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infections after re-treatment with either AL or ASAQ. Comparison between pre-treatment

and post-treatment recurrences did not indicate directional selection of Pfmdr1 N86, D1246

alleles in the pre-RCT, RCT and post-RCT phases in both AL and ASAQ treatment arms.

Pfmdr1 86Y was significantly associated with reduced risk of AL treatment failure (RR =

0.34, 95% CI:0.11–1.05, p = 0.04) while no evidence for D1246 allele (RR = 1.02; 95% CI:

0.42–2.47, p = 1.0). Survival estimates showed that the Pfmdr1 alleles had comparable

mean-time to PCR-corrected recrudescence and new infections in both AL and ASAQ treat-

ment arms.

Conclusion
We found limited impact of (re-)treatment with AL or ASAQ on selection for Pfmdr1 variants

and haplotypes associated with resistance to partner drugs. These findings further supple-

ment the evidence use of same or alternative ACTs as a rescue therapy for recurrent P.fal-

ciparum infections. Continued monitoring of genetic signatures of resistance is warranted to

timely inform malaria (re-)treatment policies and guidelines.

Introduction
Global malaria control efforts have expanded significantly. However, malaria remains a major
health challenge with approximately 212 million new cases and 429,000 malaria-related mor-
tality in 2015[1]. The success is mainly attributed to scaling up of coverage with insecticide-
treated nets (ITNs) and deploying artemisinin-based combination therapies (ACTs) for the
treatment of uncomplicated ��������	� 
������	� malaria [2]. The efficacy of ACTs depends
on the synergistic action of short-acting artemisinin derivatives and a longer acting partner
drug that eliminates the residual parasite load[3]. However, recent reports have documented
diminishing efficacy of ACTs in Great Mekong Sub-region (GMS), raising serious concerns
regarding the future of malaria control and elimination [4–6]. Despite these reports, ACTs
remain largely efficacious with adequate cure rates in sub-Saharan Africa (SSA) [7,8]. In order
to maintain ACTs as the cornerstone for malaria treatment, it is crucial that the artemisinin
derivatives and their longer acting partner drugs retain high efficacy. Currently, the most used
partner drugs in SSA are amodiaquine and lumefantrine which are combined with artesunate
(artesunate-amodiaquine, ASAQ) or artemether (artemether-lumefantrine, AL).

Treatment failure is a complex problem interplay of several factors ranging sub-optimal
drugs exposure, poor adherence to treatment, host-genetics factors and/or the emergence of
drug resistance. Recrudescence rates are low in most countries in Africa and ACTs retain high
efficacy as the first-line therapy for malaria treatment, the few reported recurrent infections
are commonly new infections [7,8]. ACTs are increasingly an integral part of malaria control
and are the recommended “rescue treatment” or “second-line treatment” for the treatment of
recurrent �.
������	� infections in addition to Quinine+antibiotic [9]. However, the emer-
gence of resistance/tolerance against the long-acting partner drugs, such as amodiaquine and
lumefantrine, may consequently affect the efficacy of the ACTs and increase the odds for
emerging resistance to the short-acting artemisinin-derivatives. Monitoring is, therefore, cru-
cial to understanding the development of a drug-mediated selection of �
��� alleles in the
patients that are treated and re-treated with ACTs as a rescue treatment. In the Democratic

Impact of treatment and re-treatment with ACTs on selection of P. falciparum multidrug resistance gene-1

PLOS ONE | https://doi.org/10.1371/journal.pone.0191922 February 1, 2018 2 / 18

Ontwikkelingssamenwerking (VLIR-UOS South
Initiative project under award number Code
ZAIN2014Z168). The QuiNACT trial was co-funded
by Fonds Wetenschappelijk Onderzoek (FWO,
Grant reference G.078.11), Vlaamse
Interuniversitaire Raad-Universitaire
Ontwikkelingssamenwerking (VLIR-UOS, Grant
references ZRDC2012MP076 and
ZEIN2013PR401), European and Developing
Countries Clinical Trials Partnership (EDCTP, Grant
reference MS.2010.10800.004). Vito Baraka
fellowship is fully supported by VLIR-UOS ICP PhD
scholarship, Belgium. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.



Republic of Congo, uncomplicated malaria cases are treated with ASAQ as the first line while
in Uganda, AL is the recommended regimen.

Amodiaquine (AQ) is a slow-acting 4-aminoquinoline antimalarial drug with a terminal
plasma half-life between 9–18 days, acting through its active metabolite desmethyl amodia-
quine [10]. Lumefantrine is an arylamino-alcohol drug with a half-life of 3–5 days and has
shared structural similarity to mefloquine and quinine[10]. The molecular targets and mecha-
nisms of action of lumefantrine are yet to be fully unravelled [11]. However, deteriorating clin-
ical outcomes of various antimalarial drugs, including some of the partner drugs, in particular
to 4-aminoquinoline such as chloroquine (CQ), amodiaquine (AQ) and piperaquine (PQ) and
aryl-amino alcohol based drugs (lumefantrine, quinine and mefloquine) is alarming as may
increase rates of treatment failures.

�. 
������	� �	����	� ��������� �������� � (�
���) gene occurs on Chromosome 5 and
encodes for ������������� �������	� � (����) protein located in the digestive vacuole of the par-
asite. �
��� is of interest because of the described role of the polymorphisms at codon N86Y,
Y184F, S1034C, N1042D, and D1246Y in drug resistance. The polymorphisms were associated
with altered parasite susceptibility to several classes of antimalarials [11–15]. Drug pressure due
to artemisinin derivatives partner drugs was shown to exert directional selection of �
��� 86Y,
Y184 and 1246Y variants in amodiaquine(AQ) and while AL and Mefloquine (MQ) inversely
selected for N86, 184F D1246 variants [12,16–18]. Similar observations were documented in ��
���� and �� ���� susceptibility assays [19–21]. �
��� SNPs exert altered susceptibility profile to
other antimalarials including mefloquine(MQ), chloroquine(CQ) and quinine(QN) [13,14].
Interestingly, it was recently shown that �
��� 86Y increases parasite susceptibility to dihy-
droartemisinin, which is the active artemisinin metabolite of artemisinin derivatives[15].

In addition, �
��� haplotypes are an important determinant in modulating the level of
resistance. Early treatment failures(ETF) that occur between day 2–3 post-treatment with AL
and DHA-PQ, were more significantly shown to harbour �
��� ��� haplotype in the previ-
ous study [22]. Furthermore, �
��� haplotypes are differentially selected, for instance,
�
��1 ��� haplotype (86Y, Y184 and 1246Y) was shown to be selected after exposure to arte-
sunate-amodiaquine(ASAQ) while AL inversely exerted selective pressure of �
���-���
haplotype(N86, 184F and D1246) [16,23]. The observation was further exemplified by Malm-
berg �� �� [24] that well demonstrated the ability of the parasites harbouring �
��� ��� hap-
lotype to withstand a 15-folds concentration of lumefantrine compared to �
��� ��� in re-
infecting parasites [24]. Also, evidence suggests an association between the �
������� and
increased risk of gametocyte carriage following treatment with AL [23]. In addition, variation
in �
��� copy number (CNVs) has been shown to modulate drug sensitivity pattern of the
partner drugs, mefloquine, lumefantrine and piperaquine, confined in the SEA in the Great
Mekong sub-region [12,25,26].

We investigated the impact of subsequent treatment courses with ACTs, either the same or
alternative, on the selection of �
��� polymorphisms in clinical settings in DR Congo and
Uganda.

Material and methods

Study design and participants
The protocol and the outcome of the clinical trial for this molecular analysis were published
separately [27,28]. Briefly, the trial was a bi-centre, open-label, randomised, three-arm phase 3
trial (2:2:1 ratio) conducted in Lisungi health centre in DR Congo, and Kazo health centre in
Uganda in 2012–2014. In the pre-randomized controlled (Pre-RCT) phase of the trial, the
patients were treated with the first-line treatment as per respective country i.e. artesunate-

Impact of treatment and re-treatment with ACTs on selection of P. falciparum multidrug resistance gene-1

PLOS ONE | https://doi.org/10.1371/journal.pone.0191922 February 1, 2018 3 / 18



amodiaquine (ASAQ) in DR Congo and artemether-lumefantrine (AL) in Uganda and fol-
lowed up for 42 days. Patients who experienced malaria between day 14–42 were enrolled in
randomised control trial (RCT) phase and assigned either ASAQ, AL or Quinine+clindamycin
(QnC). The patients that presented with clinical or parasitological failure post day 14 were
recruited in post-randomization control (post-RCT) trial phase and were re-treated according
to the country malaria treatment guideline [28].

Sample collection
�. 
������	� microscopically positive samples for this study were collected in Uganda and DR
Congo as part of the QuinACT clinical trial described above [28]. We analysed samples in pre-
RCT phase, RCT phase and post-RCT phases from ASAQ and AL arms of the QuinACT trial.
The samples from QnC arm were excluded because �
��� is not associated with Quinine
resistance. Fingerprick samples of blood were collected on filter paper (Whatman 3MM, Maid-
stone, UK), air-dried, labelled and stored in a desiccator containing silica gel until further
processing.

DNA extraction
DNA isolation from dried blood spots was done using QIAmp DNA Mini Kit as per manufac-
turer’s instructions (Qiagen1, Hilden, Germany). Isolated DNA was stored at -20˚C until fur-
ther use in the downstream applications.

PCR and RFLP assays
The extracted samples were amplified by outer and nested PCR protocols for amplification of
�
��� genes targeting single nucleotide polymorphisms (SNPs) at codons N86Y, Y184F and
D1246Y followed by restriction fragment length polymorphism (RFLP) digestion using
restriction enzymes as previously described [29].

Data analysis
Data management and analyses were performed using Stata, version 13(StataCorp, College
Station, TX, USA). Prevalence of �
��� N86Y, Y184F and D1246Y alleles and haplotypes
were calculated and compared between the treatment arms and sites. Mixed alleles are pre-
sented in prevalence data, however, excluded when constructing the �
��� haplotypes. Chi-
square or Fisher exact tests were used to assess the associations between categorical variables.
McNemar’s test or exact McNemar’s test were used to determine the directional selection for
�
��� alleles in patients with �.
������	� recurrent infections in matched analysis between
pre-treatment and post-treatment in the different trial phases. Risk Ratios (RR) and adjusted
odds ratios (aORs) with 95% confidence intervals (CIs) were used to assess the association
between �
��� SNPs or haplotypes and treatment outcomes. Multivariate logistic regression
was used to determine factors associated with PCR-corrected treatment failures and new infec-
tions adjusted for such as age, site, anaemia, fever, and parasite density. The cumulative risk of
treatment failure or new-infections by �
��� alleles and haplotypes were analysed using
Kaplan-Meier survival analysis and the comparison was made by using log-rank test. �-values
were considered significant at�0.05.

Ethical considerations
The study was approved by the Ethical Committee of the University of Antwerp, Belgium, the
Uganda National Council for Science and Technology, Uganda and the Ethics Committee of
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