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Abstract

BACKGROUND—Partial resistance of Plasmodium falciparum to the artemisinin component of
artemisinin-based combination therapies, the most important malaria drugs, emerged in Southeast
Asia and now threatens East Africa. Partial resistance, which manifests as delayed clearance

after therapy, is mediated principally by mutations in the kelch protein K13 (PfK13). Limited
longitudinal data are available on the emergence and spread of artemisinin resistance in Africa.

METHODS—We performed annual surveillance among patients who presented with
uncomplicated malaria at 10 to 16 sites across Uganda from 2016 through 2022. We sequenced the
gene encoding kelch 13 (pfk13) and analyzed relatedness using molecular methods. We assessed
malaria metrics longitudinally in eight Ugandan districts from 2014 through 2021.

RESULTS—BY 2021-2022, the prevalence of parasites with validated or candidate resistance
markers reached more than 20% in 11 of the 16 districts where surveillance was conducted. The
PfK13 469Y and 675V mutations were seen in far northern Uganda in 2016-2017 and increased
and spread thereafter, reaching a combined prevalence of 10 to 54% across much of northern
Uganda, with spread to other regions. The 469F mutation reached a prevalence of 38 to 40%

in one district in southwestern Uganda in 2021-2022. The 561H mutation, previously described
in Rwanda, was first seen in southwestern Uganda in 2021, reaching a prevalence of 23% by
2022. The 441L mutation reached a prevalence of 12 to 23% in three districts in western Uganda
in 2022. Genetic analysis indicated local emergence of mutant parasites independent of those in
Southeast Asia. The emergence of resistance was observed predominantly in areas where effective
malaria control had been discontinued or transmission was unstable.

CONCLUSIONS—Data from Uganda showed the emergence of partial resistance to artemisinins
in multiple geographic locations, with increasing prevalence and regional spread over time.
(Funded by the National Institutes of Health.)

Malaria, which is caused primarily by Plasmodium falciparum, remains a substantial health
challenge, particularly in Africa, where approximately 95% of malaria cases and deaths
occur.} Malaria control focuses on the use of long-lasting, insecticide-treated bed nets

and indoor residual spraying of insecticides to limit mosquito vectors and on the use

of efficacious drugs to treat and prevent malaria. Resistance to older drugs limited the
efficacy of malaria treatment in Africa, where chloroquine resistance probably contributed to
millions of excess malaria deaths.? Early this century, treatment shifted to artemisinin-based
combination therapy that was designed to limit drug resistance with a rapidly effective,

but short-acting, artemisinin component combined with a long-acting partner drug. By
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2005, artemisinin-based combinations, primarily artemether—lumefantrine and artesunate—
amodiaquine, were standard therapy for uncomplicated malaria across Africa.

Partial resistance to artemisinins, which manifests clinically as delayed parasite clearance
after treatment with artemisinins® and in vitro as enhanced parasite survival after exposure
to an artemisinin pulse,® was previously reported in Southeast Asia.>8 The primary mediator
was mutations in the kelch protein (PfK13) propeller domain,’ with secondary determinants
mediating specific levels of resistance and fitness.® Partial resistance to artemisinins is

of particular importance when it is accompanied by resistance to partner drugs; this
combined resistance led to decreased efficacies of artemisinin-based combination therapies
in Southeast Asia.®19 Among the many PfK13 mutations identified in 2 falciparum,
approximately 20 have been associated with partial resistance.! These mutations have been
reported at low prevalence in some regions outside Southeast Asia, including in Guyana,
Papua New Guinea, and India, but to date these appear to have been sporadic outbreaks
without stable PfK13 mutation prevalence or verified resistance.1?

Of greatest concern has been the emergence and spread of partial resistance to artemisinins
in Africa, where the effects are expected to be profound. In older studies, PfK13

mutations were seen in African parasites at low prevalence, but with few exceptions these
were not validated resistance mediators.*13 In East Africa, resistance-mediating PfK13
mutations'4-16 and in vitro enhanced survival of parasites after artemisinin exposurel”
were very uncommon,16 but this resistance status changed recently. In Rwanda, the PfK13
561H mutation, a validated resistance mediator, was first seen in 2014, had a prevalence of
approximately 20% among isolates obtained from two sites in 2018, and was associated with
clinical delayed parasite clearance.1®-20 In Uganda, a single isolate with the 675V mutation
and enhanced survival of the parasites after in vitro artemisinin exposure was identified in
2016.21 Subsequently, the 469Y and 675V mutations were seen at increasing prevalence in
northern Uganda,22-23 where they were associated with partial resistance clinically and in
vitro.24.25

Resistance to antimalarials has typically emerged in regions in which the intensity of malaria
transmission has been relatively low, facilitated by low population immunity (allowing
relatively unfit resistant parasites to spread) and low complexity of infection (limiting
within-host competition between parasites).26 It is of interest to determine why partial
resistance to artemisinins emerged in historically high-transmission regions of Uganda.

To better characterize the extent of resistance and explore reasons for selection, we
characterized parasite genotypes and assessed malaria metrics over the period in which
resistance emerged and spread in Uganda.

METHODS
GENETIC SURVEILLANCE OF P. FALCIPARUM IN UGANDA

At multiple sites (10 sites from 2016 through 2017 and 16 sites from 2018 through 2022),
we sequenced prfk13in 50 isolates (2016-2019) or 100 isolates (2020-2022) annually

from symptomatic persons who presented with uncomplicated malaria at malaria reference
centers around Uganda (Fig. 1 and Table S1 in the Supplementary Appendix, available with
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the full text of this article at NEJM.org). Symptomatic persons were selected according to
convenience at each reference center at approximately the same time of year. Results from
analyses of a subset of these isolates obtained from 2017 through 2019 were published
previously.22:23

For our analyses, we used dideoxy sequencing and molecular inversion probe technology, as
previously described.23 For all analyses, mixed genotypes at any locus were categorized as
mutant. These studies and assessments of malaria metrics were approved by the Makerere
University Research and Ethics Committee, the Uganda National Council for Science and
Technology, and the University of California, San Francisco, Human Research Protection
Program.

PHYLOGENETIC ANALYSIS OF ISOLATES WITH PARTIAL RESISTANCE MARKERS

To assess the origins of mutant parasites, we genotyped seven microsatellites flanking pfk13
(Table S2) in parasites collected in Uganda from 2017 through 2021, removed samples
missing more than one genotype or with multiple genotypes at any locus, and generated a
neighborjoining tree with the use of R software, version 4.2.2.27 We also assessed phylogeny
using genotypes of mutant parasites from Uganda (collected in 2020) and Southeast Asia
(from the Malaria-GEN Pf6K repository, collected in 2008-2013).28 Parasites from Uganda
were genotyped according to single-nucleotide polymorphisms that were distributed across
the genome.29 Equivalent variant sites were extracted from Pf6K whole genomes after
variant calling. After we filtered data for missingness and coverage, a cladogram was created
with the use of R software. Details of our analytic methods are provided in Section S1 in the
Supplementary Appendix.

EVALUATION OF MALARIA METRICS AT SITES ACROSS UGANDA

Enhanced malaria surveillance was established in 2006, and in 2014 it was extended to

all sites described in this article.30 All outpatients who presented to malaria reference
centers with suspected malaria underwent laboratory testing by means of rapid diagnostic
test or microscopy. To evaluate the incidence of malaria, we considered monthly laboratory-
confirmed cases and test positivity (the percentage of patients tested who had a positive
malaria test) obtained from malaria reference centers. Because immunity wanes and the
median age at presentation increases with effective control and decreased force of infection,
we considered the median age of persons who presented with malaria in order to evaluate
antimalarial immunity in the population.3!

STATISTICAL ANALYSIS

Analysis of 50 samples per site provided the study with 92% power and 100 samples per
site provided 99% power to detect a mutation at 5% prevalence and a 95% confidence
level. Statistical analyses were performed with the use of StataSE software, version 14
(StataCorp). The prevalences of mutations were compared with the use of the two-sided
Fisher’s exact test and assessed longitudinally with the use of the chi-square test of trend,
implemented with the use of the ptrend command. A P value of less than 0.05 was
considered to indicate statistical significance.

N Engl J Med. Author manuscript; available in PMC 2024 February 24.
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STUDY SITES

We obtained isolates from patients presenting with uncomplicated malaria beginning in
2016; malaria metric data (monthly number of malaria cases, test positivity, and median age
at time of presentation with malaria) were from a subset of sites with enhanced surveillance
data available since 2014 (Fig. 1). Bed nets were distributed in 2013-2014, 2017-2018, and
2020-2021 at all study sites. Indoor residual spraying, a highly effective control measure
that is limited in scope because of cost, was implemented selectively, with districts receiving
one of the following: twice-yearly indoor residual spraying (as part of a national campaign)
with the carbamate compound bendiocarb from 2010 through 2014 plus a single round of
the organophosphate pirimiphos-methyl in 2017, four rounds of indoor residual spraying
with pirimiphos-methyl in the context of a research study every 8 months from 2016 through
2018, once- or twice-yearly indoor residual spraying starting in 2015 (bendiocarb, primarily
in 2015, then pirimiphos-methyl from 2016 through 2019 and clothianidin or clothianidin—
deltamethrin in 2020), or no indoor residual spraying (Fig. 1).30:32

PREVALENCE OF RESISTANCE-ASSOCIATED MUTATIONS

Analysis of the oldest available samples identified modest prevalence of the PfK13 469Y
and 675V mutations in 2016, particularly in Lamwo District in far north-central Uganda
(Fig. 2 and Table S3). Since 2019, these two mutations were maintained at a combined
prevalence greater than 10% in five northern districts (Agago, Kaabong, Katakwi, Koboko,
and Lamwo), with the prevalence of each of the individual mutations increasing over time
(test of trend, P<0.05) at four of the five sites. A different mutation at the 469 codon, 469F,
was seen in Rukiga District in southwestern Uganda in 2016 and reached high prevalence in
2021 (40%) and 2022 (38%); a lower incidence of malaria at this site in 2017-2018 yielded
few samples for study. The 561H mutation, which had reached a high prevalence in Rwanda,
was first detected in 2021 in Rukiga District at a prevalence of 16%, increasing to 23%

in 2022. The P441L mutation, at the upstream boundary of the propeller domain, reached

a prevalence of 12 to 23% at three sites in western Uganda in 2021-2022. The five noted
PfK13 mutations also occurred sporadically in other regions — for example, in Mubende
(469F in 2018, 469Y in 2020, and 675V in 2020 and 2022) — but emergence was followed
by stable high prevalence only in northern Uganda (469Y and 675V) and southwestern
Uganda (469F, 561H, and 441L).

Additional PfK13 propeller domain mutations that are not candidate or validated resistance
mediators were seen, mostly at a prevalence of less than 10%, with some clusters
suggesting local emergence and spread (Table S4). Mutations outside the propeller domain
were common (Table S5). Overall, multiple PfK13 mutations, including five candidate or
validated resistance markers, have shown increased prevalence and spread over time.

RELATEDNESS OF ISOLATES WITH PARTIAL-RESISTANCE MARKERS

We explored the relatedness of mutant parasites using two methods. First, we characterized
microsatellites flanking pfk13in parasites from Uganda. Mutant parasites showed distinct
haplotypes associated with each mutation, a finding consistent with singular origins (Fig.
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3A and Table S6). The less-defined clustering of 675V parasites probably represents a more
distant origin, but multiple origins cannot be ruled out.

Second, we characterized polymorphisms across the P, falciparum genome in parasites
from Uganda and Southeast Asia (Fig. 3B). The mutant parasites from Uganda were
phylogenetically distant from parasites from Southeast Asia with the 675V mutation
(parasites from Asia with other relevant mutations were not available), consistent with local
emergence and spread within Uganda. The studied mutations in parasites from Uganda did
not segregate in distinct genomic clusters, a finding that suggests that none were limited to
a particular parasite background, and we found extensive recombination after emergence in
these parasites as compared with mutations in parasites from Southeast Asia, where clonal
transmission with fixed parasite backgrounds was generally observed.33

MALARIA METRICS AT SITES ACROSS UGANDA

To gain insight into factors that might facilitate resistance selection, we examined monthly
malaria burden, measured as case counts and test positivity, at the eight malaria reference
centers from which genomic data were also available from 2014 through 2021, capturing

the interval during which partial resistance to artemisinins emerged in northern Uganda (Fig.
4 and Figs. S1, S2, and S3). Patterns of malaria incidence were strongly associated with

the use of indoor residual spraying, a highly effective control measure when carbamate or
organophosphate insecticides are used.30

The incidence was cyclic at many sites, probably affected by seasonal rainfall, but patterns
that were associated with indoor residual spraying interventions were clearly discernible.
Districts with regular indoor residual spraying from 2010 through 2014 and one additional
round in 2017 had relatively low case counts and test positivity after a sustained period

of spraying,3%:34 with marked increases within approximately 4 to 8 months after indoor
residual spraying ceased (Fig. 4A). Increased incidence was necessarily accompanied

by more frequent treatment, primarily with artemether—lumefantrine, and thus increased
selective pressure for drug resistance.3® Districts that had indoor residual spraying that
began in 2015 had marked decreases in case counts and test positivity after implementation
until a change to different insecticides for spraying and a marked increase in malaria
incidence in 2020 (Fig. 4B). Districts with no history of indoor residual spraying, including
sites with diverse malaria epidemiologic profiles, had varied case counts and test positivity
over time, including transient seasonal increases in both (Fig. 4C).

We used the median age of patients at the time of presentation with malaria as a surrogate
for antimalarial immunity, because as immunity decreases with effective control, the disease
burden shifts to older persons.3! This analysis generally showed increased median age
(indicating decreased immunity) during periods of malaria control, such that populations in
northern Uganda had relatively low immunity at the time of cessation of indoor residual
spraying and subsequent surges in malaria incidence (Fig. S1, S2, and S3). It is noteworthy
that selection of PfK13 mutations occurred primarily in regions in which malaria-control
measures were discontinued (i.e., northern Uganda) or where malaria transmission was
unstable (i.e., southwestern Uganda).

N Engl J Med. Author manuscript; available in PMC 2024 February 24.
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DISCUSSION

The emergence of partial resistance to artemisinins in £ falciparum in East Africa is a
serious challenge to the control of malaria. We examined the emergence and spread of five
different resistance-mediating PfK13 mutations in Uganda since 2016. By 2021-2022, the
prevalence of parasites with candidate or validated resistance markers exceeded 20% in 11
of the 16 districts where surveillance was conducted, with foci of more than 50% prevalence
in both northern and southwestern Uganda. The full clinical consequences of these genetic
changes are not yet known, but experience from Southeast Asia indicates that treatment

of malaria may be compromised by the identified mutations. Improved characterization of
the emergence and spread of artemisinin resistance and of factors that facilitate spread will
assist policymakers in developing strategies to limit the spread and consequences of drug
resistance.

Our findings with regard to the emergence of partial resistance to artemisinins in northern
Uganda are notable in one important respect. Resistance to antimalarial drugs has typically
first emerged in regions of relatively low malaria-transmission intensity. This scenario

was seen with the emergence of resistance to chloroquine, antifolates, mefloquine, and
artemisinins, which in each case was first observed in Southeast Asia (and for chloroquine,
independently in South America). Emergence was followed by the spread of chloroquine
resistance from Asia to Africa3® and selective sweeps of antifolate resistance in Africa.3’
Our data, along with previous data from Rwandal8-1? and Uganda,?* indicate multiple
independent emergences of PfK13 mutations in these regions of relatively high malaria
burden, rather than the spread of resistant lineages from Asia.

Why has artemisinin resistance emerged and spread in northern Uganda, a region that
historically has had a high incidence of malaria? We hypothesize that emergence and
spread have been facilitated by events that have led to high malaria-transmission intensity
in populations with relatively low malaria immunity. Key features of malaria control in
Uganda have included the provision of effective antimalarial therapy with artemisinin-based
combinations, national distributions of bed nets, and indoor residual spraying, which is
the most effective vector-control intervention but one that has been limited in scope by
its high cost. Indoor residual spraying with highly effective insecticides was used in 10
northern districts from 2010 through 2014 and was accompanied by sustained decreases
in malaria-test positivity and parasite prevalence.34:38 The subsequent discontinuation of
indoor residual spraying in 2014 was associated with the incidence of malaria increasing
by a factor of five within 10 months, and a malaria epidemic was declared by the Uganda
Ministry of Health in June 2015.30.39

In the four studied districts where cessation of indoor residual spraying was followed by
resurgent malaria (Agago, Kole, and Lamwo, where indoor residual spraying was stopped
in 2014, and Katakwi, a northern district that underwent four rounds of indoor residual
spraying from 2016 through 2018 in the context of a research study),*! the prevalence of
any of the five PfK13 mutations increased from 8.0% in 2016 to 32.0% in 2022 (Table S7).
The prevalence of these mutations in these districts was significantly higher than in districts
where there was sustained indoor residual spraying since 2015 (difference in prevalence,

N Engl J Med. Author manuscript; available in PMC 2024 February 24.
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36.0 percentage points for 2020 and 24.1 percentage points for 2021) or at sites without
indoor residual spraying (difference in prevalence, 25.2, 14.8, and 11.3 percentage points
for 2020, 2021, and 2022, respectively) for nearly all the years studied. More recently,

the prevalence of the 469Y and 675V mutations has stabilized in northern Uganda but
increased in other regions, which suggests a transition to stable prevalence across much of
the country. Rukiga, in southwestern Uganda, has had emergences of 469F (an apparent
independent emergence) and 561H (most likely spread from Rwanda), probably facilitated
by unstable malaria transmission in that district. Finally, the 441L mutation, which is a
candidate resistance mediator, has recently emerged in western Uganda.

Resistance selection in Uganda may also have been furthered by the use of artemisinin
monotherapy, with the artemisinin component unprotected by a long-acting partner drug.
The use of artemisinin monotherapy to treat uncomplicated malaria has been discouraged,
but the practice persists. In Nigeria, oral artemisinin monotherapies made up 2.5% of

the market share among studied drug outlets in 2015.4C The use of intravenous or rectal
artesunate for severe malaria should be followed by a full course of an artemisinin-based
combination,*2 but follow-up therapy may be omitted. In addition, the use of parenteral
drugs, including intravenous artesunate, to treat uncomplicated malaria, although not
recommended, is a well-known practice that increases the potential for selection of resistant
parasites.*3

Our study had important limitations. The numbers of samples collected per site per year
were small, which limited the precision of prevalence estimates. Assessments of associations
between ecologic factors and drug-resistance markers relied on data collected for different
purposes and did not cover all sites that were studied for drug resistance. Metrics for

malaria incidence (monthly case counts and test positivity) and immunity (median age at
presentation with malaria) were necessarily imprecise, but exact measures were challenging
to obtain and were beyond the capacity of our surveillance network. Overall, our proposal
that the establishment of resistance genotypes was facilitated by a high incidence of malaria
after periods of low incidence in northern Uganda should be considered a hypothesis in need
of additional testing.

Our results show worrisome, sustained prevalence in Uganda of 2. falciparum with
artemisinin-resistance—mediating PfK13 mutations. The 469Y and 675V mutations are
extending their range, and three other mutations, 469F, 561H, and 441L have emerged

in western Uganda. Resistance selection is possible under many scenarios, but our results
suggest that in a population with a low level of immunity to malaria (owing to a sustained
low burden of disease), a malaria epidemic increased the likelihood of resistance selection.
In northern Uganda, this scenario occurred after the withdrawal of effective malaria control.

The epidemiology of malaria in Africa is highly varied, with many regions having major
fluctuations in disease incidence, as seen in Uganda. Hence, there is concern about multiple
additional emergences of partial resistance to artemisinins. Further study is needed to
determine whether efforts to blunt malaria epidemics, including the maintenance of effective
malaria control interventions and prompt attention to regions with increasing incidence, may
decrease the emergence and spread of antimalarial drug resistance in Africa.
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A Prevalence of Genotypes in Study Districts
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Figure 2. Prevalence of Indicated PfK 13 Mutationsin Studied Ugandan Districts.
In Panel B, a horizontal dash along the x axis indicates no prevalence, and no dash means no

samples were obtained in that year.
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Figure 3. Phylogenetic Relatedness of Parasites from Uganda.
Dendrograms show the relatedness of parasites from Uganda with the indicated PfK13

mutations, wild-type parasites, and parasites containing other PfK13 mutations (other)
according to the characterization of seven microsatellite loci flanking PfK13 (Panel A)
and the relatedness of mutant isolates from Uganda and Southeast Asia according to
polymorphic loci distributed across the genome (Panel B).
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A Indoor Residual Spraying of Insecticides, 2010-2014 and 2017
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Malaria incidence and mutation prevalence are shown for sites that received indoor residual
spraying of insecticides. The metrics shown were assessed monthly and are displayed with

locally weighted scatterplot smoothing. Arrows indicate times of insecticide application;
the darkest arrows indicate an apparently ineffective insecticide (clothiandin—deltamethrin).

Histogram bars indicate the prevalence of PfK13 mutations. A haorizontal dash along the x

Figure 4. Relationship between Malaria Metrics and Prevalence of PfK 13 M utations.

axis indicates sample collection occurred but no mutations were detected. Other metrics of
malaria (test positivity and median age of presentation with malaria) are shown in Figures

S1, S2, and S3.
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