drug. MQ does not induce this leak. While
this does not exclude the possibility that MQ has an
important cytosolic target, it does indicate that the
increased susceptibility of CQR parasites to MQ may not
be due to the transport of this drug from the DV into the
cytosol. Although MQ does not appear to be a substrate of
PfCRTCQR, it is nevertheless an inhibitor of CQ transport
via this protein [49], which is consistent with the idea that
MQ exerts an antimalarial effect by inhibiting the normal
function of PFCRTCR,
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The fact that the S163R mutation also results in the loss
of CQ transport activity [49] indicates that CQ and MQ
(and quite likely other drugs) interact with the same region
of PFCRT®R, and that PfCRT-mediated decreases in the
parasite’s susceptibility to CQ and MQ are mutually
exclusive events. This could be a limiting property of the
protein, and as such, could be exploited by combination
therapies that pair together two drugs that exert opposing
selection forces upon PfCRT [97, 99].

Quinine

Although susceptibilities vary, CQR strains often display
low-level resistance to quinine (QN) (such that QN remains
clinically effective against CQR parasites) [95, 100, 101].
However, QN-resistance phenotypes are complex and can
also display cross-resistance to MQ [37, 84, 88]. Reduced
susceptibilities to QN have been linked to changes in the
same molecular components that are associated with CQ
and MQ resistance—PfCRT, PfMDR1 and PfMRP1 [83,
102]. Polymorphisms in the P. falciparum Na™/H"
exchanger (PINHE; TC 2.A.36) are also thought to con-
tribute to decreases in the parasite’s sensitivity to QN
[102]. Unlike resistance to CQ and MQ, reduced suscep-
tibility to QN does not appear to be governed by a single,
predominant molecular determinant, but rather by a num-
ber of proteins whose contributions vary between strains
[102]. This pleitropic response may be a reflection of the
counteraction required to combat a drug that has a complex
mode of action, and/or the extended period over which the
parasite has been afforded the opportunity to develop tol-
erance to QN. Indeed, it has been suggested that, in
addition to haemozoin formation, QN targets one or more
other essential processes in the parasite [24, 25]. QN
remained highly effective over centuries of use before
resistance emerged, and these ‘QN-resistant’ strains typi-
cally display only a low level of tolerance. Thus, while the
complexities of the QN mode-of-action have proven diffi-
cult to unravel, it has also been difficult for the parasite to
overcome.

Mutations in PfCRT that confer CQ resistance are often
associated with a decrease in the parasite’s susceptibility to
QN, which suggests that resistance to this drug is mediated,
at least in part, by variants of the transporter [83, 95, 102].
Consistent with these observations, Sanchez and colleagues
found that parasites harbouring PFCRT® efflux QN at a
greater rate than those carrying PFCRT?® [103]. Further-
more, Lehane and Kirk [68] recently showed that QN—Iike
CQ—causes a H' leak from the DV of parasites carrying
PfCRT R, consistent with the mutant (but not wild-type)
protein mediating the efflux of the protonated drug.
Moreover, direct evidence of an interaction between QN
and the mutant protein has come from its ability to inhibit
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PfCRT®_mediated transport in the Xenopus oocyte
expression system [49]. Taken together, these data suggest
that PFCRT?® reduces the parasite’s sensitivity to QN by
allowing the drug to escape from the DV, away from its
putative target (haem; Fig. 3a, c).

Polymorphisms at positions 1034, 1042 and 1246 of
PfMDRI1 have also been shown to increase QN tolerance
[79, 80]. Of these three mutations, N1042D appears to
exert the greatest influence upon the parasite’s response to
QN [80]. Like CQ, QN is a substrate of wild-type
PfMDRI1, and this transport activity is similarly abolished
by the introduction of certain mutations into PEIMDRI1 [76].
This suggests that PEIMDR1 mutations such as N1042D
reduce the parasite’s susceptibility to QN by removing one
of the routes by which the drug accesses the DV (Fig. 3b,
d). It is worth noting that mutations in PFMDR1 appear to
affect QN susceptibility more than they do CQ suscepti-
bility. Indeed, in the absence of PFCRT?®R, the PIMDRI1
mutations S1034C, N1042D and D1246Y reduce the par-
asite’s sensitivity to QN, but have no effect on its response
to CQ [79]. This may reflect the fact that QN (pKa values
of 4.2 and 8.2-8.5) is likely to accumulate to much lower
concentrations than CQ (pKa values of 8.1 and 10.2) within
the DV via weak-base trapping [25, 104], such that the
relative contribution of PEIMDRI1 to QN accumulation may
be greater than its role in CQ accumulation.

In some instances, the effects of changes in PfCRT and
PfMDRI1 on the parasite’s susceptibility to QN align more
closely with those observed for MQ, consistent with the
observation that a reduction in QN sensitivity can be
accompanied by cross-resistance to CQ or MQ. For
example, when PfCRT®R was introduced into the CQS
strain ‘GCO03’ via allelic exchange (resulting in a decrease
in CQ-sensitivity), susceptibility to both QN and MQ was
increased [37]. Similarly, the parasite’s sensitivity to QN
or MQ is often reduced by mutations that re-introduce a
positive charge to the putative substrate binding-site of
PfCRTC® and which abolish CQ transport activity (e.g.,
S163R; [49, 50, 95]). The most recent example of this
phenomenon is a field isolate from French Guiana (H209)
which contains a novel mutation—C350R—that re-intro-
duces a positive charge to PFCRT?®, These parasites are
CQS, yet they exhibit increased resistance to QN [105]. In
addition, reduced susceptibility to QN has been linked to
the major determinant of MQ resistance—amplification of
pfmdrl [91, 93].

How to explain the apparent complex interplay between
mutations in PfCRT and PfMDRI1 and the parasite’s sus-
ceptibilities to MQ and QN? One possibility is that MQ and
QN both have cytosolic targets. If this were the case,
PfMDR1 amplification could serve to increase the
sequestration of MQ or QN in the DV and thereby protect
the parasite by reducing the concentration of drug at the
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cytosolic target. Mutations in PfMDRI1 that abolish this
transport activity would have the opposite effect (Fig. 3b,
d). Likewise, PFCRT ®-mediated efflux of QN from the
DV would be expected to increase the concentration of QN
at its site of action in the cytosol (unless, of course, a
second QN efflux system was present at the parasite plasma
membrane; Fig. 3a, c). While this model is easily recon-
ciled with what is understood about MQ resistance, it is a
less comfortable fit with the complex range of phenotypes
displayed by ‘QN-resistant’ strains. Perhaps the QN-sus-
ceptibility of a given strain is the product of a trade-off
between the inhibition of haemozoin formation and the
inhibition of a cytosolic target. Alternatively, the rela-
tionship between QN- and MQ-sensitivity observed within
some parasite strains could be due to the ability of these
two drugs to target the physiological functions of PFIMDRI1
and/or PECRTC?R; MQ is an inhibitor of both PFMDR1 and
PfCRT® (see above) and QN is both a substrate and
inhibitor of PfMDR1 [76] as well as an inhibitor (and
possible substrate) of PFCRT“?® (Fig. 3e, f) [49]. It is
worth noting that this phenomenon may be the cause of the
otherwise confounding instances in which parasites exhibit
similar responses to QN and MQ.

As has been reported for CQ resistance, a weak asso-
ciation is thought to exist between a reduction in the
parasite’s susceptibility to QN and the PFIMRP1 mutations
Y191H and A437S [83, 85]. Although, again, this rela-
tionship was not apparent in strains isolated from Thailand
[84]. When PfMRP1 expression was decreased in the W2
strain by allelic exchange, the resulting parasites accumu-
lated more QN and displayed an increase in their
susceptibility to the drug [86]. It was therefore proposed
that PEMRP1 also has the ability to transport QN across the
plasma membrane, out of the parasite cytosol [86].

Variations in QN susceptibilities between different
parasite strains have also been linked to repeat polymor-
phisms in the microsatellite locus ‘ms4760° of PfNHE
[102]. However, there is a lack of consensus regarding the
specific nature of these associations. For instance, while
some studies report an association between reduced sus-
ceptibility to QN and an increase in the number of
‘DNNND’ repeats in ms4760 [106—108], others could not
verify this association [109-111], or found that two
DNNND repeats was the optimal number for conferring a
reduction in QN-sensitivity [112]. Moreover, amplification
of a second ms4760 repeat— ‘NHNDNHNNDDD’—has
been linked to increases in the parasite’s susceptibility to
QN [106-108]. However, the reverse association has also
been reported [109], and several studies have failed to
confirm either of these findings [110, 111]. It has been
suggested that PINHE repeat polymorphisms may alter the
parasite’s susceptibility to QN by effecting a change in the
cytosolic pH [113]. However, PENHE is not thought to play

a major role in pH regulation [114], and the cytosolic pH
was unaffected when PfNHE expression was reduced by
50% [115]. Moreover, if PINHE were to alter the parasite’s
response to QN by modulating the pH, it would likewise be
expected to influence the parasite’s susceptibility to other
weak-base antimalarials. Yet the effect of PINHE knock-
down was specific to QN [115]. It also appears that the
ability of PINHE to modulate QN-sensitivity is dependent
upon the presence of other resistance-conferring mutations;
a reduction in PfNHE expression coincided with an
increase in the parasite’s susceptibility to QN, but only in
those strains which harboured PFCRTC?R [115].

Amodiaquine

The relationship between CQ and amodiaquine (AQ)
resistance is also not straightforward; AQ remains effective
against CQR parasites in many parts of Africa [116-118],
whereas in South-east Asia, South America, and Papua New
Guinea, strains that are moderately resistant to CQ tend to
display high levels of AQ resistance [66]. The apparent
geographic specificity of AQ resistance may be due to
differences between the PfCRT?® haplotypes found in
these locations; it has been suggested that AQ resistance is
associated with the ‘SVMNT’ haplotype of PFCRT?® that
is typically carried by CQR South American strains (over
the region spanning residues 72-76; see Table 1), rather
than the ‘CVIET’ haplotype common to CQR strains of
Africa and South-east Asia [66, 119, 120]. Consistent with
this hypothesis, in the progeny of a genetic cross between
the CQR strains 7G8 (containing SVMNT) and GB4 (con-
taining CVIET), high-level resistance to the major active
metabolite of AQ—monodesethyl AQ (MDAQ)—was in
part dependant on the presence of 7G8 PfCRT® [66]. It is
therefore concerning that the SVMNT haplotype, which
was previously reported in Africa only once in the 1990s
[121], and then at very low levels, is now relatively com-
mon in Tanzania [119] and Angola [122]. This has been
attributed to an increase in use of AQ on this continent,
either alone or in combination with artesunate [119, 123].
Amongst the progeny of the 7G8 x GB4 cross, high-
level AQ resistance was also contingent on the presence of
the 7G8 PfMDRI1 haplotype [66]. Interestingly, this hap-
lotype does not contain the N86Y PfMDR1 mutation that
has frequently been linked to AQ resistance, but does
contain D1246Y, which is the mutation most often asso-
ciated with AQ resistance after N86Y [99, 124, 125].
Given the structural similarity between CQ and AQ, it is
likely that resistance to these drugs is mediated by a shared
mechanism. Thus, certain mutations in PfMDR1 may
abolish AQ import into the DV, and mutations in PfCRT
may allow the transporter to mediate the efflux of AQ from
of the DV. AQ is known to interact directly with at least one

@ Springer



1980

R. L. Summers et al.

of these proteins; when tested in the Xenopus oocyte
expression system, AQ inhibited the transport of CQ via
PFCRT® [49]. It is therefore tempting to speculate that
differences in the level of AQ resistance between parasites
carrying the SVMNT or CVIET PfCRT““® haplotypes may
be attributable to differences in the affinities of these two
transporters for AQ (note that residues 72—76 are located
within a region of PfCRT that has been implicated as having
a role in the recognition of substrates; Fig. 2). Indeed, an
increase in MDAQ resistance appears to be correlated with
a decrease in the hydrophobicity of the side chains of res-
idues 72-76 of PfCRT“?® [120]. AQ is a reasonably
hydrophobic drug, so perhaps the greater hydrophobicity of
the CVIET motif relative to that of SVMNT causes AQ to
adhere to the binding site, thereby decreasing its rate of
transport or even preventing translocation altogether.

Piperaquine

Piperaquine (PIP) was developed simultaneously in China
and France to counter widespread CQ resistance, but its
extensive use as a monotherapy in China led to the emergence
of highly resistant parasites [23]. In recombinant strains
carrying different haplotypes of PfCRT, increased suscepti-
bility to PIP was associated with the presence of CQR forms
of the protein [126]. However, this finding is at odds with that
of another study which found no correlation between PIP
resistance and changes in PfCRT, PfMDRI1, PfMRP, or
PfNHE [85], as well as the observation that PIP remains
effective against CQR parasites [127]. Indeed, PIP does not
appear to interact with PfCRT®; the drug was without
significant effect on PFCRT“®-mediated transport in the
Xenopus oocyte expression system [49], and when expressed
in D. discoideum, PfCRTC?® did not alter the accumulation
of PIP (whereas it did reduce CQ accumulation) [48].

A recent study in which CQR strains were subjected to
PIP selection pressure produced parasites that exhibited
high-level PIP resistance [128]. These parasites exhibited
PIP ICs( values that were approximately 100-fold greater
than those of the parental strains, and this drastic decrease in
susceptibility to PIP was accompanied by three changes; a
novel mutation (C101F) in PfCRTCQR, de-amplification of
PfMDRI1, and amplification of a 63-kb segment on chro-
mosome five (upstream of PfMDRI1). When the PIP-
resistant parasites were cultured in the absence of the drug,
the loss of high-level PIP resistance coincided with de-
amplification of the 63-kb segment of chromosome five, but
was not accompanied by reversion of the changes in PfCRT
or PfMDRI1. This suggests that amplification of a gene
within the 63-kb segment is required for high-level PIP
resistance. By contrast, changes in PFCRT and PfMDRI1 do
not appear to be sufficient to confer PIP resistance, although
they may contribute to the trait [128].

@ Springer

Pyronaridine

Like PIP, pyronaridine (PN) was developed in China and
subsequently underwent extensive use in this country
[129]. PN is usually effective against CQR parasites,
despite there being evidence of a positive correlation
between PN and CQ susceptibilities in vitro [130-133].
While it has been reported that the efficacy of PN in China
is decreasing [134], high-level resistance to this drug
remains largely undemonstrated. Furthermore, no rela-
tionship has been observed between the parasite’s
susceptibility to PN and changes in the known molecular
determinants of quinoline resistance—PfCRT, PfMDRI,
PfMRP and PfNHE [135].

Artemisinin derivatives and combination therapies

Artemisinin-based compounds are now the most effective
class of antimalarials available. Extracted from the plant
Artemisia annua (sweet wormwood), the endoperoxide
artemisinin and its derivatives, artemether, artesunate and
dihydroartemisinin (Fig 1c), are fast acting and highly
potent compounds that rapidly reduce the parasite biomass
in patients [136, 137]. Due to their short half-life in
humans, and the need to delay the onset of drug resistance,
the WHO [138] recommends that artemisinins be used in
combination with a partner drug which has a different
mechanism of action and a longer half-life. These arte-
misinin combination therapies (ACTs) now form the
cornerstone of malaria treatment worldwide. Together with
mosquito control measures, ACTs have played a vital role
in reducing the burden of malaria in many countries in Sub-
Saharan Africa and South-east Asia [1] (a recent review by
Maude and colleagues [139] provides a comprehensive
history of the use of artemisinins and ACTs).

Despite the success of ACTs over the last decade, there are
several drawbacks to the current strategy. The WHO [138]
currently recommends five combinations—artemether—LM,
artesunate—MQ,  artesunate—sulfadoxine—pyrimethamine
and dihydroartemisinin—PIP. Of these five partner drugs,
only LM had not been used before deployment as an ACT,
and the longevity and efficacy of all of the partner drugs has
already been compromised by the emergence of resistant
strains. This problem is exacerbated by the mismatch in
pharmacokinetics between the partner drugs. Artemisinin
and its derivatives have short half-lives in the body of
between 45 minand 20 h [137, 140], while drugs such as LM
and MQ have much longer half-lives of 3—4 [141] and
14-28 days [142], respectively. As a consequence, ACT
treatment success rates are highly dependent on the suscep-
tibility of the parasite to the partner drug, and failure rates
between 10 and 30% have been reported for all combinations
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[143] (although in some cases, limitations in bioavailability
may also be a factor). In the cases of MQ and PIP, combi-
nations with artesunate and DHA, respectively, were only
deployed once the monotherapies started to fail [144, 145].
Furthermore, artemisinin and derivative compounds appear
to select for parasites with reduced susceptibilities to the
most commonly used partner drugs—MQ and LM [146,
147]. The benefit of combining drugs that have independent
modes of action, that elicit different mechanisms of resis-
tance, and which have complementary pharmacokinetics and
pharmacodynamics, is well documented, and the potential
benefits to antimalarial chemotherapy are substantial [148].
Hence, it is perhaps worth considering how antimalarial
combination therapies could be better designed.

Reports of the emergence of artemisinin resistance along
the Thai-Cambodia boarder are further cause for concern
[143, 149, 150]. Moreover, recent surveys have confirmed
that artemisinin-resistant strains have appeared in north-
western Thailand, south-eastern Burma, and south-eastern
Vietnam [15]. The molecular mechanism(s) underlying the
parasite’s resistance to artemisinin remains largely
unknown; the findings of several studies suggest that
amplification and/or polymorphisms in PEIMDR1 may play
a role [12, 44]. In addition, parasites that are resistant to
MQ also tend to be less susceptible to artemisinin [82, 88].
There is also some evidence for there being a link between
mutations in PfCRT and the parasite’s susceptibility to
artemisinin. For example, Sidhu et al. [37] observed that
expression of the CQR-conferring 106/1-1 or 106/1-N
haplotype of PfCRT (see Table 1) in CQS strains resulted
in a modest increase in susceptibility to artemisinin and
dihydroartemisinin, although this effect was not observed
in parasites transfected with the Dd2 haplotype of PfCRT.
It is also worth noting that an unusual CQS isolate from
French Guiana (H209; Table 1) which carries a CQR-like
PfCRT haplotype as well as the novel mutation C350R,
displays reduced susceptibilities to both artemisinin and
QN [105]. Consistent with these findings, Tucker and
colleagues [151] recently reported that parasites selected in
vitro for transient artemisinin resistance exhibit a height-
ened susceptibility to CQ, suggesting that artemisinin has
an opposing selection force to CQ. However, in vitro
selection for stable artemisinin-resistant parasites had no
affect on CQ susceptibility [152]. While it is tempting to
speculate that the artemisinins interact directly with
PfCRT R, direct evidence of such an interaction was not
detected in the Xenopus oocyte expression system [49].
The one remaining non-artemisinin combination therapy is
atovaquone—proguanil, and mass administration of this
drug combination is now being considered for the greater
Mekong subregion in the hope that this will contain, or
even eliminate, artemisinin resistance [153]. However,

there is a strong possibility that artemisinin-resistant strains
of the parasite will persist or re-emerge.

There is no Plan B

The loss of the artemisinins would be a devastating blow to
malaria control and treatment efforts worldwide [12].
There are no new candidate drugs far enough along the
development pipeline to replace them if artemisinin-resis-
tant strains spread [154]. Furthermore, the most advanced
therapies in the development pipeline are either ACTs
(PN-artesunate), other artemisinin derivatives (artemisone;
Fig. Ic), or synthetic artemisinin-like compounds (e.g.,
0Z439; Fig. 1c) [129]. The short-term future of malaria
control depends entirely on the continued success of ar-
temisinins and there is no Plan B [154]. Hence, in the short
to medium term, there remains a dire need for a readily
deployable, cost-effective strategy that is robust to resis-
tance and does not rely on artemisinin derivatives. Even if
such a strategy is reserved for the worst-case scenario,
there should be a contingency plan in place.

Re-examining the CQ dosage regimen

There is a growing body of evidence which supports the
idea that CQ could once again be used in the front line
against P. falciparum malaria. CQ was first developed by
the US army for the treatment and suppression of P. vivax
infections in the South Pacific and Mediterranean during
the Second World War [155, 156]. The earliest recorded
clinical trial of CQ against P falciparum took place in 1946
with just 18 patients, and using the same regimen recom-
mended for treating vivax malaria [157]. Remarkably little
changed between this first treatment regimen and that
which was used until CQ was withdrawn at the beginning
of this century [i.e., 25 mg of CQ per kg of body weight
(mg/kg) over 3 days] [158, 159]. That is, despite the
emergence of CQR parasites, few studies investigated the
efficacy of alternative dosages of CQ, and attempts to
improve the CQ regimen were largely unsuccessful.
Table 2 summarises the findings from clinical trials that
examined increased dosages of CQ. Despite the relatively
low therapeutic index of CQ, no severe adverse events
were observed in any of the studies. Although the initial
(pre-2002) studies showed that higher doses of CQ improve
the short-term parasitological response, none of the final
outcomes were considered sufficiently promising to war-
rant the use of higher CQ dosages against CQR strains.
Hence, in 2001, the WHO [159] concluded that “there is no
evidence to suggest that increasing the dosage will increase

@ Springer
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clinical cure rate in such situations and repeated adminis-
tration of such high doses may produce adverse reactions”.

Despite this recommendation, and in contrast with the
earlier studies, high doses of CQ have remained effective
and in widespread use for nearly two decades in the West
African country of Guinea-Bissau. CQR parasites first
appeared in Guinea-Bissau in 1990 [160, 161]. In response
to increasing failure rates under the standard regimen,
clinicians began prescribing two or three doses of CQ per
day (12 or 8 h apart, respectively), resulting in total dos-
ages of 50-75 mg/kg over 3-5 days [162, 163]. A series of
clinical trials has confirmed that a twice-daily dose regimen
(totalling 50 mg CQ/kg over 3 days) results in parasite
clearance rates of 84-90% after 28 days (Table 2). The
most recent clinical trial revealed that ‘double-dose’ CQ is
just as effective as artesunate—LM in treating P. falciparum
infections in Guinea-Bissau [164]. After 28 days, total
efficacies of both treatments were greater than 95%. Fur-
thermore, the double-dose CQ regimen cleared 87% of
infections by parasites carrying PECRT R [164].

Recent experiments using the Xenopus oocyte expres-
sion system have confirmed that PACRT“?® behaves as a
carrier rather than as a channel (see “Transport properties
of PFCRT?”; [43, 49]). These and other studies [44] indicate
that the resistance mechanism is saturable, which raises the
possibility that resistance could be overcome if CQ is
maintained at sufficiently high concentrations within the
DV of CQR parasites. The success of the high-dose regi-
men in Guinea-Bissau seems to be due to two factors: (1)
the increase in the total dosage of CQ, and (2) the increase
in the frequency of doses. A higher total dosage that is
distributed into doses taken 8—12 h apart appears to sustain
concentrations of CQ in the blood that are high enough to
kill CQR parasites [165].

A demonstration of this principle comes from a clinical
study of CQS infections in Madagascar [166]. When the
dosage of CQ administered in the first 24 h was doubled
from 10 to 20 mg/kg, and then split into 4 equally spaced
doses, the rate of parasite clearance was double that mea-
sured in patients receiving the standard schedule [166]. The
blood concentration of CQ in both sets of patients was also
monitored over the course of the study (re-produced in
Fig. 4). After oral intake, CQ is quickly absorbed into the
blood/plasma, reaching peak concentrations within 1-3 h.
A very high peak concentration of CQ can result in adverse
side effects, but a single oral dose of less than 15 mg CQ/
kg peaks below this threshold [167]. The subsequent
decrease in the blood concentration of CQ consists of two
phases. First, the level of CQ decreases rapidly as the drug
distributes into tissues throughout the body. In the second
phase, the concentration declines at a reduced rate as CQ
is released from these tissues back into the blood stream.
In patients receiving the standard regimen, the blood
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Fig. 4 The blood concentration of CQ over time during treatment
with; a the standard CQ regimen (10 mg/kg at O and 24 h, and 5 mg/
kg at 48 h), or b under more frequent administration (10 mg/kg at 0,
followed by 5 mg/kg doses at 6, 12, 24 and 36 h). Numbers above the
arrows indicate CQ doses in mg/kg of body weight. More frequent
dosing led to higher blood concentrations of CQ during the first
3 days of treatment. This ensured that parasites were exposed to high
CQ concentrations throughout the intraerythrocytic lifecycle and
resulted in improved rates of parasite clearance. Reprinted with
permission from [166]

concentration of CQ declined in between doses to levels
that were considerably lower than those measured in
patients receiving the modified regimen (cf. Fig. 4a, b).
Thus, when the time between doses was halved, the dif-
ference between the peak and trough concentrations of CQ
was reduced dramatically, and the minimum concentration
of CQ that parasites were exposed to in the first 2 days of
treatment was elevated compared to the standard regimen
(Fig. 4b). This ensured that the parasites were exposed to a
sustained high concentration of CQ, resulting in signifi-
cantly improved rates of parasite clearance.
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Contrary to expectations [168], implementation of the
double- or triple-dose CQ regimen has not accelerated the
spread of CQR parasites in Guinea-Bissau. Instead, the
prevalence of parasites carrying PFCRT® has remained
relatively low (20% compared with 80% in neighbouring
countries) [162, 163]. Several countries have observed the
re-emergence of CQS parasites following the withdrawal of
CQ—a phenomenon which is thought to be due to a fitness
cost borne by parasites carrying the Dd2 form of PFCRT?R
[162]. This indicates that Dd2 PFCRT“® confers a survival
advantage only in the presence of CQ selection pressure.
However, in Guinea-Bissau, the resistance-conferring
abilities of PFCRT?® appear to be nullified by the very
high CQ selection pressures imposed by high-dose CQ,
such that the CQS parasites are again able to outcompete, at
least to some extent, their CQR counterparts [162]. It is
important to note that the extended application of high CQ
dosages in Guinea-Bissau has not resulted in the emergence
of strains that are ‘super-resistant’ to CQ. This is consistent
with the hypothesis that the resistance mechanism is limited
in its capacity to respond to higher concentrations of CQ
and/or that the energetic costs of ‘super resistance’ are too
great for the parasite to bear [169].

An intriguing feature of the parasite population in Gui-
nea-Bissau is the prevalence of the S163R and TI152A
mutations in PFCRT?®. Ursing and colleagues [170] found
that, prior to treatment, around one-third of infections
consisted of parasites that carried these mutations. How-
ever, following standard or double-dose treatments with
either AQ or CQ, S163R and T153A were detected in 97%
of recrudescent infections. This is a somewhat surprising
result given that: (1) these mutations had previously been
described in parasite strains that are sensitive to CQ (but
resistant to HF and MQ; [50]), and (2) the introduction of
S163R into PFCRT?® is known to abolish CQ transport
activity [49]. One possible explanation for this observation
is that high-dose CQ exerts a selection pressure on parasites
harbouring PFCRT?R, Indeed, the plasma CQ concentra-
tions that result from treatment with double- or triple-dose
CQ are likely to saturate PFCRT“?®. Saturation of the
transporter by CQ is in turn likely to inhibit its normal
function, and thereby reduce the parasite’s fitness. Thus,
under the pressure of high-dose CQ, PFCRT“?® may be a
liability rather than an advantage, and mutations that pre-
vent the interaction of CQ with PECRT R (such as S163R)
could be the parasite’s response to this dilemma. This would
go some way towards explaining several of the unusual
features of the P. falciparum population of Guinea-Bis-
sau—the low prevalence of CQR parasites, the high
prevalence of the resistance-reversing S163R mutation in
those carrying PFCRT?®, and the absence of super-resis-
tant parasites (despite nearly two decades of widespread use
of high-dose CQ).

While the findings from studies performed in Guinea
Bissau are promising, a number of issues must first be
addressed before high-dose CQ treatments can be consid-
ered for deployment elsewhere. Twice-daily doses of
10 mg CQ/kg did not cause severe adverse effects in
patients from Guinea-Bissau, but CQ absorption can vary
between individuals, and there remains a risk that repeated
sub-toxic doses, if taken too closely, could cause adverse
effects in a subset of people [171]. Controlled-release
formulations of CQ could reduce this risk by providing a
relatively uniform blood concentration of CQ with fewer
doses, potentially increasing the safety and compliance of a
high-dose CQ regimen (see [172] for examples). A greater
understanding of the pharmacokinetic and pharmacody-
namic properties of high-dose CQ treatment of CQR P.
falciparum malaria could guide dosage optimisation, and
may provide valuable insights into the limits of the para-
site’s CQ-resistance mechanism. A recent study of
alternate CQ dosages in a mouse malaria model provides a
foundation for this work [173]. However, because the
resistance mechanism mediated by PFCRT?® is unique to
P. falciparum, a more relevant model would be one that
made use of immuno-compromised mice that carry human
blood, as these could be infected with CQR P. falciparum
[174]. Furthermore, it is not known whether other variants
of PFCRT®, such as those carried by the 7G8 or PHI
strains (Table 1), also saturate within physiologically rel-
evant concentrations of CQ. It is worth noting that not all
the parasite’s resistance mechanisms appear to be sur-
mounted simply by increasing the dosage of the
corresponding drug. In an area of west Cambodia where
artemisinin-resistant strains are present, the treatment of
malaria patients with high-dose artesunate did not accel-
erate the clearance of parasites [175], and in any case, the
higher dose was found to cause neutropenia [176]. Thus,
the saturability of the primary molecular mechanism
underpinning CQ-resistance is somewhat unusual and
represents a potential Achilles’ heel of the parasite—one
which could be exploited by adopting a high-dose CQ
regimen similar to the one already commonplace in Gui-
nea-Bissau. The available evidence certainly encourages
further clinical trials with double-dose CQ. The WHO-
approved increase to the standard dosage of QN [177], and
the current development of an azythromycin—CQ combi-
nation for intermittent preventative treatment of malaria in
pregnancy [158], provide precedence for the reacceptance
of CQ and a re-examination of the dose regimen.

MMV to the rescue

While the lack of immediate replacements for artemisinin is
a cause for concern, the earlier stages of the antimalarial
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pipeline are beginning to look more promising [178].
Established as a public—private partnership in 1999, the
Medicines for Malaria Venture (MMYV) has provided much-
needed structure and funding towards the development of
new antimalarial drugs [179]. By coordinating between
industry and academic groups, the MMV has facilitated the
allocation of resources and expertise across an expanding
range of drug development projects. An example of the
success of this approach has been the application of high-
throughput, whole-cell proliferation assays to the testing of
large commercial compound libraries for new antimalarial
drug leads [70, 180-183]. In recent years, more than 5
million compounds have been tested against P. falciparum-
infected erythrocytes, resulting in the identification of more
than 20,000 compounds that exhibit antimalarial activity at
sub-micromolar concentrations [184]. Most of these com-
pounds were previously undescribed or unpublished, and
are predicted to target entirely new aspects of parasite
biology [180, 181]. When compared to the traditional
approach of drug discovery (whereby compounds are
designed and developed to inhibit a known molecular tar-
get), the use of whole-cell assays to screen compound
libraries has dramatically reduced the time required to
obtain viable lead compounds [183, 185]. The progress of
the antimalarial drug discovery and development projects
currently underway, as well as the challenges faced by the
field, are discussed in two recent reviews [129, 186]. A
noteworthy point made by Grimberg and Mehlotra [186] is
that there is a need not only for the discovery of new anti-
malarial drugs but also for the redesign of old therapies, as
these could be implemented now.

Quinolines are not passé: the next generation
of quinoline-based strategies

Given the uncertain life-spans of the existing malaria
chemotherapies, and the time and cost required to develop
novel drug classes, it is perhaps unwise to abandon the
quinolines altogether. Our understanding of the mecha-
nisms underpinning quinoline resistance is steadily
deepening, and this knowledge could be applied to the
development of a new generation of quinoline-based ther-
apies that are designed to be effective against multidrug-
resistant parasites. Here, we discuss a number of avenues
that are currently being explored and which could prove
fruitful in the search for next-generation quinoline
antimalarials.

Overlooked analogues and discarded drugs

Beginning in the early 1960s—in the period when CQR
parasites were beginning to emerge and spread—the U.S.
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Army Antimalarial Drug Development Program tested
more than 200,000 new compounds over 10 years in the
search for new antimalarial drugs [187]. At this time,
however, antimalarial drug screening depended entirely on
in vivo experiments using animal models of malaria [188—
190]. Given that the antimalarial activity of a compound
can vary between different Plasmodium species, and that
the PfCRT-based resistance mechanism appears to be
unique to P. falciparum, it is possible that these early
experiments have overlooked compounds that are in fact
active against drug-resistant P. falciparum. Thus, a re-
examination of the efficacy of a selection of these ana-
logues using modern in vitro assays could prove fruitful. In
addition, drugs that have been withdrawn, or which were
only deployed on a small scale, could be redesigned to
circumvent tolerability issues. For example, the result of
the optimisation of AQ—tert-butyl isoquine—does not
generate undesirable products when metabolised ([191];
Fig. 1d), and attempts are underway to design analogues of
MQ that do not cross the blood-brain barrier, and which
cause fewer adverse side effects [192].

Compounds that evade the resistance mechanism(s)

Analogues of CQ with modified side-chains have been
shown to retain activity against CQR parasites. For
example, shortening or lengthening the diaminoalkane side
chain of CQ improves its activity against CQR parasites
[193-195]. One of these short side-chain analogues of CQ,
AQI13 (Fig. 1d), is in phase II clinical trials [196]. More-
over, 4-aminoquinolines that contain an aromatic ring in
the side-chain (such as AQ, and others [197]), a branched
side-chain [198], or a heterocyclic group [199] also tend to
retain activity against CQR parasites. In each of these
cases, the side-chain modifications are thought to create
steric limitations that hinder binding and/or transport by
PfCRT?®. Organometallic 4-aminoquinolines that incor-
porate a ferrocene moiety in the side-chain, such as
ferroquine, have also been shown to be equally active
against CQR and CQS strains ([200]; Fig. 1d). How fer-
roquine overcomes the resistance mechanism(s) is not
known, but there are a number of possibilities: (1) it may
not be recognised and transported out of the DV by
PfCRT R, (2) compared with CQ, it may be a more potent
inhibitor of haemozoin formation and/or its physicochem-
ical properties may result in higher levels of accumulation
within the DV, and (3) the ferrocene moiety may impart
one or more additional modes of antimalarial action. All
these features would be desirable in a next-generation
4-aminoquinoline [201]. Ferroquine is currently being
tested in clinical trials, and a combination therapy (with
artesunate as the partner drug) is under development [202].
Further examination of the structure—activity relationships
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for modified 4-aminoquinolinesis can be found in a review
by O’Neill and colleagues [203].

Compounds that target the resistance mechanism(s)

The clinical use of CQ resistance-reversers has been lim-
ited due to poor potency, bioavailability, and safety
profiles. Many of the resistance-reversing agents identified
to date have been approved and optimised for other
(unrelated) therapeutic activities, so there is likely to be
some scope for improvement of both resistance-reversing
activity and safety through chemical modification. In this
regard, an understanding of how these compounds interact
with and inhibit PFCRT?® could provide a basis for
optimising their potency as resistance-reversers. A draw-
back of using resistance-reversers in conjunction with CQ
is that the combination would, in effect, be a CQ mono-
therapy. However, two approaches have recently produced
resistance-reversers with intrinsic antimalarial activities—
one combined an antimalarial pharmacophore with a
resistance-reverser [204-208] and the other used whole-
cell, high-throughput screening to identify resistance-
reversers which possess inherent antimalarial activities
[70]. An alternative tactic, possible only once the normal
substrate(s) of PfCRT is identified, would be to incorporate
substrate-mimicking features into the resistance-reverser
structure so as to impart antiplasmodial activity against
both CQR and CQS parasites.

Several groups have chemically coupled the antimalarial
pharmacophore of CQ (7-chloro-4-aminoquinoline) to a
resistance-reversing side-chain [205, 207, 208]. These
compounds, known as ‘reversed-CQ’ molecules, have been
shown to be highly active against both CQR and CQS
parasite strains in vitro, and several are active against
mouse malaria in vivo ([204, 205, 207, 208]; Fig. 1d).
They also inhibit haemozoin formation in vitro and in vivo
and are therefore expected to have a similar mechanism of
action to CQ [204]. Kelly and colleagues [206] have used a
similar principle to develop a new antimalarial chemotype
which superimposes both the resistance-reverser and the
anti-haemozoin pharmacophores onto a single tricyclic
acridone nucleus. The lead compound—T3.5 (Fig. 1d)—
was highly potent against both CQS and CQR parasites in
vitro, but also had the ability to chemosensitise CQR par-
asites to CQ, QN, AQ, and PIP, and to potentiate the
activities of QN and PIP in a CQS strain [206]. There are a
number of other such ‘dual-function’ compounds that have
been designed to combine multiple antimalarial pharma-
cophores in a single molecule. A notable example,
trioxaquine, combines the 4-aminoquinoline nucleus of CQ
with an artemisinin-like endoperoxide side-chain and has
potent activity against both CQR and CQS parasites ([209]
Fig. 1d). A key aim of combination strategies is to delay

the emergence of resistance by coupling multiple modes of
action in the one therapy. Dual-function drugs progress this
concept one step further by synchronising the pharmaco-
kinetics of the two components. Further discussion of
hybrid antimalarials can be found in the recent review by
Muregi and Ishih [210].

A recent study combined high-throughput antiplasmo-
dial assays with genetic approaches to analyse the range
and diversity of responses to antiplasmodial compounds in
61 strains of P. falciparum [70]. Not only did this work
identify new antiplasmodial agents with potent activities
against most of the strains tested, but Yuan et al. were also
able to study correlations in activity between compounds,
and to use genomic techniques to determine the elements
responsible for these differences. Of the 489 compounds
which showed a fivefold or more difference in antiplas-
modial activity between strains, more than 200 were
associated with mutations in pfcrt [70]. When linkage
analysis was used to map the loci associated with the
parasite’s response to 49 of these compounds, 96% could
be linked directly to mutations in just three genes—pfcrt,
pfimdril, and the gene encoding the P. falciparum dihy-
drofolate reductase (pfdhfr). Of the 23 compounds linked to
pfcrt mutations, the ICs, values of 17 were reduced against
the CQR Dd2 parasite strain when combined with low
concentrations of CQ [70]. While few of these compounds
displayed strong intrinsic antiplasmodial activity, two
closely related Ca*" channel blockers—mibefradil and
NNC55-0396 (Fig. 1d)—were found to have ICsy values
against Dd2 parasites that were 3—4 times lower than that
of VP [70].

Beyond the examination of potential resistance-revers-
ers, the study by Yuan and colleagues identifies some
important points relating to the future of antimalarial drug
development. The majority of the differential parasite
responses were attributable to genes that are already
known to be involved in mediating drug resistance [70].
Hence, the more we know about these resistance mecha-
nisms, the better prepared we will be to predict and
understand the parasite’s responses to new drugs. When
the 492 compounds were grouped according to correla-
tions in antiplasmodial activities, a mere 44 clusters
emerged, which suggests that a relatively small number of
pathways were targeted. Nevertheless, 1,250 pairs of
compounds were identified as having negatively correlated
activities [70]. This finding indicates that, although resis-
tance may be a problem for individual compounds, or a
class of compounds, it should be possible to identify
complementary drugs which exert opposing selection
forces upon the parasite. The ability of the parasite to
develop resistance to such combinations is likely to be
severely constrained by the limitations of protein structure
and function.
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Towards a ‘Resistance stalemate’

While it is apparent that PfCRT plays a critical role in the
susceptibility of the parasite to a multitude of antiplasmodial
compounds, and that it is therefore likely to interact with a
wide range of structures, the resistance mechanism is never-
theless limited in a number of critical aspects: (1) the
saturability of transport via PECRT“?® means that resistance
can be overcome simply by increasing the dosage of CQ, (2)
small changes in the structure of the CQ side-chain can restore
activity against CQR parasites, (3) a wide range of com-
pounds are able to inhibit, and thereby reverse, the resistance
mechanism, and (4) mutations that reduce the parasite’s
sensitivity to HF, MQ, and potentially PIP, restore suscepti-
bility to CQ and vice versa, and recent work has identified
dozens of additional compounds that have antiplasmodial
activities which are negatively correlated with CQ.

An understanding of the structure—function relationships
that dictate PfCRT activity, and in particular, the extent of
its capacity to undergo mutation while still maintaining its
normal physiological function, will facilitate a more fun-
damental appreciation of the selection forces at play. In this
regard, uncovering the normal substrate(s) of PfCRT
remains an important goal. Moreover, the observation that
one drug can exert a selection force on PfCRT that opposes
that of another raises the possibility that the parasite could
be trapped in an evolutionary stalemate. Careful design of
antimalarial combinations could result in a ‘resistance
conundrum’, whereby the mutations required for tolerance
to one drug increase the parasite’s sensitivity to the partner
drug (and perhaps also impairs the essential function of
PfCRT). A coordinated, multidisciplinary effort to under-
stand and combat drug resistance is warranted and could, in
time, lead to an evolutionary endgame for PfCRT.
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