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Abstract.

A recent drug efficacy trial reported Coartem (artemether-lumefantrine) to be highly effective against

Plasmodium falciparum in children less than 5 years of age in Papua New Guinea (PNG). In contrast, we have observed
high levels of treatment failures in non-trial conditions in a longitudinal cohort study in the same age group in PNG.
Recrudescences were confirmed by genotyping of three different marker genes to provide optimal discrimination power
between parasite clones. After excluding genetic host factors by genotyping potentially relevant cytochrome P450 loci, the
high number of treatment failures in our study is best explained by poor adherence to complex dosing regimens in com-
bination with insufficient fat supplementation, which are both crucial parameters for the outcome of Coartem treatment.
In contrast to the situation in classic drug trials with ideal treatment conditions, our field survey highlights potential prob-
lems with unsupervised usage of Coartem in routine clinical practice and under program conditions.

INTRODUCTION

With respect to increasing drug resistance, the World Health
Organization (WHO) currently recommends a switch of first-
line treatment against uncomplicated malaria to artemisinin-
based combination therapies (ACTs) for countries where
conventional antimalarial treatments such as chloroquine
(CQ), amodiaquine (AQ), or sulphadoxine-pyrimethamine
(SP) have become ineffective.!

First-line treatment of uncomplicated malaria in Papua
New Guinea (PNG) has been chloroquine or amodiaquine
plus sulphadoxine-pyrimethamine since the year 2000. How-
ever, the efficacy of this treatment regimen was found to be
low only 3 years after its implementation,? which gives a strong
argument for the introduction of artemisinin-based combina-
tion therapies. A recent study conducted in PNG? has tested
the efficacy of different artemisinin-combination therapies
in children < 5 years of age with Plasmodium falciparum or
Plasmodium vivax malaria. Artemether-lumefantrine was
found to be the most effective combination therapy against
P. falciparum with an adequate clinical and parasitologi-
cal response of 97.3% at Day 28 and 95.2% at Day 42 after
treatment.

Although the effectiveness of Coartem (artemether-
lumefantrine) under ideal trial conditions was very promising,
the situation may look different in less controlled conditions
in routine practice. It is likely that adherence to the recom-
mended treatment is sub-optimal under non-study conditions
where on one hand, the rapid relief of symptoms and on the
other hand, concerns about access to and availability of drugs
might tempt patients to early interrupt treatment.

We undertook a longitudinal study in PNG during which
children between 1 and 5 years of age were followed up in
8-weekly intervals with the aim to study the infection dynam-
ics of P. falciparum clones. All children presenting with a clini-
cal malaria episode were treated with Coartem. In our study,
we observed an unexpected high number of P. falciparum
recurrent infections, which were confirmed by molecular
genotyping of three different markers. Our observations are
in contrast to recently published results of a drug efficacy trial

*Address correspondence to Ingrid Felger, Swiss Tropical Institute,
Socinstr. 57, 4002-Basel, Switzerland. E-mail: ingrid.felger@unibas.ch

529

in the study area.’ We discuss our findings with respect to the
forthcoming introduction of Coartem as a first-line treatment
in the country.*

MATERIALS AND METHODS

Study design and site. The study was carried out in an
area near Maprik, East Sepik Province in Papua New
Guinea, which is endemic for malaria. There is little seasonal
variation in temperature or rainfall and malaria transmission
is perennial.® A detailed description of the study design is
given elsewhere (Lin and others, unpublished data). Briefly,
264 children 1-3 years of age at enrollment were followed
up in 8-weekly intervals from March 2006 until July 2007.
At each visit the children were clinically assessed and a
250 L. blood sample was collected from each participant
by finger prick. In between these regular follow-up bleeds,
each child was clinically examined every 2 weeks and in case
of malaria symptoms a 250 uL blood sample was collected.
Furthermore, a blood sample was collected at the local health
center whenever a study participant presented with malaria
symptoms. Symptomatic children that were confirmed to carry
malaria parasites by rapid diagnostic test and/or microscopy
were treated with a 6-dose regimen of Coartem (Novartis
Pharma, Switzerland). During the initiation phase of the study,
intake of the first dose was supervised by a study nurse, and
treatment was mainly administered unsupervised during the
progress of the study. Caretakers were advised to complete
the full treatment regimen and to supplement the drugs with
a fatty diet.

Scientific approval and ethical clearance for the study was
obtained from the Medical Research and Advisory Committee
(MRAC) of the Ministry of Health in PNG (MRAC no. 05/21)
and from the Ethikkommission beider Basel (EKBB) in
Switzerland (EKBB no. 03/06). Informed consent was sought
from all parents or guardians before recruitment of each
child.

DNA isolation and msp2 genotyping. All finger-prick blood
samples were separated into plasma and cells. The DNA was
extracted from cell pellets using QIAamp 96 DNA Blood
Kit (Qiagen, Australia), according to the manufacturer’s
instructions. All samples were genotyped for the highly
polymorphic marker gene merozoite surface protein 2 (msp2)
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by capillary electrophoresis, as previously described by
Falk and others,® with some minor changes and adaptations
of polymerase chain reaction (PCR) conditions for highly
purified DNA.7

Determination of treatment failures and msp1 genotyping.
The current protocol of the WHO to assess drug efficacy
recommends a follow-up of 28 days for most antimalarial
drugs and an extended follow-up to 42 days for Coartem.®
In consideration of these guidelines, the genotype dataset
was screened for msp2 alleles that reappeared in the same
patient within 7 to 42 days after treatment with Coartem.
Because most of the study participants were treated several
times throughout the course of the study, there were a total
of 89 individuals that accounted for more than one entry in
the database, but from different treatment time points during
the survey. An outcome was defined as recrudescence if the
first P. falciparum positive sample after treatment contained
at least one msp?2 allele that was identical to any of the alleles
present in the treatment sample. An infection was defined as
new infection when the first positive sample after treatment
only contained new msp2 alleles. If the first positive sample
contained both, alleles present in the treatment sample and
new alleles, the outcome was considered recrudescent. As
suggested by Mugittu and others,” we used a stepwise approach
to discriminate recrudescent from new infections. All msp2
treatment failures were further genotyped for the polymorphic
marker gene, merozoite surface protein 1 (mspl). For the
amplification of the mspl block 2,'° a nested PCR approach
followed by capillary gel electrophoresis was used (for details
see Schoepflin and others, 2009; in preparation). Classification
as recrudescent or new infection was done in the same way as
for msp2.

Genotyping of microsatellite TA81. Samples identified as
treatment failure by msp2 and mspl and those samples for
which mspl PCR had failed were further genotyped for the
polymorphic microsatellite TA81. Genotyping of microsatellite
TAS81 was only performed for follow-up samples collected
within 28 days after treatment. Samples between Day 28 and
Day 42 were not further genotyped for TA81. Amplification of
the TA81 locus was performed using primers and conditions
previously described."" One of the amplification primers was
5’ end-labeled with Cy5. The PCR products were mixed 3:1
(vol/vol) with denaturing loading dye buffer and analyzed on
a 6% denaturing polyacrylamide gel as previously described
by DaRe and others."

Sequencing of cytochrome P450 and UDP-glucurono-
syltransferase. Amplification of CYP3A4 was performed in a
total volume of 50 puL containing 5 uL of 10x BufferB (0.8M
Tris-HCI, 0.2M [NH,],SO,, 0.2% w/v Tween-20), 2 mM MgCl,,
200 uM dNTPs, 2.5U Taq DNA polymerase (FirePol, Solis
BioDyne, Tartu, Estonia). The PCR primers (forward: 5’CTC
ACCTCTGTTCAGGGAAAC 3'; reverse: SSATGGCCAAG
TCTGGGATGAG 3') were used at a final concentration of
1 uM each. The 2.5 pL of purified DNA was used as template
for this reaction. An initial denaturation step of 96°C for
3 min was followed by 40 amplification cycles of 30 s at 96°C,
1 min at 64°C, 1 min at 72°C, and a final extension for 10 min
at 72°C. Polymerase chain reaction products were purified
using NucleoSpin Extract II Kit (Macherey-Nagel GmbH,
Diiren, Germany) and sequenced. Sequences were analyzed
using the ABI Prism AutoAssembler (version 1.4.0, Applied
Biosystems, Foster City, CA) for assembly. Amplification

and single nucleotide polymorphism (SNP)-genotyping of
CYP2B6 516G>T and UGT2B7 802C>T was performed as
previously described.!3!

RESULTS

During the 16 months follow-up of our field survey, a total of
793 Coartem treatment regimens were administered to symp-
tomatic children infected with P. falciparum, as diagnosed by
msp2 PCR. Six hundred seventy-one (671) of these children
were also positive by microscopy for P. falciparum and 188 car-
ried mixed species infections at the time of treatment. Clinical
and parasitological failure rates were determined in samples
selected according to the inclusion criteria depicted in Figure 1.
For determination of the parasitological treatment failure
rate, only treated episodes occurring within 42 days before a
regular follow-up visit were taken into account (Figure 1A).
For clinical failure rate, two consecutive P. falciparum epi-
sodes of an individual were taken into account that both
had occurred within an interval of 7 to 42 days (Figure 1B).
The recurrent episode was detected either at regular follow-
up bleed or by active or passive case detection.

Figure 2 summarizes genotyping results generated with
three marker genes. Out of the 793 Coartem-treated children,
only 182 had a consecutive sample collected within the next
28 days after treatment and 299 within the next 42 days. To
estimate the parasitological treatment failure rate, all sample
pairs were genotyped sequentially for three markers starting
with the most polymorphic marker, msp2. For the remaining
494 Coartem-treated children, no consecutive blood sample
was available within 42 days, and these samples were excluded
from further analysis.

The PCR-corrected parasitological treatment failure rates
were 36/182 (19.78%) and 48/299 (16.05%) at Day 28 and Day
42, respectively. Samples collected between Day 28 and Day
42 after treatment were only genotyped for msp2 and mspl,
and final classification of infections occurring during this time
period were therefore only based on these two marker genes.

Out of the 793 P. falciparum episodes treated with Coartem,
141 cases experienced a further episode within 7-42 days after
treatment. The PCR-corrected clinical failure rates were 26/793
(3.27%) and 42/793 (5.3%) at Day 28 and Day 42, respectively.

Cytochrome P450 genotypes. Sixty-four (64) different
individuals representing persistent or new infections were
genotyped for the cytochrome P450 3A4 392A>G and 2B6
516G>T and for the UDP-glucuronosyltransferase UGT2B7
802C>T,which are all involved in the metabolism of artemisinin
drugs and/or lumefantrine.’>'8 Sequencing of cytochrome P450
3A4 was successfully performed for 56/64 participants. Results
from sequencing of cytochrome P450 3A4 showed homozygote
wild-type carriers at position 392, i.e., adenosine, for all 56
individuals. The P450 loci CYP2B6 516G>T and UGT2B7
802C>T were found to be polymorphic in the 64 individuals
from our study population, which was in agreement with
previous results from the same population in PNG."*!* It has
been proposed by these authors that the outcome of treatment
with artemisinin drugs might be associated with a combined
effect of polymorphisms in both CYP2B6 and UGT2B7 genes.
In our study population, the combination of CYP2B6 516T
and UGT2B7 802T was observed in individuals carrying new
infections and in individuals showing treatment failures. There
was a trend toward increased frequency of double mutants
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FiGure 1. Schematic representation of inclusion criteria for the analysis of parasitological treatment failures (A) and clinical failures (B).
regular 8-weekly follow-up bleed; ¢ clinical episode sample; Tx treatment with Coartem®; A FUB sample PCR positive for recrudescent

allele; A FUB sample PCR negative for recrudescent allele.

in individuals carrying recrudescent infections (30.3% of
all CYP2B6-UGT2B7 double mutants were observed in
individuals carrying new infections and 69.7% in treatment
failures), however, the association between treatment outcome
and the presence of double mutants in CYP2B6 and UGT2B7
was not statistically significant (P = 0.79).

DISCUSSION

A number of different drug trials were conducted world-
wide to test the efficacy of artemether-lumefantrine. This
combination treatment has proven highly efficacious in stud-

All episodes with subsequent FUB within 28 or 42 days
N2g days = 182

42 guys= 299
FUB positive by msp2, mspl, TA81"
(stepwise genotyping)

[\

recrudescent infections
n2g days = 36
42 days = 48

FUB negative by msp2
Mg gays = 98
42 days = 164

new infections
N2g days = 48
N42 days = 87

FIGURE 2. Summary of final treatment outcome based on misp2,
mspl, and TA81 genotyping. Follow-up bleed (FUB). * Genotyping of
the microsatellite TA81 was only performed for infections occurring
within 28 days after Coartem treatment. Samples collected between Day
28 and Day 42 after treatment was genotyped only for msp2 and mspl.

ies conducted in Ghana," Tanzania,”** Thailand,?** or Papua
New Guinea® with > 97% PCR adjusted cure rates at Day 28.
In contrast, we observed an unexpected high number of recur-
rent infections after treatment with Coartem in our longitudi-
nal survey in children less than 5 years of age in Papua New
Guinea. Treatment failures were confirmed by molecular typ-
ing of three different marker genes using a high-resolution
technique with optimal discrimination power between geno-
types. Using three different marker genes for discrimination
of recrudescent from new infections provides confident iden-
tification of treatment failures.

Our study was not designed as a classic drug efficacy trial,
but as a cohort study with longitudinal follow-up in 8-weekly
intervals. This study design does not allow estimating in a stan-
dardized way the true rate of parasitological treatment fail-
ures, because recrudescent infections were only detected when
the treated episode occurred within 28 or 42 days before a reg-
ular follow-up visit. If the interval between the episode and
the next regular follow-up bleed was longer than 42 days, any
recrudescent or newly occurring parasitemia remained unde-
tected. Thus, with our study design we certainly underesti-
mated the number of both, recrudescences and new infections.
However, the specific advantage of our study consists in the
fact that treatment success was viewed outside a clinical trial
setting with outcomes reflecting the local situation in village
health care. Our finding of a substantial number of recrudes-
cences in non-trial conditions highlights potential problems of
unsupervised Coartem usage.

In principle, several factors could have reduced the effective-
ness of Coartem treatment in our study: 1) reduced sensitivity of
parasites to Coartem, 2) host factors accounting for differences
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in metabolism of the drug, 3) inadequate adherence to treat-
ment regimen, and 4) suboptimal absorption of drugs.

A reduced sensitivity to artemether-lumefantrine has been
associated with an increased copy number of pfindrl in vitro
and in vivo.”® Similar findings of a reduced sensitivity to lume-
fantrine in vitro were described by Lim and others, however,
in that study the correlation could not be confirmed in vivo.
Recently, it has been shown that pfindrl gene amplifications
were absent from different study sites in PNG, including an
area adjacent to our study site.” These results, together with
the fact that an efficacy trial> had confirmed Coartem to be
highly effective in our study area indicate that reasons other
than reduced drug sensitivity caused by an increase in pfimdrl
copy numbers are more likely to account for the high fre-
quency of recrudescent infections.

Artemisinin derivatives are mainly metabolized by the
human cytochrome P450 3A4'¢ and 2B6' and also by the
metabolic enzyme UDP-glucuronosyltransterase UGT2B7."
The lumefantrine component of Coartem is also metabo-
lized by CYP3A4.5 So far, functional significance of polymor-
phisms in CYP2B6 and UGT2B7 on the treatment outcome of
artemisinin drugs is lacking. However, previous in vitro stud-
ies have shown that these polymorphisms caused significant
reduction in enzyme activity or expression,'*!* which gener-
ally elevated the plasma drug concentration of a antiretroviral
drugs.® It is likely that these polymorphisms act in a similar
way on artemisinin plasma levels, and it has been proposed
by Mehlotra and others,'** that the large inter-individual
variability in the pharmacokinetics of artemisinin drugs, which
has frequently been observed might partly be a result of a
joint contribution of both polymorphisms in CYP2B6 and
UGT2B?7. To exclude the possibility that host genetic factors
account for the frequent treatment failures in our study pop-
ulation, polymorphisms in the human cytochrome 3A4, 2B6,
and in UGT2B7 were studied. For the CYP2B6 and UGT2B?7,
we only focused on the two polymorphisms CYP2B6 516G>T
and UGT2B7 802C>T, which have been observed at high fre-
quency in a previous study in PNG."*!* We found mutant alleles
in both, patients carrying new infections and in recrudescent
infections, but treatment outcome and the presence of double
mutants were not significantly associated. Thus, the double
mutant CYP2B6/UGT2B7 seems not to influence the outcome
of Coartem treatment in this population. However, the trend
toward increased proportion of double mutants in patients with
treatment failures suggest that the correlation between treat-
ment outcome and presence of double mutant should be fur-
ther studied in a larger study population under standard drug
trial conditions. The mutant allele CYP3A4 392A>G has pre-
viously been associated with a significant decrease in CYP3A4
activity? and therefore leads to an increased exposure to lume-
fantrine. Our sequencing results did not reveal any polymor-
phisms at position 392. Homozygous carriers of the wild-type
SNP were found in individuals harboring recrudescent or new
infections. These results indicate that differences in metabo-
lism of lumefantrine caused by mutations in CYP3A4 do not
seem to account for the frequent treatment failures observed.

In most drug efficacy studies, treatment regimens are
administered under supervision of a team nurse and therefore
optimal compliance is mostly guaranteed or at least informa-
tion on the adherence to the recommended treatment inter-
vals or early interruption of treatment are available and can
be accounted for in the analysis. In our study, treatment was

mostly administered unsupervised. Parents were encouraged
to complete all treatment doses, but in fact, no information is
available from our study participants whether the complete
treatment regimen was taken. Coartem rapidly alleviates
malaria symptoms, which might frequently tempt patients to
stop treatment earlier and keep the remaining tablets for a
later malaria attack. Incomplete adherence to the full 6-dose
regimen might have contributed to the observed frequency of
treatment failures.

After initial reduction of the parasite biomass by the fast
acting artemether, clearance of the residual parasites greatly
depends on the longer lasting partner drug lumefantrine.
Previous studies have shown that the plasma level of lume-
fantrine is a critical factor for treatment success.**’ Food has
a significant effect on the bioavailability of both components
of the drug with an increased absorption when supplemented
with fatty food.”® An increase in treatment success by 15%
was observed in a study in Thailand when a fatty diet was co-
administered with Coartem.? In this study, parents or guardians
of the study participants were advised to administer treatment
with a fatty diet, however, no information is available to what
extent these recommendations were followed. Inadequate
plasma concentrations of lumefantrine might therefore have
contributed to the high rate of treatment failures.

The high frequency of parasitological and clinical treatment
failures in our study are contrary to findings from a recent drug
efficacy trial, which was conducted in an area adjacent to our
study site. In this previous study Coartem was reported to be
highly efficacious in clearing P. falciparum in children less than
5 years of age.> An important difference between the two studies
was that in the drug efficacy trial at least half of the doses were
dispensed under supervision and supplemented with milk. This
implies that incomplete adherence to the treatment regimen in
combination with a lack of fatty diet might have contributed to
the observed differences in treatment outcome. Furthermore, in
our study Coartem was also given to P. falciparum-infected chil-
dren who presented with anemia (Hb < 7.5 g/dL), but did not
show any other sign of symptoms. It is likely that these children
were even less adherent to treatment, because they were with-
out noticeable signs of disease. In the drug trial by Karunajeewa
and others® only microscopy positive recurrent infections were
genotyped. In our analysis, all samples were genotyped regard-
less of microscopy results. Because sensitivity of PCR is con-
siderably higher than that of microscopy, we most likely have
detected recrudescences of low parasite density that would have
remained undetected by microscopy. This might have further
contributed to the higher treatment failure rate in our study.

Rather low levels of drug efficacy had also been reported
from two studies in Ghana®***' where PCR corrected cure
rates at Day 28 were only 86.2% and 88.3%, respectively. In
one of these studies only the first dose was given under super-
vision, whereas in the other study the administration of all
6 tablets was supervised. In both studies, no fatty diet was pro-
vided by the study team, but caretakers were encouraged to give
fatty food at the time of drug administration. It was not checked
by the study team whether these recommendations were fol-
lowed. In a study in Uganda, no difference in treatment efficacy
was observed between supervised and unsupervised administra-
tion of Coartem.” In the latter study detailed explanations on
intake of tablets and treatment schedule were provided to the
patients. Such information may have resulted in adequate adher-
ence. In a study conducted in Tanzania the issue of poor quality
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of malaria case management was demonstrated.*® Despite the
high frequency of health facility attendance observed in this
study, the proportion of patients receiving the appropriate anti-
malarial timely and correctly dosed was very low. Poor compli-
ance to the prescribed treatment regimen leads to sub-curative
doses and therefore does not only increase the rate of treat-
ment failures, but also contributes to the emergence of antima-
larial drug resistance.** Adherence problems in home treatment
could therefore lead to a situation similar to Cambodia, where
a reduced in vivo susceptibility of parasites to artemisinin
has been reported.®* Further education on how, when, and
where to treat febrile illness could therefore help to translate
the high efficacy of new antimalarials such as ACT into effec-
tive community use and reduce the risk of emergence of resis-
tance against these drugs. Recognizing the importance of good
adherence to the Coartem treatment schedule, the PNG health
authorities will provide extensive training to all health workers
and conduct behavior change communication campaigns aimed
at improving patient compliance as part of the upcoming intro-
duction of Coartem as the national first-line treatment.

In summary, our observations highlight the importance of
strict adherence to the complex dosing regimens of Coartem
and the need to supplement the treatment with a fatty diet.
The study by Kuranajeewa and others® had shown that under
optimal treatment conditions Coartem was highly effective in
Papua New Guinea, whereas our results indicate that these
high success rates might be difficult to achieve under routine
clinical practice. Thus, it is of great importance that the intro-
duction of Coartem as first-line treatment in PNG is accom-
panied by a provision of training and education for health
workers to guarantee accurate treatment and compliance to
the recommended guidelines. As pointed out by Piola and
others,” a great effort has to be made to convince patients and
caretakers to complete the full 6-dose regimen despite the fast
relief of symptoms.
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