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Abstract 

The World Health Organization (WHO) recommends surveillance of molecular markers of resistance to anti-malarial 
drugs. This is particularly important in the case of mass drug administration (MDA), which is endorsed by the WHO 
in some settings to combat malaria. Dihydroartemisinin-piperaquine (DHA-PPQ) is an artemisinin-based combina-
tion therapy which has been used in MDA. This review analyses the impact of MDA with DHA-PPQ on the evolution 
of molecular markers of drug resistance. The review is split into two parts. Section I reviews the current evidence for 
different molecular markers of resistance to DHA-PPQ. This includes an overview of the prevalence of these molecular 
markers in Plasmodium falciparum Whole Genome Sequence data from the MalariaGEN Pf3k project. Section II is a 
systematic literature review of the impact that MDA with DHA-PPQ has had on the evolution of molecular markers 
of resistance. This systematic review followed PRISMA guidelines. This review found that despite being a recognised 
surveillance tool by the WHO, the surveillance of molecular markers of resistance following MDA with DHA-PPQ was 
not commonly performed. Of the total 96 papers screened for eligibility in this review, only 20 analysed molecular 
markers of drug resistance. The molecular markers published were also not standardized. Overall, this warrants greater 
reporting of molecular marker prevalence following MDA implementation. This should include putative pfcrt muta-
tions which have been found to convey resistance to DHA-PPQ in vitro.
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Background
The evolution of anti-malarial drug resistance presents 
an alarming threat to eliminating malaria; a disease 
which causes over 500,000 deaths every year [1]. Malaria 
is caused by the protozoan parasite Plasmodium, with 
most fatal cases caused by Plasmodium falciparum [1]. 
The role of Mass Drug Administration (MDA) in the 

evolution of anti-malarial resistance is not well under-
stood. MDA is defined by the WHO as the mass treat-
ment of all, or a section of, the population, whether or 
not symptoms are present [2]. Historical MDA practices, 
such as the addition of the anti-malarial chloroquine to 
table salt, have been correlated with a subsequent rise 
in chloroquine resistance [3]. However, there is a lack of 
evidence linking more recent use of MDA with the evo-
lution of anti-malarial resistance in P. falciparum. This 
review is focused on dihydroartemisinin-piperaquine 
(DHA-PPQ); an increasingly used artemisinin-combina-
tion therapy (ACT) in MDA for malaria. The first section 
of this review details current evidence on the molecular 
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mechanisms behind resistance of P. falciparum to DHA-
PPQ. This section also includes a comprehensive over-
view of the prevalence of molecular markers associated 
with DHA-PPQ resistance globally, using Whole Genome 
Sequence data from the MalariaGEN Pf3k project. The 
second section of this review systematically evaluates the 
impact of MDA with DHA-PPQ on the evolution of anti-
malarial resistance. The authors systematically reviewed 
the evidence from the available literature reporting 
molecular markers of anti-malarial resistance following 
MDA with DHA-PPQ.

Section I: the evolution of drug resistance
Anti-malarial drugs can be grouped into broad classes 
(Table  1). Widespread resistance to monotherapies 
led the World Health Organization (WHO) to recom-
mend artemisinin-based combination therapy (ACT) as 

first-line treatment in all malaria endemic countries for 
uncomplicated malaria, with artesunate recommended 
to treat severe cases [4]. ACT includes a combina-
tion therapy of an artemisinin derivative (artesunate, 
artemether or dihydroartemisinin) with a partner 
drug (either lumefantrine, amodiaquine, piperaquine, 
mefloquine or sulfadoxine-pyrimethamine) [4]. The 
most common artemisinin-based combinations used 
in Africa are artemether-lumefantrine (AL), artesu-
nate-amodiaquine (AS-AQ) and dihydroartemisinin-
piperaquine DHA-PPQ [4]. All currently have a high 
clinical efficacy in Africa, achieving 98%, 98.4% and 
99.4%, respectively [4].

Resistance to many anti-malarial drugs has now 
evolved, but the speed at which resistance has emerged 
has differed depending on the drug (Fig. 1). Understand-
ing the molecular mechanisms behind the evolution of 
resistance in these different drugs is crucial in under-
standing why resistance has evolved at different rates. 
Furthermore, the methods used for detecting and clas-
sifying anti-malarial resistance have changed over time 
[5]. In addition to in vivo, in vitro and ex vivo methods, 
molecular methods for detecting resistance have now 
been developed. This includes identifying genomic poly-
morphisms in the malaria parasite genome which are 
associated with resistance to anti-malarial drugs [5]. His-
torically, anti-malarial drug resistance has often spread 
from Southeast Asia to Africa, so monitoring molecular 
markers of resistance in different continents may enable 
the scientific community to pre-empt the spread of drug 
resistant malaria in Africa [6], depending on the mecha-
nisms of resistance.

Table 1  Anti-malarial drugs can be broadly grouped into 
different classes [27]

Class Antimalarial drugs

4-Aminoquinolines Chloroquine, amodiaquine, piperaquine

8-Aminoquinolines Primaquine, tafenoquine

Antifolates Pyrimethamine, sulphadoxine, proguanil

Amino-alcohols Lumefantrine, mefloquine, quinine

Mannich base Pyronaridine, naphthoquinone, atovaquone

Sesquiterpenes Artemisinin and its derivatives; dihydroarte-
misinin, artemether, artesunate, arteether, 
artemisone

Antibiotics Doxycycline, clindamycin

Fig. 1  A timeline of the evolution of resistance to anti-malarial drugs. Each drug has been given a different colour for ease of timeline interpretation 
[7–10]
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Dihydroartemisinin‑piperaquine: how does it work?
Dihydroartemisinin-piperaquine (DHA-PPQ) is an 
artemisinin-based combination composed of fast acting 
dihydroartemisinin, and slow acting piperaquine. Dihy-
droartemisinin (DHA) is a synthetic derivative of arte-
misinin, which is a sesquiterpene lactone first extracted 
from the plant Artemisia annua in 1972 [11, 12]. DHA 
is activated by iron, which is likely supplied by haem [13] 
which is taken into the parasite digestive vacuole (DV) 
through endocytosis of cytosol [14]. The most popular 
hypothesis for DHA’s mechanism of action is that, once 
activated by haem, DHA produces radical oxygen species 
which cause oxidative damage in the parasite cell, kill-
ing the parasite [13, 15]. DHA is also hypothesized to act 
through the formation of covalent bonds with multiple 
targets in compartments external to the DV [16]. These 
mechanisms of action are illustrated in Fig.  2. DHA 
acts quickly and has a short half-life of approximately 
0.85–2 h in adults [17–19]. To clear any residual parasites 
following the rapid action of DHA, it is paired in combi-
nation therapy with the long-acting partner drug, pipe-
raquine [20].

Piperaquine (PPQ) was first introduced as a mono-
therapy in the 1960s, and later as the partner drug in 
DHA-PPQ combination therapy [20]. Piperaquine is 
thought to act by accumulating in high concentrations 
in the parasite’s digestive vacuole. Here, it inhibits the 
conversion of toxic haem to non-toxic haemozoin crys-
tals during parasite haemoglobin digestion, which is 
an essential metabolic process for the parasite. Inhib-
iting the conversion of haem to haemozoin results in 
high concentrations of toxic haem accumulating in the 
digestive vacuole, leading to parasite death [21, 22]. 
Furthermore, in  vitro studies have demonstrated that 
P. falciparum exposed to PPQ accumulate more undi-
gested haemoglobin, suggesting that PPQ decreases 
the rate of haemoglobin digestion, possibly killing the 
parasite through ‘starvation’ [23]. There is also evidence 
suggesting that PPQ binds directly to the P. falciparum 
chloroquine resistance transporter, PfCRT [24], where 
it may inhibit PfCRT’s usual function as a transporter 
protein. These mechanisms of action are illustrated in 
Fig. 3.

Fig. 2  A diagram illustrating how DHA is predicted to attack the parasite cell. Created with BioRender.com
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Dihydroartemisinin‑piperaquine: what are the resistance 
mechanisms?
Resistance to DHA-PPQ has emerged in Southeast Asia 
[25, 26] but the molecular mechanism of resistance is not 
fully understood. Molecular markers for partial resist-
ance to DHA include single nucleotide polymorphisms 
(SNPs) on the pfk13 Plasmodium gene, including the 
mutations F446I, N458Y, M476I, Y493H, R539T, Y543T, 
P553L, R561H, P574L and C580Y, which have been vali-
dated by the WHO [27]. Resistance to the partner drug 
PPQ is less well understood. Resistance to PPQ is associ-
ated with gene duplication of the plasmepsins pfpm2 and 
pfpm3 [28–32], and inactivation of either of these genes 
increases sensitivity to PPQ [33]. Plasmepsins II and III 
are proteases which work in a complex with other pro-
teases in the digestive vacuole (DV) to digest haemoglo-
bin and produce essential amino acids for the parasite 
[34]. Plasmepsin duplications may facilitate resistance 
to PPQ by increasing the rate of haemoglobin digestion. 
This may counteract the inhibitory effects of PPQ on 
haemoglobin digestion. Of note, resistance to PPQ has 
also been shown without duplication of pfpm2 [35–37] 
and there is some evidence that increased expression of 

pfpm2 and pfpm3 does not alter PPQ susceptibility [38]. 
Therefore, although PPQ resistance is correlated with 
pfpm2 and pfpm3 duplication, this is unlikely to be the 
sole mechanism of PPQ resistance. Considering this, 
plasmepsin copy number should not be used as the only 
indicator for surveying PPQ resistance. As with other 
anti-malarial drugs, such as mefloquine [39], all cases of 
resistance cannot usually be explained completely by one 
specific genetic polymorphism.

Resistance to DHA-PPQ has been associated with 
other genetic polymorphisms, including on the pfexo and 
pfcrt genes. Plasmodium falciparum Exonuclease (pfexo) 
is a putative exonuclease encoding gene. The E415G 
polymorphism on pfexo is strongly linked to increased 
copy number of pfpm2 and pfpm3 and has been corre-
lated with treatment failure of DHA-PPQ in Cambodia 
[29, 40]. However, the functional role of this protein is 
uncertain.

Multiple polymorphisms in pfcrt are correlated with 
PPQ resistant phenotypes. The mutations T93S, H97Y, 
F145I and I218P have been associated with DHA-PPQ 
resistance in Cambodian isolates. Furthermore, in  vitro 
studies have found that H97Y, F145I, M343L, G353V 

Fig. 3  A diagram illustrating how PPQ is predicted to attack the parasite cell. Created in Biorender.com
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[21] and C101F [22] cause the Dd2 (“Indo-China”) labo-
ratory strain to be PPQ resistant and CQ sensitive. In 
vitro data has shown that F145I and C350R can mediate 
efflux of PPQ from the DV in the 7G8 (“Brazil”) labora-
tory strain at the same time as reducing CQ transport, 
suggesting that PPQ resistance may arise through efflux 
of PPQ from the digestive vacuole via PfCRT, in a similar 
mechanism to CQ resistance [24]. The mutations T93S 
and I218P have been shown to confer resistance to PPQ 
without the presence of pfpm2 duplications [35]. Fur-
thermore, T93S, H97Y, F145I and I128F each conferred 
resistance to PPQ on a background of pfexo E145G, but 
again without pfpm2 duplication [36]. These data fur-
ther show that plasmepsin duplications are not required 
for PPQ resistance. Many of these pfcrt mutations also 
resulted in a swollen digestive vacuole [21, 22, 36, 41]. 
This vacuole swelling indicates that the PfCRT protein 
has a role in maintaining vacuole morphology, and that 
mutations in pfcrt disrupt this function [41]. The struc-
ture of PfCRT has recently been elucidated [24], show-
ing that pfcrt mutations associated with PPQ resistance 
are at moderately conserved sites in selected helices of 
the protein, including T93S, H97Y and C101F. This work 
has highlighted a number of other amino acid sites with 
similar properties, which may be under similar selection 
pressures from PPQ and may be useful for future PPQ 
resistance surveillance [24].

One hypothesis for the mechanism of PPQ resistance 
is that pfcrt mutations enable PfCRT to transport PPQ 
out of the digestive vacuole, away from its putative site 
of action, similarly to CQ resistance. However, some of 
these pfcrt mutations conveyed PPQ resistance without 
changing the rate of PPQ transport out of the digestive 
vacuole [21]. A competing hypothesis is that PPQ binds 
to PfCRT as part of its mode of action, disrupting its role 
as a transporter and DV morphology regulator, causing 
parasite death. These pfcrt mutations may inhibit PPQ 
from binding, causing PPQ resistance, whilst simultane-
ously removing the transporter’s ability to transport CQ, 
leading to CQ susceptibility [22].

Polymorphisms in pfmdr1 have been associated with 
PPQ sensitivity. Conrad et  al. found that DHA-PPQ 
treatment selected for the pfmdr1 haplotype 86Y/Y184/
Y1246. Interestingly, treatment with Artemether-Lume-
fantrine (AL) selected for opposite alleles; N86/184F/
D1246 [42]. These opposing selection pressures suggest 
that DHA-PPQ may be a good choice of partner drug 
in areas where AL was previously used. Furthermore, 
increased pfmdr1 copy number has been associated 
with enhanced sensitivity to piperaquine [29, 43]. Veiga 
et  al. hypothesized that increased pfmdr1 copy number 
is associated with enhanced accumulation of PPQ in the 
DV, leading to increased sensitisation to PPQ [43].

In summary, PPQ is likely to kill parasites by disrupt-
ing haemoglobin digestion and may also act by binding 
to PfCRT, disrupting its role as a transporter. Pfpm2 
and pfpm3 duplications correlate with PPQ resistance, 
but duplication is not essential for resistance. There-
fore, plasmepsin copy number should not be used as 
a sole indicator of PPQ resistance. Additionally, some 
polymorphisms in pfcrt can confer resistance to PPQ in 
Dd2 parasites and the E415G pfexo mutation has been 
correlated with DHA-PPQ resistance in Cambodian 
isolates. Finally, increased pfmdr1 copy number has 
been associated with enhanced sensitivity to PPQ.

How prevalent are these putative PPQ‑resistance 
conferring mutations?
As part of this review, whole genome sequence data was 
used to analyse the prevalence of the above-mentioned 
SNPs in P. falciparum samples from studies worldwide 
[44–46] (n = 4001) (Fig. 4). For frequency calculations, 
the authors considered isolates with monoclonal infec-
tions based on the Fws metric. The pfmdr1 N86Y muta-
tion was found at a prevalence of between 21.1% and 
23.7% in samples from Central, West and East Africa, 
and a lower prevalence of 11.4% in the Horn of Africa 
and 8.2% in Southern Africa. A higher prevalence was 
found in Southern Central Africa, at 43%. The preva-
lence of N86Y was also higher in Oceania, at 78.4%. 
Whereas, the prevalence was lower in samples from 
South America, at 2.3% and Southeast Asia, at 0.9%. 
The pfmdr1 Y184F mutation was found at a prevalence 
between 37.3% and 51.4% in samples from South Cen-
tral Africa, East Africa, Southeast Asia and Southern 
Africa. The prevalence was 65.4% in West Africa and 
68.3% in Central Africa. This mutation was found at a 
much higher prevalence of 95.5% in South America and 
in the Horn of Africa, where it was found to be 100%. In 
comparison, the prevalence of Y184F was very low in 
Oceania, at a prevalence of 3.1%. The D1246Y mutation 
was not found in samples from Oceania or the Horn of 
Africa, and ranged from a very low prevalence of 0.2% 
in Southeast Asia, to 29.5% in South America. Pfcrt 
mutations of interest, including T93S, H97Y, F145I, 
I218F, M343I and G353V, were only present in samples 
from Southeast Asia, with a mutation prevalence of 
0% in the other global regions. The prevalence of these 
muations was low, with T93S, F145I, M343L in under 
1% of the samples analysed. I218F had a prevalence of 
1% and G353V had a prevalence of 1.2%, while H97Y 
had a prevalence of 2.6%. The pfexo mutation E415G 
was only found in samples from Southeast Asia, at a 
prevalence of 16.2%.
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Section II: how has mass drug administration 
with DHA‑PPQ impacted molecular markers 
of resistance?
Monitoring the prevalence of molecular markers asso-
ciated with DHA-PPQ resistance enables widespread 
surveillance of P. falciparum markers in populations 
undergoing mass drug administration (MDA). This 
molecular surveillance can then be used to inform treat-
ment policy specific to different populations. This review 
has investigated the impact of MDA with DHA-PPQ on 
the evolution of molecular markers associated with anti-
malarial resistance.

Methodology
This review included relevant studies from clinicaltrails.
gov, EMBASE, MEDLINE and the Infectious Diseases 
Data Observatory (IDDO). Searches were dated back to 
2011, when DHA-PPQ was first approved as the ACT 
Eurartesim®, by the European Medicines Agency. A 
detailed search strategy and methodology can be found in 
Appendix 1, which follows PRISMA guidelines. In brief, 
MDA studies were included from www.​clini​caltr​ials.​gov 
which were completed, with results, which used DHA-
PPQ or PPQ as an intervention. Associated publications 
with reference to molecular markers of resistance were 
included in this review. Two further publications were 

included from IDDO, following search terms ‘malaria’ 
and ‘piperaquine’. Search terms for malaria, mass drug 
administration, anti-malarial resistance and PPQ or 
DHA-PPQ were used to extract publications from 
EMBASE and MEDLINE. These were then filtered for 
publications which included analysis of molecular mark-
ers of resistance. The methodology flowchart can be seen 
in Fig. 5.

Results
A total of 20 studies passed the screening criteria and 
were included for analysis in this systematic review. Each 
study was analysed to understand the reported impact of 
treatment with DHA-PPQ or PPQ on molecular mark-
ers associated with resistance to DHA-PPQ. Molecular 
marker data extracted from these studies included pfpm2 
copy number, pfexo E415G, pfcrt mutations, pfmdr muta-
tions and copy number variations, and artemisinin-resist-
ance associated mutations. Of the 20 studies reviewed, 
7 included analysis of pfpm2 copy number, 2 included 
analysis of pfexo E415G, 9 included analysis of mutations 
in pfcrt, 13 included analysis of mutations and/or copy 
number variation in pfmdr1 and 11 included analysis of 
mutations associated with reduced artemisinin-sensitiv-
ity. 16 of the studies were associated with clinical trials 
which included the use of DHA-PPQ. 2 used piperaquine 
phosphate and 1 used arteminisinin-piperaquine. 14 

Fig. 4  A diagram showing the global frequencies of mutations in the pfmdr1, pfcrt and pfexo genes, which are potential markers of DHA-PPQ 
resistance. These frequencies were calculated using whole genome sequence data from recent studies [44–46]. n is the number of samples 
containing a mutant allele, and N is the total number of successfully sequenced samples. Total sample size = 4001

http://www.clinicaltrials.gov
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Fig. 5  A flowchart demonstrating how studies were idendified for this review following PRISMA guidelines
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studies were associated with MDA trials, 7 of which were 
associated with IPTp, which is a form of targeted MDA. 5 
studies were associated with clinical trials for treatment 
of confirmed malaria, but were retained in this review 
to provide the breadth of genomic data available related 
to DHA-PPQ use. A summary of the relevant molecular 
markers reported in each study can be seen in Table  2, 
sorted by molecular marker of interest. One report ana-
lysed molecular markers in the pfdhfr and pfdhps genes 
associated with SP resistance, but did not analyse poly-
morphisms associated with resistance to DHA-PPQ in 
pfpm2, pfmdr1, pfcrt or pfkelch13 [49]. Therefore, this 
study is not included in Table 2.

Discussion
Advances in sequencing technology have resulted in an 
explosion in the generation, availability, and analysis of 
sequencing data. This includes genomic data from the 
deadliest malaria parasite, P. falciparum. Genomic sur-
veillance has consequently gained an increasingly impor-
tant role in monitoring anti-malarial drug resistance, 
through the surveillance of molecular markers in the P. 
falciparum genome. The surveillance of molecular mark-
ers associated with drug resistance is recognized as a sur-
veillance tool by the WHO [47]. Genomic surveillance is 
particularly important in the case of mass drug admin-
istration programmes, where drug treatment is given to 
members of a population whether or not they are symp-
tomatic for malaria. MDA is endorsed by the WHO in 
certain settings, such as endemic island communities, 
where there is limited risk of importation of infection, 
good access to treatment and implementation of vector 
control and surveillance [2]. Furthermore, randomized 
controlled trials with MDA using DHA-PPQ have been 
shown to be safe and to significantly lower the burden of 
malaria in pre-elimination settings [48]. Therefore, with 
continued use of MDA, surveillance of molecular mark-
ers of resistance is crucial.

What impact did these studies have on molecular 
markers of drug resistance?
Pfpm2 copy number
There was no evidence for selection for increased pfpm2 
copy number following MDA with DHA-PPQ in Kayin 
state, Myanmar [51] or after MDA for 2  months over 2 
consecutive years in Mozambique [52] or after MDA 
taken for 3 days for 3 months in Myanmar [55]. Conrad 
et  al. found modest increases in pfpm2 copy number in 
1 of 18 samples from patients receiving DHA-PPQ IPTp, 
where participants received DHA-PPQ every 8 weeks or 
every 4 weeks during pregnancy [53]. Taken together, this 
suggests that short term MDA treatments are unlikely to 
select for amplification in pfpm2 copy number. However, 

Imwong et  al. have found pfpm2 amplification in their 
longitudinal observational studies in the eastern Greater 
Mekong subregion [51, 57]. This is an area where DHA-
PPQ has been used extensively for many years, and may 
suggest that longer periods of DHA-PPQ use can select 
for increased pfpm2 copy number.

Pfexo E415G
Two studies included in this review measured the fre-
quency of the pfexo E415G mutation. Conrad et  al. 
sequenced this locus and did not detect the pfexo E415G 
mutation in the samples that they analysed [53]. Son et al. 
identified the pfexo E415G mutation in their study pop-
ulation prior to MDA, but found no statistically signifi-
cant increase in the prevalence of this mutation following 
MDA with forest rangers in Vietnam [58]. This evidence 
does not demonstrate a correlation between MDA with 
DHA-PPQ and increased prevalence of the pfexo E415G 
mutation. However, only 2 of the studies analysed this 
marker. Of note, some of the 20 studies analysed in this 
review were published before the association between 
the pfexo mutation and PPQ resistance was reported. 
This includes Ochong et  al., Conrad et  al., Somé et  al., 
Zongo et al., Tumwebaze et al., Taylor et al. and Madan-
itsa et al. [42, 49, 61–65].

Pfcrt mutations
Nayebare et al. found that pfcrt K76T prevalence was 
higher in samples collected from women in Uganda 
during IPTp with DHA-PPQ than in parasites col-
lected prior to the start of IPTp, or while women 
received IPTp with SP [59]. Similarly, Conrad et  al. 
found that the prevalence of the K76T mutation was 
higher in samples collected from the DHA-PPQ arm 
of IPTp in Uganda, than in the SP arm or in samples 
collected prior to the start of IPTp [53]. This increase 
in K76T prevalence was also correlated with increased 
PPQ exposure.

In contrast, Somé et al. found no significant selection 
for pfcrt K76T following Seasonal Malaria Chemopre-
vention (SMC) with DHA-PPQ for 3  months in Bur-
kina Faso [62]. Imwong et al. analysed pfcrt mutations 
F145I, I218F, N326S, M343I/L and G353V and found 
no evidence of selection of pfcrt mutations associated 
with PPQ resistance following MDA in Kayin State, 
Myanmar [51]. In support of this, Gupta et  al. found 
no statistically significant difference in the prevalence 
of pfcrt polymorphisms after MDA with DHA-PPQ for 
2  months, for 2  years, in Mozambique [52]. Tumwe-
baze et al. found that monthly MDA with DHA-PPQ in 
Uganda was not associated with changes in the preva-
lence of pfcrt polymorphisms [63]. Finally, Zongo et al. 
found no significant difference in the prevalence of the 
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K76T polymorphism following SMC with DHA-PPQ in 
Burkina Faso [61].

Overall, evidence for selection of pfcrt K76T fol-
lowing MDA with DHA-PPQ is mixed. Few stud-
ies analysed pfcrt markers other than K76T. Other 
key polymorphisms have been associated with PPQ 
resistance in vitro. Pfcrt H97Y, F145I, M343L, G353V 
[21] and C101F [22] mutations have been shown to 
confer PPQ resistance and CQ sensitivity in  vitro, 
and F145I and C350R have been shown to efflux 
PPQ from the DV at the same time as reducing CQ 
transport [24]. Furthermore, T93S and I218P have 
been shown to confer PPQ resistance [35] along with 
T93S, H97Y, F145I and I128F. Each of these muta-
tions conferred resistance to PPQ on a background 
of pfexo E145G [36]. This evidence suggests that that 
there may be other, more relevant pfcrt markers than 
K76T, and that future studies would benefit from 
monitoring this range of identified putative pfcrt pol-
ymorphisms which have conferred DHA-PPQ resist-
ance in vitro.

Pfmdr1 mutations and copy number
Following IPTp with DHA-PPQ in Uganda, both Naye-
bare et al. and Conrad et al. found increased prevalence 
of pfmdr1 N86Y and Y184F mutations in samples col-
lected during treatment than in samples collected before 
treatment [53, 59]. Increased exposure to PPQ also cor-
related with increased prevalence of N86Y [53, 63] and 
D1246Y [63] in Uganda. Mixed results were found 
regarding the D1246Y polymorphism. Nayebare et  al. 
found that the prevalence of pfmdr1 D1246Y was similar 
in samples collected before and after IPTp [59]. Whereas, 
Conrad et  al. found that D1246Y prevalence decreased 
in samples collected during IPTp with DHA-PPQ, com-
pared with samples collected before treatment or dur-
ing treatment with SP [53]. Somé et al. found borderline 
selection for wild-type D1246Y following treatment with 
DHA-PPQ in Burkina Faso [62]. Taylor et  al. and Con-
rad et al. monitored changes in polymorphisms and hap-
lotypes in pfmdr1 in Uganda between 2007 and 2012 
after treatment with AL or DHA-PPQ [42, 64]. Conrad 
et  al. found that treatment with DHA-PPQ was associ-
ated with increased prevalence of N86Y and D1246Y, 
and a lower prevalence of Y184F [42]. Taylor et al. used 
a haplotype frequency estimation model and found that 
treatment with DHA-PPQ only selected for N86Y when 
this allele was found with D1246Y and Y184F, in the hap-
lotype YYY, and that it selected against haplotypes NFD 
and NYY [64].

In contrast, Gupta et  al. found no change in pfmdr1 
polymorphisms following MDA with DHA-PPQ in 
Mozambique [52]. Furthermore, Zongo et  al. found no 

significant difference in the prevalence of pmdfr1 muta-
tions following SMC with DHA-PPQ in Burkina Faso 
[61]. Gupta et al., Son et al., and Conrad et al., found no 
association between MDA with DHA-PPQ and increased 
pfmdr1 copy number [42, 52, 53, 58]. This small number 
of studies suggests that MDA with DHA-PPQ may select 
for mutations in pfmdr1, particularly N86Y.

Artemisinin partial resistance associated mutations
No evidence for increased selection of pfkelch13 muta-
tions was found after MDA with DHA-PPQ in Kayin 
State, Myanmar [51] in Mozambique [52], Uganda [53], 
or in Eastern Myanmar [55], or following treatment with 
artemisinin-piperaquine in the Comoros [67]. This sug-
gests that although the prevalence of some pfkelch13 pol-
ymorphisms have become widespread in the GMS [51, 
57], MDA with DHA-PPQ has not increased the preva-
lence of pfkelch13 mutations associated with reduced 
artemisinin sensitivity, as least in the studies which have 
monitored molecular markers of resistance following 
MDA.

Conclusion
Despite molecular markers of drug resistance being a 
recognized surveillance tool by the WHO [27], the level 
of reporting of molecular markers associated with DHA-
PPQ resistance found in this study was low. Of the total 
96 papers screened for eligibility in this review, only 20 
analysed molecular markers of drug resistance. This high-
lights considerations for future studies with DHA-PPQ, 
where further analysis and reporting of molecular mark-
ers related to DHA-PPQ resistance would greatly assist 
understanding of how MDA impacts polymorphisms 
associated with resistance. Importantly, molecular mark-
ers associated with DHA-PPQ have different prevalences 
in different geographic regions. Molecular surveillance 
data from future studies in different geographies will 
further increase understanding of how treatment with 
DHA-PPQ is impacting the evolution of resistance in 
these different geographies.

The choice of markers analysed is not currently stand-
ardized, which may be partly because pfexo E415G 
and pfpm2 copy number have only recently emerged 
as molecular markers associated with PPQ resistance. 
Future studies with DHA-PPQ should monitor a broader 
range of molecular markers which have been associated 
with resistance to DHA-PPQ. This includes pfexo E415G, 
pfpm2 copy number and pfmdr1 copy number and N86Y, 
Y184F and D1246Y mutations. In addition to these mark-
ers, putative polymorphisms in pfcrt should also be mon-
itored, including mutations T93S, H97Y, F145I, I218P, 
M343L, C350R, G353V. This would contribute to a more 
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comprehensive analysis of resistance polymorphisms fol-
lowing MDA implementation.

To really understand the impact that DHA-PPQ MDA 
has had on the evolution of drug resistance, there needs 
to be much greater focus and investment on genomic 
surveillance in trial and programmatic settings. This 
would enable the research community to build on the 
already growing field of genomic surveillance to better 
understand the impact of using anti-malarial drugs on a 
large scale. Phenomenal steps have already been made, 
including through the Pan-African Malaria Genetic Epi-
demiology Network (PAMGEN). However, the lack of 
published molecular surveillance data from trials high-
lights the need for increasing focus on genomic surveil-
lance if MDA is used as a population-based strategy for 
malaria control.

Appendix 1

Detailed search methodology
Detailed search terms used in MEDLINE

Ovid MEDLINE(R) ALL < 1946 to May 24, 2021 > 

	 1.	 Malaria/or malaria, cerebral/or malaria, falcipa-
rum/or blackwater fever/or malaria, vivax/67560

	 2.	 (Malaria* or falciparum or plasmodium infection* 
or remittent fever or blackwater fever).mp. 107016

	 3.	 1 or 2 107016
	 4.	 Chemoprevention/or mass drug administra-

tion/6658
	 5.	 Mass screening/or anonymous testing/or mul-

tiphasic screening/108880
	 6.	 [Mass adj3 (screening* or administration* or test* 

or treatment*)].mp.121669
	 7.	 (MSAT or MTAT or FSAT or FEMSE or MPPT 

or TME or DOT or RACD or IPTp or SMC).
mp.52228

	 8.	 Direct observed therap*.mp.27
	 9.	 Mass piperaquine prophylactic treat*.mp.0
	10.	 Seasonal malaria chemo*.mp.115
	11.	 (Focal screening and treat*).mp.6
	12.	 Intermittent preventive treatment in pregnancy.

mp.148
	13.	 Reactive case detection.mp.71
	14.	 (Focal screening and treatment).mp.6
	15.	 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 

14 181089
	16.	 3 and 15 2086
	17.	 Exp Antimalarials/85757
	18.	 (Anti-malarial* or antimalarial*).mp.35587
	19.	 Drug resistance/or drug resistance, multiple/or 

drug tolerance/83191

	20.	 [(Drug or multidrug) adj3 (resist* or toleran* or tol-
erate* or sensit*)].mp.368770

	21.	 [(Drug or multidrug) adj3 (resist* or toleran* or tol-
erate* or sensit*)].mp.368770

	22.	 17 or 18 or 19 or 20 or 21 448688
	23.	 16 and 22 1195
	24.	 (Piperaquine or dihydroartemisinin or dihydroar-

temisinin-piperaquine).mp. [mp = title, abstract, 
original title, name of substance word, subject 
heading word, floating sub-heading word, keyword 
heading word, organism supplementary concept 
word, protocol supplementary concept word, rare 
disease supplementary concept word, unique iden-
tifier, synonyms] 2129

	25.	 23 and 24 117

These studies were filtered to included publication 
dates of 2011 onwards, resulting in 99 papers in total. 
Detailed search terms used in EMBASE. 

Embase <1974 to 2021 May 24>

	 1.	 Malaria falciparum/or Plasmodium vivax malaria/ 
or malaria/ or Plasmodium knowlesi malaria/ or 
Plasmodium ovale malaria/88321

	 2.	 (Malaria* or falciparum or plasmodium infection* 
or remittent fever or blackwater fever).mp.130248

	 3.	 1 or 2 130248
	 4.	 Mass drug administration/or chemoprophy-

laxis/26856
	 5.	 Mass screening/56612
	 6.	 [Mass adj3 (screening* or administration* or test* 

or treatment*)].mp.76289
	 7.	 Direct observed therap*.mp.65
	 8.	 Mass piperaquine prophylactic treat*.mp.0
	 9.	 Seasonal malaria chemo*.mp.255
	10.	 (Focal screening and treat*).mp.16
	11.	 Intermittent preventive treatment in pregnancy.

mp.226
	12.	 Reactive case detection.mp.157
	13.	 (Focal screening and treatment).mp.15
	14.	 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 

102462
	15.	 3 and 14 3684
	16.	 Antimalarial agent/24465
	17.	 (Anti-malarial* or antimalarial*).mp.41035
	18.	 Antimalarial drug resistance/ or antimalarial drug 

susceptibility/ or drug resistance/ or multidrug 
resistance/143743

	19.	 [(Drug or multidrug) adj3 (resist* or toleran* or tol-
erate* or sensit*)].mp.470284

	20.	 16 or 17 or 18 or 19 502467
	21.	 15 and 20 1461
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	22.	 (Dihydroartemisinin or dihydroartemisinin plus 
piperaquine or piperaquine).mp. [mp = title, 
abstract, heading word, drug trade name, origi-
nal title, device manufacturer, drug manufacturer, 
device trade name, keyword, floating subheading 
word, candidate term word] 4363

	23.	 21 and 22 192

These studies were filtered to included publication 
dates of 2011 onwards, resulting in 129 papers in total. 
Removing duplicates resulted in 184 papers. These 
134 papers were excluded because they either did not 
include reference to PPQ or DHA-PPQ, or they did not 
include reference to drug resistance/efficacy/tolerabil-
ity or sensitivity in the abstract or title. This resulted 
in 50 publications which were assessed for eligibility. 
35 studies were excluded because they did not include 
measurement of molecular markers of resistance, leav-
ing 15 studies from MEDLINE or EMBASE which were 
included in this review.
IDDO search

Search date: 7/7/2021.
In the IDDO database (https://​www.​iddo.​org), the 

terms ‘Malaria’ and ‘Piperaquine’ were used to identify 
publications. This resulted in 9 publications, 2 of which 
included analysis of molecular markers of resistance 
and were included in this review.
Clinicaltrials.gov search

Search date: 7/7/2021.
The following search (Disease: malaria, Terms: Pipe-

raquine Status: Has results) resulted in 13 clinical 
studies. Four studies were excluded as these were phar-
macokinetic studies of interventions in healthy volun-
teers. Three studies were excluded as these were studies 
involving induced blood stage malaria in healthy par-
ticipants, as opposed to vector transmitted malaria. 
This resulted in 1 Phase 2 clinical trial and 5 Phase 3 
clinical trial remaining. There were 7 publications asso-
ciated with these clinical trials which included analysis 
of molecular markers of resistance. Four of these were 
unique and included in this review.
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