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Summary

Background—-~Partial artemisinin resistance is suspected if delayed parasite clearance (ie,
persistence of parasitaemia on day 3 after treatment initiation) is observed. Validated markers
of artemisinin partial resistance in southeast Asia, Plasmodium falciparum kelch13 (Pfkelch13)
R561H and P574L, have been reported in Rwanda but no association with parasite clearance
has been observed. We aimed to establish the efficacy of artemether—lumefantrine and genetic
characterisation of Prkelchi3alleles and their association with treatment outcomes.

Methods—This open-label, single-arm, multicentre, therapeutic efficacy study was done in

2018 in three Rwandan sites: Masaka, Rukara, and Bugarama. Children aged 6-59 months

with P falciparum monoinfection and fever were eligible and treated with a 3-day course of
artemether—lumefantrine. Treatment response was monitored for 28 days using weekly microscopy
screenings of blood samples for P falciparum. Mutations in Prkelch13and P falciparum multidrug
resistance-1 (PfmadrI) genes were characterised in parasites collected from enrolled participants.
Analysis of flanking microsatellites surrounding Pfkelch13was done to define the origins of the
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R561H mutations. The primary endpoint was PCR-corrected parasitological cure on day 28, as per
WHO protocol.

Findings—228 participants were enrolled and 224 (98-2%) reached the study endpoint. PCR-
corrected efficacies were 97-0% (95% CI 88-100) in Masaka, 93-8% (85-98) in Rukara, and
97-2% (91-100) in Bugarama. Prkelch13 R561H mutations were present in 28 (13%) of 218
pre-treatment samples and P574L mutations were present in two (1%) pretreatment samples. 217
(90%) of the 240 Pfmalr1 haplotypes observed in the pretreatment samples, had either the NFD
(N86Y, Y184F, D1246Y) or NYD haplotype. Eight (16%) of 51 participants in Masaka and 12
(15%) of 82 participants in Rukara were microscopically positive 3 days after treatment initiation,
which was associated with pre-treatment presence of Prkelch13R561H in Masaka (p=0-0005).
Genetic analysis of Prfkelch13R561H mutations suggest their common ancestry and local origin in
Rwanda.

Interpretation—We confirm evidence of emerging artemisinin partial resistance in Rwanda.
Although artemether—lumefantrine remains efficacious, vigilance for decreasing efficacy, further
characterisation of artemisinin partial resistance, and evaluation of additional antimalarials in
Rwanda should be considered.

Funding—The US President’s Malaria Initiative.

Introduction

Artemisinin-based combination therapies (ACTS) are currently the most effective and widely
used treatments for uncomplicated malaria caused by Plasmodium falciparum.t ACTs
combine artemisinin derivatives, short-acting drugs that clear most of the parasite biomass
within 3 days of treatment initiation, with long-acting partner drugs clearing the remaining
parasitaemia. In 2006, Rwanda introduced artemether—lumefantrine combination therapy as
the first-line treatment for uncomplicated malaria.?

WHO recommends therapeutic efficacy studies (TES) at least every 2 years for monitoring
the efficacy of ACTs and the tracking of resistance through molecular markers.3 When
ACT efficacy is confirmed to be below 90% based on adequate clinical and parasitological
response (ACPR) during an observation period (28 days or 42 days, depending on the
partner drug), WHO recommends further confirmation and replacement with an effective
antimalarial.! A TES using artemether—lumefantrine in Rwandan children aged 1-14 years
was done between 2013 and 2015 in Ruhuha and Masaka, and the PCR-adjusted ACPR on
day 28 was more than 97% in both sites.*

Partial resistance to the artemisinin component of ACT is suspected if delayed parasite
clearance, defined as the persistence of parasitaemia on day 3 after treatment initiation,

is observed.! First identified in Cambodia, artemisinin resistance is well documented in
many southeast Asian countries® and is associated with parasites that have mutations

in the Prkelchi3gene.19 Ten single nucleotide polymorphisms in the Pfkelch13 propeller
domain have been validated as molecular markers of artemisinin partial resistance: F446l,
N458Y, M4761, Y493H, R539T, 1543T, P553L, R561H, P574L, and C580Y.1 Additionally,
several other mutations in this gene, referred to as candidate markers, have been identified,

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uwimana et al.

Methods

Page 4

but additional evidence is required to validate their association with artemisinin partial
resistance.

The R561H mutation was observed in 7-4% of P falciparum parasites collected in Masaka,
Rwanda, between 2013 and 20151 and in 4-5% of parasites collected in Huye district,
Rwanda, in 2019.12 Additionally, a low prevalence of the P574L mutation was reported in
isolates collected in Masaka and Ruhuha (2013-15)1112 and in Huye (2015).13 However, the
presence of these mutations was not found to be associated with day 3 parasitaemia but with
increased survival rate expressed in vitro by the ring stage survival assay.1! Nevertheless,
these findings are concerning because an increase in the prevalence of these mutations could
result in more patients having delayed parasite clearance, which could lead to an increased
risk of selection and spreading of partner drug-resistant parasites and eventual ACT failure.

The Malaria and Other Parasitic Diseases Division of the Rwanda Biomedical Center did
aroutine TES in 2018 as per a WHO recommendation to do periodic antimalarial efficacy
monitoring. We report on these TES results, including day 28 efficacy, day 3 persistence

of parasitaemia, and the presence of molecular markers of artemisinin partial resistance and
tolerance to lumefantrine in the Pfkelchi3and P falciparum multidrug resistance-1 (PfmarI)
genes.

Study design and participants

This open-label, single-arm, multicentre, therapeutic efficacy study (TES) was done in
three health centres: Rukara (Kayonza district, Eastern Province), Masaka (Kicukiro district,
Kigali Province), and Bugarama (Rusizi district, Western Province) (figure 1). Rukara and
Bugarama have rural populations, and Masaka, located near the capital city Kigali, is an
urban and periurban location with low transmission of malaria. These three sites were
selected because they have varying transmission intensities and established study centres
that have been used in previous TESs. In all three sites, P falcjparum accounts for most
malaria cases, with transmission seasons from May to July and November to December.
Based on an assumption of 95% efficacy of artemether—lumefantrine, 95% CI, a precision
of 10%, and 20% loss to follow-up, we estimated that 88 children needed to be enrolled per
site.

Participants were eligible for enrolment if they were aged 6-59 months, had a fever at
presentation (axillary temperature >37-5°C), history of fever in the past 24 h, or both,

and parasitaemia of 1000—100 000 parasites per pL by microscopy. Other inclusion and
exclusion criteria were assessed according to the standard WHO TES protocol.3 Ineligible
children were treated in accordance with national malaria treatment guidelines.?

This study was approved by the Rwanda National Ethics Committee (reference 195/RNEC/
2017), Rwanda National Health Research Committee, and the Johns Hopkins Bloomberg
School of Public Health Institutional Review Board. The US Centers for Disease Control
and Prevention determined the laboratory work to be non-research (programme evaluation).
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Written informed consent was obtained from the parents or guardians of eligible children in
the local language (Kinyarwanda).

Microscopy screening—At each study site, potential participants were screened for
malaria parasites using microscopy. Both thin and thick blood slides were prepared and
stained with 5% Giemsa for 10—15 min and examined by two trained expert microscopists to
detect and estimate density of malaria parasites. A blood slide was declared negative when
examination of 100 high-power fields did not suggest the presence of P falciparum parasites.

Treatment and clinical monitoring during follow-up—Enrolled participants were
admitted as inpatients and treated with a weight adjusted, six dose, 3-day course of
artemether—lumefantrine (Coartem, Novartis). Each dose was given with water and fatty
foods such as 7bitoki (a local delicacy prepared from peanuts and bananas) to optimise
bioavailability of the drug. Participants were observed for 30 min following administration
of each dose to ensure they did not vomit. If vomiting occurred, a repeat dose was given
after vomiting stopped. Parasitaemia was determined on the day of enrolment (day 0) and
on days 2 and 3. Patients were discharged on day 3 after enrolment if they had a slide result
that was negative for P falciparum malaria. Participants who were slide malaria positive on
day 3 were kept in hospital until two consecutive malaria negative slides, prepared daily,
were obtained. Treatment response was monitored for 28 days with scheduled visits on
days 7, 14, 21, 28, and at any other time when patients were unwell (unscheduled visit).
During every visit, clinical (evaluation of vital signs) and parasitological (malaria diagnosis
by microscopy) assessments were done. Blood samples, for microscopy and preparation

of dried blood spots on Whatman grade 3 filter papers (GE Healthcare Life Sciences, PA,
USA), were collected from a finger prick. Patients with recurrent infections on day 7 and
afterward were treated with quinine (tablets or injection) or artesunate injection (in patients
with severe malaria), as per national treatment guidelines.2

DNA extraction and molecular analysis—Molecular analysis was done on all samples
collected upon enrolment (pre-treatment samples) and during follow-up in the case of
recurrent infections (post-treatment samples). Parasite genomic DNA was extracted from
dried blood spots using a QlAamp DNA Mini Kit (Qiagen; Hilden, Germany). Molecular
markers of antimalarial drug resistance and microsatellite markers were analysed by
Rwandan laboratory technicians with support from US Centers for Disease Control and
Prevention laboratory staff (Atlanta, GA, USA).14 The Pfkelch13 propeller domain (codon
positions 440-600) and Pfmadr1 (codon positions 86, 184, and 1246) were analysed for
single nucleotide polymorphisms.1>:16 Sanger sequences were analysed using Geneious
(version R11) software package (Biomatters; San Francisco, CA, USA) using the 3D7
Pfkelch13 (PF3D7_1343700) and Pfmadr1 sequences (PF3D7_0523000) as references. Raw
sequence reads were cleaned using default settings and reads with high-quality scores
(>30%) were further analysed.

Differentiation between recrudescence and reinfection—PCR correction,
differentiating recrudescence from reinfection in recurrent infection samples, was done by
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genotyping seven neutral microsatellites (TA1 on chromosome 6, Poly-a. on chromosome
4, PPK2 on chromosome 12, 2490 on chromosome 10, C2M34-313 on chromosome 2,
C2M69-383 on chromosome 3, and TA109 on chromosome 6) in the paired pre-treatment
and post-treatment samples. The sizes of the amplification products were determined by
capillary electrophoresis on an Applied Biosystems 3130xI Genetic Analyzer (Applied
Biosystems; Foster City, CA, USA). Microsatellite data were used to assign each recurrent
infection a posterior probability of recrudescence using a Bayesian algorithm.17 This
analysis allowed for classification of recrudescent infections (if the posterior probability
of recrudescence based on the algorithm was =50%) versus reinfections (<50% posterior
probability) for tabulation. The posterior probabilities were used in the calculation of PCR-
corrected per protocol and Kaplan-Meier estimates.

Pfkelch13 flanking microsatellite genotyping and genetic diversity—Seven
microsatellite loci flanking the Pfkelch13 gene on chromosome 13 (PF3D7_1343700;
downstream of 3-4 kb, 8-6 kb, and 72-0 kb; upstream of —0-15 kb, —3.7 kb, —6-3 kb,

and —31-9 kb) were used to characterise regions flanking Prkelch13to assess for origin,
genetic diversity, and patterns consistent with selection.1® All isolates from Rwanda and four
R561H mutant samples from Thailand were subjected to the Pfkelch13 flanking sequence
microsatellite analysis.1® The heterozygosity on the flanking Pfkelch13 microsatellites
within each group (wildtype and mutant, in each population) was estimated using the Nei’s
index of genetic diversity (H,).19

He = [n/(n— 1)]|1 - Z n

n was obtained by taking the sum of identifiable alleles, and ~;was the relative frequency
of the fthallele (i = 1, ...L) in all genotyped samples for each locus. H, gave the average
probability that a pair of alleles randomly selected from the population was different.
Samples with mixed infections or missing data at any loci were excluded from the
construction of the heterozygosity figure.

The primary endpoint was PCR-corrected parasitological cure on day 28 as per WHO
protocol.3 Secondary endpoints included parasitaemia on day 3 following treatment, which
was assessed by microscopy and the prevalence of molecular markers of antimalarial

drug resistance in Pfmarl and Prkelch13 genes. Treatment outcomes were classified as
early treatment failure (ie, development of signs of severe malaria, no rapid resolution

of clinical symptoms, and slow clearance of slide parasitaemia), recurrent infections (ie,
having detectable parasitaemia between day 4 and 28 during the follow-up) that included
recrudescent infections and reinfections, or ACPR.3

Data management and statistical analysis

Data were entered into paper-based clinical record forms by trained staff at study sites,
after which electronic double data entry was done at the national reference laboratory.

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.
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Uncorrected and PCR-corrected per protocol® (proportional) and Kaplan-Meier (cumulative
survival) estimates were calculated per site. Reinfections were calculated as the total number
of recurrent infections minus the sum of the posterior probabilities of recrudescence among
the recurrent infections and removed from the PCR-corrected per-protocol estimates. To
calculate the Kaplan-Meier estimates and corresponding 95% ClI, we did posterior sampling
using the posterior probabilities of recrudescence. Prevalence of Pfkelch13 mutations,
Pfmadrl mutations, and Pfmadr haplotypes were described by treatment outcome and

site. Comparison analyses were done using Fisher’s exact test and adjusted comparisons
using logistic regression. All possible haplotypes from mixed infections (both wildtype

and mutants) were included in construction of the Pfmadr1 haplotype. Differences in the
heterozygosity between the wildtype and R561H mutant haplotypes were measured using
Wright’s F statistics ranging from 0 to 1, by which 0 represents no differentiation.20

Role of the funding source

Results

The sponsor of the study had no role in the recruitment of subjects and implementation
of the TES but provided technical assistance in data analysis, data interpretation, and the
writing of the report. At least five authors, including the corresponding authors had full
access to all data in the study and had final responsibility for the decision to submit for
publication.

Of 986 children screened at the three sites, 228 children with symptomatic uncomplicated
P falciparum malaria were enrolled: 88 (39%) in Rukara, 52 (22%) in Masaka, and

88 (39%) in Bugarama. Lower than expected number of participants were enrolled in
Masaka, probably because Masaka is located in a low transmission peri-urban site. Baseline
characteristics and treatment outcomes of participants are shown in table 1. Four (2%) of
the 228 participants withdrew, three between days 4 and 6, and one on day 28. Only the
participants who reached the study endpoints (224 [98%] of 228 participants) were included
in the per-protocol analysis (table 1). No early treatment failures were observed, and no
medication-related serious adverse events occurred. 37 recurrent infections were observed
and 187 (84%) of 224 patients had ACPR. Of the recurrent infections, eight (22%) of 37
were classified as recrudescent infections and 29 (78%) of 37 as reinfections (table 1). The
per-protocol PCR-corrected drug efficacies were 93:8% (95% CI 85-98) in Rukara, 97-0%
(95% CI1 88-100) in Masaka, and 97-2% (95% CI 91-100) in Bugarama. The uncorrected
and PCR-corrected efficacies per study site are summarised in table 2 and appendix 2 p 1).

The Prkelch13 gene was successfully sequenced from 254 (96%) of 265 samples (218
pre-treatment and 36 post-treatment: 28 from reinfected patients and eight patients with
recrudescent infections). 38 (15%) of 254 samples had the validated artemisinin partial
resistance marker, of which 36 had a R561H mutation and two had a P574L mutation. Eight
of the 36 isolates with the R561H marker were mixed infections (with wildtype and mutant
strains). The R561H mutation was found in 28 (12-8%) of 218 pre-treatment samples, four
(14-3%) of 28 reinfection samples, and four (50:-0%) of eight recrudescent samples. Three
candidate artemisinin partial resistance markers were found in six isolates: C469F in three

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.
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isolates (two pre-treatment and one recrudescence), P441L in one pre-treatment isolate,

and G449A in two pre-treatment isolates. Additional Pfkelchi3 mutations, not known to

be associated with artemisinin resistance, were observed in four isolates in Rukara: V555A
(three isolates) and R575K (one isolate). The prevalence of the Pfkelchl3 mutants associated
with artemisinin partial resistance was determined per site in pre-treatment isolates (figure
1).

A total of 243 (95%) of 255 samples were successfully sequenced in the Pfmar1 gene:

208 pre-treatment and 35 post-treatment (appendix 2 p 4). The N86Y, Y184F, D1246Y
(NYD) haplotype was observed in 114 (48%) of 240 of pre-treatment and 20 (50%) of 40
post-treatment and the N86, 184F, D1246 (NFD) haplotype was observed in 103 (43%)

of 240 of pre-treatment and 16 (40%) of 40 of post-treatment total observed haplotypes
(appendix 2 p 4). No difference was seen in the prevalence of the NFD and NYD haplotype
in participants with recrudescent infection (eight [100%] of eight) compared with those with
ACPR, (177 [91%] of 194; Fisher’s exact test, p=1.00).

A total of 20 participants (eight of [16%] 51 participants in Masaka and 12 [15%] of 82
participants in Rukara) had detectable parasitaemia by microscopy on day 3 post-treatment,
a WHO criterion for artemisinin partial resistance.! 11 (55%) of these 20 participants

also carried the R561H mutation (table 3). Presence of day 3 parasitaemia was compared
between pre-treatment samples with (n=28) and without (n=190) the R561H mutation.
Day 3 parasitaemia was observed in 11 (39%) of isolates with the R561H mutation and

in nine (5%) of 190 isolates without the mutation (Fisher’s exact test, p<0.0001). When
adjusting for initial parasitaemia, the association between day 3 parasitaemia and presence
of the R561H mutation remained (adjusted OR 14-2, 95% CI 5-1-41.5, p<0-0001). When
stratified by site, this association was only observed in Masaka (p=0.0005) and not in
Rukara (p=0-063). Two pre-treatment isolates had the P574L mutation, one from Masaka
and one from Rukara, neither of which had day 3 parasitaemia and both were classified

as ACPR. Three of the five pre-treatment isolates with the candidate mutations, (one with
C469F and two with G449A), all from Rukara, also had day 3 parasitaemia; however,
additional association analyses were not done because of the small sample size.

To determine whether Pfkelch13R561H mutation was associated with the 28-day treatment
outcome, proportions of pre-treatment isolates with this mutation were compared in
participants with parasite clearance with those who were classified as having recrudescent
infection. Samples from four (50%) of eight participants with a recrudescent infection

had a mutation compared with samples from 22 (12-4%) of 178 participants with parasite
clearance (Fisher’s exact test, p=0-014).

Analysis of flanking microsatellites surrounding Pfkelchi3was investigated in 82 isolates
(33 R561H mutants and 49 R561H wildtypes). Recrudescent infections and isolates with
multiple infections were excluded in the haplotype analysis. The sizes of the microsatellites
were considered unique if they differed by two base pairs except for the —6-3 kb locus,

for which a difference in three base pairs was used. Similar haplotypes, differing only

in a few loci, were observed in the R561H mutation from Rwanda, which were different
from haplotypes observed in the R561H mutation from Thailand (table 4, appendix 2 p 5).

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uwimana et al.

Page 9

Genetic diversity in the R561H mutant, as estimated by the heterozygosity on the flanking
Prkelch13 microsatellites, was lower than that observed in wildtype parasites (figure 2).
Wildtype genotypes were highly differentiated from their sympatric R561H mutation in both
populations (average F0-847 between the R561H wildtype and R561H mutation in Masaka,
p=0:0021; ~0-841 in Rukara, p=0-0006).

Discussion

This study confirms that artemether—lumefantrine remains highly efficacious in all three
study sites, with PCR-corrected efficacy of 94-97%. However, the presence of two validated
markers of artemisinin partial resistance, R561H and P574L, and delayed parasite clearance
(parasitaemia at day 3) in more than 10% of the study participants in Masaka and Rukara
are of some concern.! Although factors such as initial parasitaemia on admission are known
to affect parasite clearance rate,?! treatment with artemisinin compounds results in a rapid
clearance of parasitaemia by day 3 of treatment initiation, and delayed parasite clearance

is suggestive of artemisinin partial resistance.1® The prevalence of the Pfkelch13R561H
mutation was significantly higher in patients with recrudescent infections than in those who
cleared their infection, and the association between day 3 parasitaemia and presence of the
R561H mutation was significant in Masaka. However, besides artemisinin partial resistance,
other factors affecting treatment efficacy include efficacy of the partner drug, host immunity,
and drug absorption. These factors could explain why R561H mutations were also observed
in patients who cleared their infections and the fact that the association between day 3
parasitaemia and having the R561H mutation was significant in Masaka but not in Rukara.

Results from our study confirmed the previous finding of Pfkelch13R561H mutations

in isolates collected in Masaka, Rwanda, between 2013 and 2015.11 The prevalence of
Prkelch13 R561H mutation in our study was found to be higher than previously reported in
Rwanda, 1112 Uganda,22 and Tanzania,23 suggesting that this mutation is strongly selected
for in Rwanda. It remains to be determined if other detected mutations, such as Pfkekchi3
P574L mutations, will be selected for and increase over time. P574L mutations have also
been shown to confer artemisinin resistance using in-vitro susceptibility assays, albeit to a
lesser degree by comparison with the R561H mutation.11

Further investigation into the origin of Prkelch13R561H mutations using Prkelch13
flanking microsatellite analysis revealed that they shared similar haplotypes distinct from
Prkelch13 R561H haplotypes observed in Thailand. Similar results were obtained, using

a whole-genome sequencing (WGS) analysis for the R561H isolates collected in 2012-15
from Rwanda.!! Together, these results suggest an independent origin of the Pfkelch13
R561H mutation in Rwanda.1! Microsatellite analysis has been used for similar analyses in
previous evaluations,?4 including landmark studies on the evolution of chloroquine?® and
sulfadoxine resistance.26 Although microsatellites are less powerful than WGS, they provide
a good alternative, particularly when appropriate samples for WGS are not available, as was
the case in this study.

As previously reported in Africa, 1227 we identified the candidate markers Pfkelch13 C469F,
P441L, and G449A and two additional mutations, V555A and R575K, whose role in

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.
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artemisinin partial resistance is unknown. Studies have also detected mutations beyond
codon 600 such as A675V,22 which our study did not examine. To date, the reported
prevalence of the aforementioned mutations in Africa is low, however, a study showed that
the prevalence of C469Y and A675V mutations has increased at multiple sites in northern
Uganda (up to 23% for C469 Y and 40% for A675V).22 Therefore, monitoring of these
mutations in Africa is important even if the efficacy of most of the commonly used ACTs

is high. It is possible that other Pfkelch13 mutations observed in African isolates but not
validated so far, or mutations in other unknown genes, will affect artemisinin resistance in
Africa, but this hypothesis will have to be determined by additional studies on the continent.

Most samples in this study had either the NFD or NYD haplotype of the Pfmadr1 gene,
associated in some studies with decreased sensitivity to lumefantrine.28 The prevalence of
these two Pfmarl haplotypes in this study was similar in a 2011 study, in which 59% of the
P falciparum isolates collected in a southern province of Rwanda had those haplotypes.2? In
our study, the NFD and NYD haplotypes were highly present in pre-treatment isolates and
did not appear to be selected in post-treatment isolates; despite this high prevalence, their
presence in pre-treatment isolates was not associated with recrudescent infections.

Efficacy of artemether—lumefantrine remains high in Rwanda despite the presence of
Prkelch13 mutations and delayed parasite clearance. In general, ACTs remain efficacious
even if artemisinin partial resistant mutations are present as long as the partner drug is

still effective. Evidence from the Mekong region has shown that once artemisinin resistance
becomes prevalent, resistance to the partner drug often follows, resulting in ACT treatment
failure.30 Additional studies, including parasite clearance assays within the first 3 days of
treatment, in-vitro assays to determine mutant parasites’ phenotypes, and WGS to determine
relatedness of mutant parasites, will further confirm our findings in Rwanda. Heightened
vigilance for artemether—lumefantrine efficacy and the evaluations of the efficacy of other
ACTs in Rwanda should be considered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

We searched PubMed, without language restrictions, for articles published after 2005
using the terms “artemisinin”, “ACTs”, “resistance”, “kelch 13” in combination

with either “Africa” or “Rwanda”. Artemisinin-based combination therapies (ACTS),
introduced in the early 2000s, are the primary drugs used to treat uncomplicated malaria
caused by Plasmodium falciparum. Evidence for artemisinin partial resistance was first
reported in 2008 in Cambodia and subsequently confirmed in other parts of southeast
Asia. Artemisinin partial resistance is characterised by delayed parasite clearance as
shown by microscopically detectable parasitaemia on day 3 after treatment initiation.
Despite artemisinin partial resistance, the efficacy of ACTs remains high until resistance
to the partner drugs occur. Accumulation of mutations in the P falciparum kelch 13
(Prkelch13) gene have been associated with artemisinin partial resistance. Rwanda
introduced artemether—lumefantrine as the first-line treatment of malaria in 2006. Past
therapeutic efficacy studies (TES) in Rwanda found that artemether—lumefantrine had
more than 90% efficacy. However, a Pfkelch13 mutation in codon 561 (R to H
transition) known to be associated with artemisinin partial resistance, was observed at
low prevalence in studies from Rwanda, including a TES we did between 2013 and 2015.
Additionally, reports in neighbouring countries, Uganda and Tanzania, have reported a
low prevalence of this mutation. In the 2013-15 study, association of the mutation with
day 3 parasitaemia was not found but the mutation was associated with increased survival
rate expressed in vitro by the ring stage survival assay. Genomic analysis of the R561H
isolates showed that the mutation had evolved independently in Rwanda.

Added value of this study

This 2018 TES showed that the overall efficacy of artemether-lumefantrine remained
at more than 90%, but there was evidence of delayed parasite clearance, suggesting
emergence of artemisinin partial resistance in Rwanda. Day 3 parasitaemia was observed
in participants in two of the three sites and was associated with pre-treatment presence
of the Prkelch13 R561H mutation in one site. Additionally, the prevalence of the
Prkelch13 R561H mutation increased compared to previous reports. This is the first
documented evidence of artemisinin partial resistance in Africa. Molecular analysis

of Prkelch13 R561H mutant samples observed in our study support the previous
observation of an independent evolution in Rwanda. There was no evidence of partner
drug (lumefantrine) resistance, which is consistent with the more than 90% efficacy of
artemether—lumefantrine observed.

Implications of all the available evidence

Emergence of artemisinin partial resistance in Africa is a warning signal that the

efficacy of ACTs could become compromised should resistance to the partner drug
emerge. These results highlight the importance of additional TESs to confirm the current
findings and collect additional evidence for the presence of delayed parasite clearance by
more frequent monitoring (every 8 h) of parasitaemia within the first 3 days following
treatment. Additional molecular surveillance in different parts of the country and in

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.
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bordering countries will help monitor the extent of spread of the mutant parasites

to inform public health actions to mitigate the spread of this mutation. Periodic high-
quality TESs are required to detect changes in the sensitivity of parasites to artemether—
lumefantrine, which could affect national malaria treatment policy.
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F_igure 1: Study sites and prevalence of Pfkelch13 mutations in pre-treatment samples by study
site

This study was done in three Rwandan health centres: Rukara (Kayonza Distric), Masaka
(Kicukiro District) and Bugarama (Rusizi District). The prevalence of the Prkelch13 R561H
mutation was found in ten (20%) of 51 samples in Masaka, and eight (22%) of 82 in
Rukara; that of the P574L marker was two (1%) of 82 samples in Rukara. Prevalence of

the candidate artemisinin partial resistance markers was one (2%) of 51 samples in Masaka,
three (4%) of 82 samples in Rukara, and one (1%) of 85 samples in Bugarama.

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Uwimana et al.

Page 16

1-0

0-8+

2 06-
o}
B
o
3
L 04
0-2
~®- Masaka wildtype —@- Rukara wildtype
—-@- Masaka (R561H) -@- Rukara (R561H)
0 T T T T T 1
-319 -6-3 =3:7 -0-15 34 86 72:0

Loci flanking Pfkelch13 gene

Figure 2: Reduced heterozygosity on the sampled loci around the pfk13 gene in R561H isolates
A total of 33 R561H mutations(nine from Masaka and 24 from Rukara) and 49 wildtype

isolates (24 from Masaka and 25 Rukara) are shown (samples with mixed infections

or missing data at any loci were excluded). We observed distinct haplotypes with the
R561H mutation(compared with the wildtype (blue and green lines), with a reduction in
the heterozygosity in those with the R561H mutation. The heterozygosity of the wildtype
genotypes was significantly different and higher than the one observed in the sympatric
R561H mutant haplotypes in the two populations.

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



Page 17

Uwimana et al.

“JUBWILA.) [eLie|eWIIUE [eUOIIPPE PaAIBda) A3} asneaaq 9—1 sAep Usamiag papnjoxe swuaiied asiy L
*

"asuodsal [ea1Bojoisesed pue [eaiulfo a1enbape=ydOV ‘Palels asIMIBYI0 SSajun (AS) Ueslu ale elep soMsLIsloeIeyd auljaseg

(%2) ¥ (%0) 0 (%) z (%2) z dn-moj|oj 01350] Jo _ papnfox3
(%¢8) 28T (%¥8) L (%z6) 8v (%¥2) 59 ddov
(%Ty) 21 (%09) 9 (%0) 0 (%S¢€) 9 8z-Tz skea
(%2s) ST (%er) S (%0) 0 (%6S) 0T T¢-GT shea

(%) 2 (%8) T (%0) 0 (%69) T ¥1-8 sheQ

(%0) 0 (%0) 0 (%0) 0 (%0) 0 1-v ske@
(%82) 62 (9698) 2T (%0) 0 (%18) LT uonoajuIey

(%eT) T (%0) 0 (9609) T (960) 0 8¢—¢z shea
(%88) £ (%00T) 2 (%609) T (%00T) ¥ T2-GT skea
(%0) 0 (%0) 0 (%0) 0 (960) 0 ¥1-8 sheQ
(%z2) 8 (%¥T) ¢ (%00T1) 2 (%6T) ¥ 30UB2S9PNIIY
(%91) € (%97) ¥1 (%) ¢ (%t2) T2 SUOIOBJUI JUBLINIRY
(%0) 0 (%0) 0 (%0) 0 (%60) 0 ain|rey wawyean e

S9W091N0 Juswiyeal |

(0z6 66-080T) 092 27 (08 86-080T) 00T 6€  (00Z 66—09TT) Ovy Tv (026 66-02TT) 09G v¥  (sBues) ueipsw Juswijoius e |1 Jad ssusered ‘Aususp sisered

(T'T1) 206 (TT1) 6°€6 (e'1T) 926 (2'6) 598 wo WbiaH

(s eert (o) eetT (52) 8€T (92 et B ‘Wbram
(%19) 211 (%€s) v (9%99) 62 (%L9) Tv (%) srewsd
(%6v) TTT (%Lv) TY (%vv) €2 (%€S) Ly (%) areN

lapus9

T1T1e (0T ze (TmTe (T16C s1eak ‘oby

822 88 ras 88 u ‘pajjoiug

sonsLIvoRIRYD BUljaseg

leroL ewreaebng eyese| eaNY

SBLL02IN0 JUBLLILAI] JO UOIRIYISSe|d pue siuedidned Jo SoNsIIgIoRIRYD auljaseq

‘T algeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



Page 18

Uwimana et al.

Author Manuscript

‘gz Aep 1e dn-mojjo} woly ereq

(00T-T6) %2 L6
(00T-88) % 026
(86-58) %86

(16-S2) %T¥8
(00T-98) %6096
(¥8-59) %9-GL

(00T-T6) %9:.6
(00T-€6) %06
(00T-06) %Sv6

(26-LL) %T¥8
(001-T6) %096
(58-89) %9-GL

(gg=u) eweltebng
(¢g=u) exesen
(88=u) eaB3NY

(1D 9%G6) Pa1981109-40d (1D %S6) P810a4400uUN

(1D 9%G6) Pa1031100-40d (1D %S6) Pe1da1I00UN

1000101d Jad

ToIBIN-UR|dey)

Aoeolysa auLUBRIBWIN|—IBYIBLWSLE JO S81eWISe |000104d-1ad pue JaIa|N-Uejdes| Pa108iI0d-HDd pue palodsiiooun

‘¢ dlgeL

Author Manuscript

Author Manuscript

Author Manuscript

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



Page 19

Uwimana et al.

Author Manuscript

ET Yoyay wriediofe) Wiipousseld =S Ty *(%) U a1 ereq

(%600T1) S8 (%00) 0 (960:0) 0 (%0:0) 0  (g8=u) ewesebng
(%5-92) 6€ (%82) ¥ (%6°€) 2 (%811) 9 (Tg=u) exesen
(96569) LG (%6°ST) €T (%65°8) £ (%19) § (z8=u) esexny

adA1p|IMm T9GY  uonelInw HT9S  adAIppm T9SH  uoneInw HI9S

anITebaU elleelIseled ¢ Aeq annisod eiwselsered ¢ Aeq

salls Apnls 81y 8y Ul sa1e|osI Juaweal-aid Ul uoneINw HT9GY ETYI/aXid pue elwselsesed ¢ Aep 10 adusjenald

‘€ 9|geL

Author Manuscript Author Manuscript Author Manuscript

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



Page 20

Uwimana et al.

Author Manuscript

"pUB|IeY L WOJ S80Sl HT9GY BY3 Ul PaAISSAO dJam
sadAo]dey Jualayip ‘1SenU0D A "epuRMY WO Sare|osl sy ul sadAjojdey Jefiwis us) pamoys SISAJeue SIUL ‘ETYIaYd dy) Buipunolins salljja1esololw Bursuely syl Jo ‘sired aseq ul ‘sazis ay) Juasaidal eleq

0S¢ 88¢ 0T V6T 8rT €8¢ €0z (1=u) g adKojdeH
e 882 0€T 6T 8T €82 €0¢  (1=u) ¢ adAjojdeH
0€z 882 0€T 6T 8T €82 €0z (g=u) T adAjojdeH

puejrey L
eee 29z 8T 6T 2sT 112 60¢  (1=U) 0T adAjojdeH
[AsT4 292 8¢T 6T 0ST 112 60z  (1=u) 6 adAjojdeH
zee 8¢ o0zt V6T 0ST Lle 60z (1=u) g adKojdeH
9 29z 8T 6T 2stT 112 6T¢  (1=u) L adAjojdeH
elord 292 438 6T esT Ll 60z (1=u) 9 adAjojdeH
zee 29 8c1T V6T 0ST Lle 60z (1=u) g adAojdeH
9 29z 8T 6T 2stT 1.2 60c  (1=u) ¥ adAjojdeH
elord 292 8¢T 6T 0ST 112 16T (1=u) ¢ adAjojdeH
9T 29 8c1T V6T 0ST Lle 60z (8=u) ¢ adKojdeH
9ez 92 8zt 76T 418 112 60z  (8=u) T adAiojdeH

epuemy

0z, 198 MIYE MIGT0- PILE- PIEI- O 6TE-

‘v algeL

Author Manuscript

puejreyl pue epuemy wody sadAjojdey a11]191eS0IdIW PINUIETYIINS

Author Manuscript

Author Manuscript

Lancet Infect Dis. Author manuscript; available in PMC 2023 May 23.



	Summary
	Introduction
	Methods
	Study design and participants
	Procedures
	Microscopy screening
	Treatment and clinical monitoring during follow-up
	DNA extraction and molecular analysis
	Differentiation between recrudescence and reinfection
	Pfkelch13 flanking microsatellite genotyping and genetic diversity

	Outcomes
	Data management and statistical analysis
	Role of the funding source

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

