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Summary
Background Artemisinins (ART) are the key component of the frontline antimalarial treatment, but their impact on
Plasmodium falciparum sexual conversion rates in natural malaria infections remains unknown. This is an important
knowledge gap because sexual conversion rates determine the relative parasite investment between maintaining
infection in the same human host and transmission to mosquitoes.

Methods The primary outcome of this study was to assess the impact of ART-based treatment on sexual conversion
rates by comparing the relative transcript levels of pfap2-g and other sexual ring biomarkers (SRBs) before and after
treatment. We analysed samples from previously existing cohorts in Vietnam, Burkina Faso and Mozambique (in
total, n=109) collected before treatment and at 12 h intervals after treatment. As a secondary objective, we investi-
gated factors that may influence the effect of treatment on sexual conversion rates.

Findings In the majority of infections from the African cohorts, but not from Vietnam, we observed increased
expression of pfap2-g and other SRBs after treatment. Estimated parasite age at the time of treatment was negatively
correlated with the increase in pfap2-g transcript levels, suggesting that younger parasites are less susceptible to stim-
ulation of sexual conversion.

Interpretation We observed enhanced expression of SRBs after ART-based treatment in many patients, which sug-
gests that in natural malaria infections sexual conversion rates can be altered by treatment. ART-based treatment
reduces the potential of a treated individual to transmit the disease, but we hypothesise that under some circumstan-
ces this reduction may be attenuated by ART-enhanced sexual conversion.
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Research in context

Evidence before this study

All clinical symptoms of malaria are produced by asex-
ual parasite replication in the human blood. However,
at each cycle of replication, a small fraction of the para-
sites converts into sexual forms termed gametocytes,
which are the only parasite stages that can infect a mos-
quito vector. The conditions of the environment can
modulate the proportion of parasites that convert into
sexual forms, probably as a parasite response to stress
conditions. In recent years, impressive research progress
has started to unravel the molecular mechanisms driv-
ing sexual conversion in P. falciparum, and has identified
several conditions that enhance sexual conversion rates
under culture conditions. However, the regulation of
sexual conversion rates in natural human P. falciparum
infections is less well understood. We recently demon-
strated that, in vitro, the antimalarial drug artemisinin
(ART) can enhance P. falciparum sexual conversion rates
in a dose and stage-dependent manner, but the impact
of ART on sexual conversion in natural human infections
is unknown.

Added value of this study

Determining the effect of ART on sexual conversion
rates in natural malaria infections poses important chal-
lenges, because it requires disentangling the effect of
the drug on sexual conversion rates from its effect on
sexual and asexual parasite viability. To overcome these
difficulties, we used recently described very early
molecular markers of sexual conversion and frequent
sampling after treatment. With this approach, we could
measure the direct impact of ART-based treatment on
P. falciparum sexual conversion rates in natural infec-
tions. We analysed samples collected in three previously
existing, independent cohorts from Vietnam, Burkina
Faso and Mozambique. We found that ART-based treat-
ment generally resulted in an increase in sexual conver-
sion rates in the Mozambique cohort and to a lesser
extent in the Burkina Faso cohort, but not in the Viet-
nam cohort. This indicates that the effect of ART-based
treatment on sexual conversion rates is not always the
same. Because multiple host, parasite and treatment
conditions differed between cohorts, we could not dis-
entangle which specific factor was responsible for the
differences between cohorts. However, the analysis of
variability within individual cohorts identified ART-resis-
tance status and parasite age at the time of treatment
as factors that may influence the effect of treatment on
sexual conversion rates.

Implications of all the available evidence

These results suggest that ART-based treatment can
result in enhanced sexual conversion in vivo. The net
effect of ART-based treatment on transmission is usually
a reduced transmission potential, because ART is highly
effective in killing asexual parasites, which are the
source of new gametocytes, and directly eliminates

some gametocytes. However, under some circumstan-
ces, an ART-induced increase in sexual conversion rates
may attenuate the net reduction in the potential of an
infected individual to transmit the disease after treat-
ment. This may be especially relevant in individuals
receiving suboptimal treatment. In addition, our find-
ings demonstrate the feasibility of using early sexual
biomarkers to assess how the conditions of the human
host environment impact sexual conversion rates in
vivo.
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Introduction
The malaria parasite P. falciparum causes over half a
million deaths per year, mainly in young children
from low- and middle-income countries.1 Malaria dis-
ease results from repeated cycles of intraerythrocytic
asexual replication, which involves circulating ring
stages and tissue-sequestered mature trophozoites
and schizonts. At each asexual replicative cycle, a
minority of the parasites convert into non-replicating
sexual forms (gametocytes), which are essential for
the continuation of the parasite’s natural life cycle by
allowing transmission from humans to anopheline
mosquito vectors.2,3

The sexual conversion rate is defined as the propor-
tion of parasites that convert into sexual forms at a given
cycle of intraerythrocytic replication. The basal level of
sexual conversion involves spontaneous commitment to
sexual development of a small fraction of the parasites
(typically »1%),4,5 which secures constant transmissibil-
ity of the infections. However, the conditions of the
environment can enhance sexual conversion rates, pos-
sibly as an adaptive response to stress conditions.2,6�11

Parasite commitment to sexual development depends
on the transcription factor PfAP2-G, which is the mas-
ter regulator of the process.12�16 In asexually growing
parasites, the pfap2-g gene is silenced by epigenetic
mechanisms. A transition from a transcriptionally
repressive to a permissive chromatin state at this locus
results in expression of the gene and sexual
commitment.12,17 This transition is triggered by the par-
asite protein gametocyte development 1 (GDV1).18 After
sexual commitment, PfAP2-G progressively activates a
new transcriptional program12,14�16 and parasites differ-
entiate into sexual forms either directly or after an addi-
tional cycle of replication.19 The first stage of sexual
development is the sexual ring stage, which recent work
has shown to be present in the circulation.20�23 Sexual
rings develop into gametocyte stages I to V in a process
that lasts »10 days and occurs away from the blood cir-
culation because maturing gametocytes are sequestered
in tissues such as the bone marrow.24 Once mature,
male and female stage V gametocytes are released back
into the peripheral blood, where they can be ingested
during a mosquito bloodmeal.
www.thelancet.com Vol 83 Month , 2022
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The density of circulating stage V gametocytes is pos-
itively associated with the potential of a malaria patient
to infect mosquitoes.25�29 However, P. falciparum
mature stage V gametocytes reflect sexual conversion
events that occurred »10 days earlier. Sexual rings,
which are formed within hours after sexual commit-
ment, are the only immature sexual stage present in the
circulation,20�23 but they are morphologically indistin-
guishable from asexual rings. Therefore, molecular
markers for sexual rings are essential to immediately
assess the effect of host conditions on sexual conversion
rates. Currently, pfap2-g and two recently described new
markers, surfin13.1 and surfin1.2,23 are the only known
molecular markers for very young sexual rings. All of
these genes show increased expression already during
the sexual commitment cycle that precedes the sexual
ring stage.12,15 Older sexual rings express a small num-
ber of additional markers, including the well-established
gexp02, gexp5, pfg14-744 and pfs16markers.14,15,19,30�32

Artemisinin and derivatives (hereafter referred to as
ART) are extremely potent antimalarial drugs. ART-
based combination therapies (ACTs), consisting of
ART, which have a very short plasma half-life (» 1 h),
plus a partner drug with a longer half-life, are the front-
line treatment against P. falciparum infection
globally.33,34 However, the efficacy of ART against P. fal-
ciparum is threatened by the emergence of parasite
resistance, which currently manifests in the form of
delayed parasite clearance and is defined as the presence
of microscopy-detectable asexual parasites on day 3 after
adequate treatment. Resistance is associated with non-
synonymous mutations in the gene encoding the P. fal-
ciparum Kelch domain protein on chromosome 13
(K13).35�37 ART resistance first emerged in Cambodia
and has rapidly spread throughout Southeast Asia,
which together with resistance to the partner drugs, has
resulted in numerous cases of overt treatment fail-
ure.38�44 The eventual spread of ART resistance across
high-transmission areas in Africa42,45,46 poses a major
threat for malaria control globally.

In addition to their use to treat malaria disease,
ACTs are being employed in mass drug administration
campaigns aimed at interrupting transmission to elimi-
nate malaria.47�49 ACTs were selected for this goal
because of their high efficacy against asexual stages33,34

and partial efficacy against gametocytes. While treat-
ment with drugs such as chloroquine or sulfadoxine-
pyrimethamine results in an apparent increase in circu-
lating gametocytes, treatment with ACTs typically
reduces gametocyte density and infectiousness to
mosquitoes.10,50�56 However, circulating gametocytes
are not fully eliminated, and patients treated with ACTs
can remain infectious to mosquitos for several days,
contributing to malaria transmission.57�60 Observa-
tions of changes in gametocyte carriage soon after anti-
malarial treatment do not inform on how the drug
affects sexual conversion rates, but rather reflect the
www.thelancet.com Vol 83 Month , 2022
ability of the drug to kill immature and mature gameto-
cytes, or to induce the release of gametocytes seques-
tered in the bone marrow.10,61�63

The effect of antimalarial drugs on sexual conversion
rates has been directly addressed using in vitro parasite
cultures64�67 or rodent malaria models,68�70 but the
results were often discordant between studies. This may
be explained by a complex parasite response to antima-
larial drugs that depends on multiple factors that dif-
fered between specific studies. In a recent carefully
conducted study in which parasites were exposed to dif-
ferent drugs for the duration of a full asexual replication
cycle (48 h), no effect of ART or the majority of other
drugs tested on sexual conversion rates was observed.11

However, the long exposure time implied that even very
low ART concentrations resulted in high parasite mor-
tality. We recently measured the impact of chloroquine
and dihydroartemisinin (DHA), the active metabolite of
all ARTs, on P. falciparum sexual conversion. We used
gametocyte-reporter lines that enable quantification of
very early sexual forms30 and a new in vitro assay with a
short drug pulse (3 h) to measure the effect of the drugs
on sexual conversion independently from their gameto-
cytocidal activity.71 Indeed, we found that the effect of
the drugs on sexual conversion rates depends on multi-
ple factors, including parasite stage at the time of expo-
sure and drug dose. Subcurative doses of ART
administered at the trophozoite stage increased sexual
conversion rates, whereas exposure at the ring stage had
the opposite effect. Furthermore, enhanced conversion
was not observed in parasites in which sexual conver-
sion was metabolically stimulated by depletion of
choline.71

To elucidate whether ART-based treatment results in
changes in sexual conversion rates in natural infections,
it is necessary to disentangle the effect of the drugs on
sexual conversion rates from their effects on asexual
parasites (the source of new gametocytes) and on game-
tocyte viability and release from the bone marrow. This
requires the use of markers of sexual conversion with a
very early onset of expression during sexual develop-
ment that are present in sexual rings,61 and frequent
sampling after treatment. Here we investigated the tem-
poral changes in the transcript levels of pfap2-g and
other sexual ring biomarkers (SRBs) after ART-based
treatment as a proxy for changes in sexual conversion
rates. We used samples collected as part of three previ-
ously existing independent cohorts in which blood was
obtained from malaria patients just before treatment
and then every 12 h after treatment. We also did an
exploratory analysis of factors that may influence the
impact of treatment on sexual conversion rates.
Methods
Information of reagents and tools is available in Supple-
mentary Table 1.
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Patient samples
We analysed samples collected as part of three previ-
ously existing independent longitudinal cohorts con-
ducted in Vietnam (Krong Pa District)72 (ClinicalTrials.
gov registration ID NCT02604966), Burkina Faso
(Nanoro Department) and Mozambique (Manhiça Dis-
trict) (ClinicalTrials.gov registration ID NCT02694874)
(Supplementary Figure 1). In the three cohorts, samples
were collected before treatment, at 12 h intervals after
treatment and also 7-14 days after treatment. The aim of
our study was to compare the expression of SRBs before
and after treatment, as a proxy for changes in sexual
conversion rates, and as a secondary objective to explore
factors potentially associated with the effect of treatment
on sexual conversion rates. The reason for analysing
samples from three different cohorts was to assess if the
effect of ART-based treatment on sexual conversion
rates was similar in cohorts with very different epidemi-
ological, demographical, clinical and treatment charac-
teristics, informing about the generalisability of the
findings, and to increase the total sample size. In the
three studies, informed consent was obtained before
enrolment from all participants or their parents or
guardians (<18 years old participants). The main char-
acteristics of the study cohorts, including demographi-
cal, parasitological and clinical data, is provided in
Table 1, Supplementary Dataset 1 and Supplementary
Figure 2. Publicly available previous evidence on the
effect of drug treatment on Plasmodium spp. sexual con-
version was systematically compiled by regular auto-
mated Pubmed searches before and during the study.

In the Vietnam cohort (N=57), patients with uncompli-
cated P. falciparum mono-infection attending the Chu
R’Cam, Ia R’Sai or Ia R’Suom health centres were
recruited for a two-arm randomised open-label ART effi-
cacy study between April 2015 and September 2017, as
previously described.72 Randomization, generated by the
researchers, was carried out in blocks of 10 with an alloca-
tion ratio of 1:1. Each enrolled patient chose randomly a
sealed opaque envelope which contained that patient’s
treatment group. Following randomization, only the medi-
cal doctor was aware of the treatment assignment while
both the patient and the non-medical staff (nurses, micro-
scopists, technicians) remained blinded to the treatment
allocation. Patients in arm 1 were treated with oral DHA-
piperaquine (PPQ) (Eurartesim�, 40 mg+320 mg/tablet)
using a weight-based daily dose for 3 days, whereas those
enrolled in arm 2 were treated with oral artesunate (AS)
(Co-Artesun�, 50 mg/tablet) also using a weight-based
daily dose for 3 days, followed by a standard DHA-PPQ
treatment for another 3 days. Samples were collected
before treatment and every 12 h until 84 h after treatment.
The main inclusion criteria were: at least 1 year of age, sin-
gle infection with P. falciparum as determined by light
microscopy [and later confirmed by diagnostic quantitative
PCR (qPCR)] and parasite density higher than 500 para-
sites/µL. The main exclusion criteria were severe malaria
symptoms, other diseases, taking other medication or
being unable to remain in the research site region for the
follow up period. The primary outcome of the study was
to evaluate the in vivo and ex vivo susceptibility of P. falcipa-
rum to ART monotherapy and to DHA-PPQ in Central
Vietnam.72 Studies on parasite-related factors were a sec-
ondary objective. Samples from the 34 patients with high-
est before treatment parasitaemia, irrespectively of which
study arm they belonged to (arm 1 or arm 2), were used
for the SRBs analysis presented here.

The cohort in Burkina Faso was a village-based longi-
tudinal observational study (N=870) in which the pri-
mary outcome, which has not yet been published, was to
investigate host, parasite and environmental factors asso-
ciated with gametocyte carriage. Selection of study partic-
ipants was based on the existing health demographic
surveillance system in Nanoro district. Children< 5 years
were randomly selected according to a computer-gener-
ated list. For each selected child, another participant
from the same household was considered for enrolment:
either an individual 5-19 years old or aged 20 years or
more (half of the households of each type). Analysing the
effect of standard oral artemether-lumefantrine (AL)
treatment on sexual conversion was a secondary out-
come. For this, a nested sub-cohort study (the samples
used here) was conducted in which patients enrolled in
the main cohort that attended the Nanoro hospital
(unscheduled visit) with uncomplicated P. falciparum
malaria with parasite density � 1000 parasites/µL were
recruited between September 2019 and February 2020.
Exclusion criteria were severe malaria, having received
an antimalarial drug in the last 15 days and being unable
to remain in the research site region during the follow
up period. Patients were confined in the hospital for
3 days for clinical and diagnostic assessment, and treated
with the standard oral AL (Coartem�, 20 mg / 120 mg)
twice a day for 3 days. 3 mL of venous blood were col-
lected on day 0 (before treatment) and 500 µL at 12 h, 24
h, 36 h, 48 h, 60 h, 72 h and 8-10 days after first dose of
treatment, when the patients returned to the hospital for
additional clinical examination. All patients attending the
hospital that met the inclusion criteria and were willing
to participate were enrolled in the sub-cohort until a sam-
ple size of 30 patients was reached.

In Mozambique, patients with severe P. falciparum
malaria (N=180) were recruited at the Manhiça district
hospital fromMarch 2016 to December 2019 in a hospi-
tal-based double-blind placebo-controlled Phase IIb clin-
ical trial in which rosiglitazone (insulin sensitizer drug)
was tested as an adjunctive therapy for children with
severe malaria. The Phase IIa clinical trial has been
reported elsewhere.73 In Phase IIb, with severe malaria
cases, the standard treatment regimen was parenteral
AS (Artesun�, 2.4 mg/kg) administered by intravenous
route at the time of hospital admission, 12 h and 24 h
later, and repeated every 12 hours until patients could
tolerate oral treatment, at which time a complete AL
www.thelancet.com Vol 83 Month , 2022



Vietnam Burkina Faso Mozambique

Study area Krong Pa district (Gia Lai province) Nanoro department (Boulkiemdé

province)

Manhiça district

(Maputo province)

Baseline malaria

epidemiology

- Perennial transmission (peaks

May–June and Sep.–Oct.)
- 2,191 microscopy positive cases

in Krong Pa in 2014 (1,051

P. falciparum / 1,124 P. vivax)

- Main malaria vectors: A. dirus,

A. minimus

- Perennial transmission (peak

July–Dec)
- Case incidence in 2018: 655/1,000

- Main malaria vectors: A. gambiae,

A. arabiensis, A. funestus

- Perennial transmission

(peak Nov.–April)
- Case Incidence (July 2016 to

June 2017):

186/ 1,000

- Main malaria vectors: A. funestus,

A. arabiensis

Sample size included/total

in the original study

34/57 30/35 45/180

Proportion of females 14.71% 46.66% 46.66%

Age median (quartiles) 25 (16.75-30.75) 5 (4.25-6) 4 (3-6)

Ethnicity JaRai (86.9%), Kinh (13.2%) Mossi (87.1%), Gourounsi (11.3%),

Fulani (1.3%)

Information not collected, majority

Shangaan in the region

Disease severity for

inclusion

uncomplicated malaria uncomplicated malaria severe malaria requiring

hospitalization

Other inclusion criteria P. falciparum only > 500 P/µl,

Age > 1 y

P. falciparum >1,000 P/µl P. falciparum > 2,500 P/µl,

Age > 1-12 y

Main exclusion criteria Severe malaria, underlying illness,

other medication or unable to

remain in the research site

region

Severe malaria, antimalarial drug in

the last 15 days or unable to

remain in the research site

region

Uncomplicated malaria, severe

malaria anaemia (Hb< 50g/L),

underlying illness or unable to

remain in the research site region

Treatment (arms) and

proportion of individu-

als by arm

ARM1: 58.8%, DHA-PPQ (3 days);

ARM2: 41.2%, Artesunate

(3 days) + DHA-PPQ (3 days)

AL (3 days) Parenteral artesunate (at least at

0h, 12h and 24h) + AL (3 days)

Additional drugs used none none 53.3% patients received

rosiglitazone

Dates of sample collection April 2015 – Sep. 2017 Sep. 2019 – Feb. 2020 June 2018 - May 2019

Original study design Two-arm randomized open-label

ART efficacy study [72]

(Clinical Trials.gov

ID: NCT02604966)

Nested sub-cohort study

(see Methods)

Phase IIb clinical trial

(Clinical Trials.gov

ID: NCT02694874)

Table 1: Patients sample information.
Description of the samples that were selected from the cohort studies in Vietnam, Burkina Faso and Mozambique. Sample collection dates, demographic and

inclusion criteria are for the samples included in the analysis presented in this manuscript. DHA-PPQ: dihydroartemisinin-piperaquine; AL: artemisinin-

lumefantrine.
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(Coartem�, 20 mg/120 mg) regimen was given to all
patients. In addition, a sub-group of patients received
oral rosiglitazone as an adjunct therapy, whereas the
others received placebo. Simple randomization (1:1) was
employed using a computer-generated randomization
list. Treatment allocation, to either rosiglitazone or pla-
cebo, was recorded on paper and kept in sequentially
numbered sealed opaque envelopes, which were drawn
for each randomized participant by an unblinded inves-
tigator who was not responsible for patient care, labora-
tory or data analysis. Rosiglitazone and the placebo
were packaged and labeled identically to ensure blind-
ing of both treating medical personnel and hospital
staff. All staff involved in the clinical care of the partici-
pants, laboratory analyses, and data analysis remained
blinded to treatment assignment. The primary outcome
of this Phase IIb clinical study, which has not been
www.thelancet.com Vol 83 Month , 2022
published yet, was to determine whether supplemental
rosiglitazone in addition to standard of care anti-malar-
ial treatment accelerates the rate of decline in angiopoie-
tin-2 (Ang-2) from admission levels in children with
severe malaria. Studies on parasite-related factors were
a secondary objective. The main inclusion criteria were:
1 to 12 years of age, P. falciparum positive using a rapid
diagnostic test and confirmed by microscopy with para-
site density greater than 2,500 parasites/µL, at least 1
sign of severe malaria (i.e., at least 2 episodes of general-
ised seizure within 24 h, prostration, impaired con-
sciousness or respiratory distress), and requiring
hospitalisation. Exclusion criteria were uncomplicated
malaria infection, presence of severe malaria anaemia
(Hb < 50 g/L), known underlying illness, and being
unable to remain in the research site region for the fol-
low up period. Samples were collected before treatment
5
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and every 12 h until 108 h after treatment. Samples
from all patients recruited between June 2018 and May
2019, irrespectively of which study arm they belonged
to (rosiglitazone or placebo), were used for gene expres-
sion analysis and included in our study.

The number of individuals that were selected from
each cohort for the gene expression analysis presented
here was 34 in Vietnam, 30 in Burkina Faso and 45 in
Mozambique, for a total of 109 individuals. Because
this is an exploratory study, we decided to analyse a
minimum sample size of 30 individuals per cohort,
based on feasibility of the molecular analyses (involving
analysis of 5 SRBs and 3 normalizing genes for samples
collected at least at 5 time points for each patient, in
addition to the analysis of markers of mature male and
female gametocytes at multiple time points) and avail-
ability of samples with sufficient material for transcrip-
tional analysis in the previously existing cohorts.
Blood sample collection and preparation of RNA and
DNA
For the Vietnam and Burkina Faso cohorts, a venous
blood sample was collected on day 0 before treatment,
from which a 100 µL aliquot was preserved for RNA
extraction in 500 µL of RNAprotect Cell Reagent (Qiagen,
cat. no. 76526) and a 200 µL aliquot was preserved in an
EDTA tube for DNA extraction using the FavorPrepTM

96-well Genomic DNA kit (Favorgen) (Vietnam) or the
QIAamp� 96 DNA blood Kit (Qiagen, cat. no. 51161) (Bur-
kina Faso). Then, every 12 h, finger-prick blood samples
were collected and the same volumes as on day 0 used for
RNA and DNA extraction. All samples collected in RNAp-
rotect were frozen at -80�C until use. In the Mozambique
cohort, a 500 µL whole blood aliquot was immediately
processed for RNA extraction in Trizol reagent (Invitro-
gen, cat. no. 15596026), both before treatment and at 12 h
intervals. Briefly, after spinning, the erythrocytes pellet
was lysed and homogenised with 4.5 mL Trizol and frozen
directly at -80�C until RNA extraction.

Total RNA was extracted from Vietnam samples follow-
ing the protocol of the RNeasy Plus 96 Kit (Qiagen, cat. no.
74192).72 For the samples from Burkina Faso, 900 µL of
Trizol was added to the samples in RNAprotect. Total RNA
was extracted from samples from Burkina Faso and
Mozambique in Trizol using a previously described proto-
col based on the RNeasy� Mini Kit (Qiagen no. 74104) and
optimised for samples with a low amount of RNA.74,75 All
RNA samples were subjected to on-column DNase I treat-
ment (Qiagen no. 79254). In all RNA samples, the first-
strand cDNA was synthesised by using the AMV Reverse
Transcription System (Promega, cat. no. A3500), with both
oligo (dT) and random primers included in the reaction.75
qPCR analysis
To quantify transcript levels, qPCR analysis of the
cDNAs was performed in triplicate wells using the
relative standard curve method, in which Ct values for
samples are interpolated against a standard curve
(included for each primer pair in every plate) prepared
with serial dilutions of parasite genomic DNA unless
stated otherwise.75 No template controls (negative con-
trols) were also included for each primer pair in every
plate. Reactions with no detectable amplification or a Ct
value higher than 36 were considered negative. Tran-
script levels of the SRBs pfap2-g (PF3D7_1222600),
gexp02 (PF3D7_1102500), gexp5 (PF3D7_0936600),
pfg14-744 (PF3D7_1477300) and pfs16 (PF3D7_
0406200) were normalised against transcript levels of
the housekeeping genes ubiquitin-conjugating enzyme
(uce) (PF3D7_0812600), serine-tRNA ligase (serrs)
(PF3D7_0717700) and 18S rRNA (PF3D7_1148600,
PF3D7_0112300 and PF3D7_1371000) to obtain their
relative transcript levels.30 Samples negative for amplifi-
cation of the normalizing genes were excluded from fur-
ther analysis. The female gametocyte marker pfs25
(PF3D7_1031000) and the male gametocyte marker
pfmget (PF3D7_1469900) were also analysed. Tran-
script levels of the mature female and male gametocyte
markers were expressed as copy numbers per µl,
because the standard curves for these genes were based
on plasmids with a known copy number of the pfs25 or
pfmget genes.72,76 Total parasite density was estimated
by RT-qPCR using the 18S rRNA (PF3D7_1148600;
PF3D7_0112300; PF3D7_1371000) transcript levels for
Vietnam samples,72 qPCR analysis of genomic DNA for
the same gene for Mozambique samples and varATS
qPCR analysis of genomic DNA for Burkina Faso
samples.77,78 All primers used for qPCR and RT-qPCR
analysis are listed in Supplementary Table 2. Normal-
ised transcript levels for all samples are presented,
together with parasitological data, in Supplementary
Dataset 2.
Data analysis, missing values and statistics
The main outcome variables used to evaluate the effect
of treatment on sexual conversion were the changes in
relative transcript levels of SRBs from before the first
dose of ART-based treatment until 48 h after this first
dose. These changes were expressed as fold-change
(FC), calculated as the ratio of relative (normalized
against a housekeeping gene) SRB expression levels in
the post-treatment period (12 h to 48 h) to the relative
expression levels in the pre-treatment time point (0 h).
In all analyses, we used the median transcript levels FC
from 12 h to 48 h (median FC12-48h) to represent the
central fold-change value observed after treatment. In
selected analyses, we grouped the patient samples using
cut-off values of 1 or 2 median FC12-48h. Time points
beyond 48 h were excluded from the final analysis
because of very low parasite density or absence of para-
sites as a result of ACT treatment. In some samples,
parasitaemia was very low at some of the time points
www.thelancet.com Vol 83 Month , 2022
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after treatment (mainly at the 36 h or 48 h time points)
and the relative expression of some of the markers was
not quantifiable (Supplementary Dataset 2). In these
samples, the median FC12-48h was calculated from the
after-treatment time points available.

When the pre-treatment sample or all of the post-
treatment samples were RT-qPCR-negative for an SRB
or a normalizing gene, the median FC12-48h could not
be calculated. In the Burkina Faso cohort, 2 out of 30
samples had missing values for the pfap2-g median
FC12-48h using serrs as normalizing genes, and 1 using
uce or 18S rRNA; 1 sample had missing values for the
gexp02, gexp5 or pfs16median FC12-48h using serrs as nor-
malizing gene; and 6 samples had missing values for
the pfg14-744 median FC12-48h using uce or 18S rRNA as
normalizing genes, and 7 using serrs. In the Vietnam
cohort, 3 out of 34 samples had missing values for the
pfap2-g median FC12-48h using either of the normalizing
genes; 5 samples had missing values for the gexp02
median FC12-48h using serrs or uce as normalizing gene,
and 4 using 18S rRNA. Additionally, the analysis of
gexp5, pfg14-744 and pfs16 was excluded from all samples
from Vietnam because many samples had missing val-
ues, suggestive of a possible technical problem with the
qPCR analysis batch (and there was not sufficient mate-
rial to repeat the analysis). Data about the K13 mutation
status was missing from one patient from Vietnam, and
data for D7-14 female (pfs25 RT-qPCR analysis) and
male (pfmget) mature gametocyte levels was missing
from 4 patients from Burkina Faso and 4 from Mozam-
bique. In addition, because most patients from the Viet-
nam cohort were negative for the expression of pfmget,
data for this marker was excluded for the full cohort and
male to female ratios were not analysed in this cohort.
The missing data in the three cohorts is summarized in
Supplementary Dataset 2.

Relative transcript levels and fold changes were log2
transformed to meet the assumption of data normality,
as assessed using the Shapiro�Wilk test. Welch’s
ANOVA with Games-Howell post-hoc test was used to
compare the median FC of more than two variables
with unequal variance (which was confirmed by Lev-
ene’s test), whereas Welch’s t-test (two-tailed) was used
to compare two variables with unequal variance.
Pearson’s correlation coefficient (r) was calculated to
assess the linear correlations between SRBs.
Spearman’s correlation coefficient (rs) was used to evalu-
ate the correlation between SRBs and mature gameto-
cyte density on days 7 to 14. Univariate and backwards
stepwise multivariate linear regression analysis was per-
formed with the log2(pfap2-g median FC12-48h) as the
dependent (outcome) variable. Parasite or patient/clini-
cal factors were included as independent variables: sex,
age, haemoglobin, parasite clearance (hours), gameto-
cyte proportion at 0 h and at 12-48 h, gametocyte den-
sity at 0 h and parasitaemia at 0 h. In addition to these
independent variables included for the three cohorts,
www.thelancet.com Vol 83 Month , 2022
other variables included only in specific cohorts were:
fever, treatment arm, presence of gametocytes at day 7
and presence of K13 mutations in the Vietnam cohort;
fever and presence of gametocytes at day 8-10 in the
Burkina Faso cohort; and glucose and lactate concentra-
tion, rosiglitazone or placebo, presence of gametocytes
at day 7-14 and pfs25/pfmget ratio in the Mozambique
cohort. The variables were selected for each cohort
based on availability of data.

In all analyses, only statistically significant p values
(p < 0.05) are shown; when no p value is shown (in a
figure in which statistical analysis was performed, as
indicated in the legend), differences were statistically
non-significant. All data was processed and stored using
Microsoft Excel 2019. Statistical analyses were per-
formed using GraphPad Prism v.9 and SPSS v.12. All
figures were generated using GraphPad Prism v.9 and
assembled using Microsoft PowerPoint 2019.
Ethical approval and clinical trials registration
The Vietnam cohort study was approved by the ethical
review board of the National Institute of Malariology,
Parasitology and Entomology (351/QD-VSR) and Minis-
try of Health (QD2211/QD-BYT) in Vietnam, as well as
of the Institutional Review Board (IRB) at the Institute
of Tropical Medicine (ITM) (936/14) and the IRB at
Antwerp University Hospital (UZA) (14/15/182) in Bel-
gium. It was also registered at ClinicalTrials.gov (Identi-
fier: NCT02604966). The Burkina Faso cohort study
was approved by the ethical review board of the Comit�e
d’Ethique pour la Recherche en Sant�e (CERS: 2018/10/
131) in Burkina Faso, as well as of the IRB-ITM (1261/
18) and IRB-UZA (19/06/064) in Belgium. Ethical
approvals of the Mozambique study were given by the
ethical review board of the Comite Institucional de Bio�e-
tica em Saude de Manhiça (230/CNBS/15) and Departa-
mento farmac�eutico, Ministry of health, Maputo (374/
380/DF2016) in Mozambique, as well as of the Comit�e
de Bio�etica de l’Hospital Cl�ınic (HCB/2015/0981) in
Spain. The Mozambique study was registered at Clini-
calTrials.gov (Identifier: NCT02694874). The three
studies included parasite investigations as secondary
outcomes in the approved protocol.
Role of funding source
The funding source did not play any role in study
design, data collection and analyses, manuscript prepa-
ration or decision to submit the work for publication.
Results

Study design
We analysed the impact of ART on P. falciparum sexual
conversion rates in naturally infected malaria patients
from three previously existing independent longitudinal
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studies conducted in Vietnam (N=34), Burkina Faso
(N=30) and Mozambique (N=45). The key features of all
three cohorts were ART-based treatment, collection of
samples for gene expression analysis from before treat-
ment (0 h) to at least 48 h after treatment at 12 h inter-
vals, and an additional sample between days 7 and 14
for mature gametocyte analysis (Figure 1 and Supple-
mentary Figure 1). The specific antimalarial drug treat-
ment and clinical presentation of the patients varied
between cohorts, with oral ACT (DHA-PPQ, treatment
arm 1) or oral AS monotherapy for 3 days followed by
3 days DHA-PPQ (treatment arm 2) and uncomplicated
malaria cases in Vietnam, oral ACT (AL) and uncompli-
cated malaria cases in Burkina Faso, and parenteral AS
followed by oral AL and severe malaria cases in Mozam-
bique. Of note, all ARTs produce the same active metab-
olite, DHA. Most study participants from Vietnam were
15�30 years old males, which in this area are at high
risk of malaria infection due to forest-related activities,79

whereas all participants in Burkina Faso and Mozambi-
que were children 1 to 11 years old. The delayed parasite
clearance phenotype, defined as light microscopy-detect-
able asexual parasitaemia on day 3 after treatment, was
only observed in the Vietnam cohort (22 of 34 patients).
Demographic, parasitological and haematological
parameters for each cohort are provided in Table 1, Sup-
plementary Figure 2 and Supplementary Dataset 1.
Figure 1. Study design of the three cohorts. Red lines indi-
cate the time of blood sample collection for RNA analysis. Blue
and violet arrows indicate the time of treatment with dihy-
droartemisinin-piperaquine (DHA-PPQ), artesunate (AS) or arte-
mether-lumefantrine (AL). Administration was by oral route
except for AS in Mozambique. In Mozambique, parenteral AS
was administered every 12 h until patients tolerated oral
administration, at which time a complete AL regimen was
given. While most patients received AS at 0, 12 and 24 h, some
patients received more than 5 doses before AL treatment.
Changes in pfap2-g transcript levels after ART-based
treatment
Using RT-qPCR analysis, we observed a rapid increase
in pfap2-g relative transcript levels (normalised to the
housekeeping gene uce) after ART-based treatment in
the majority of patients from the Mozambique cohort.
In the Burkina Faso cohort, we also observed predomi-
nantly an increase in pfap2-g relative transcript levels,
although it was less marked, and in the Vietnam cohort
we observed predominantly a decrease (Figure 2a and
Supplementary Dataset 2). The pfap2-g median FC12-48h,
defined as the median of the fold-change in normalised
transcript levels across the four time points after treat-
ment relative to before treatment levels, was >1
(increased) in the majority of isolates from the African
cohorts (»90% from Mozambique and »70% from
Burkina Faso), but only in »30% of the isolates from
the Vietnam cohort. Likewise, a pfap2-g median FC12-48h

>2 was observed much more frequently in isolates
from the African than the Vietnam cohorts (Figure 2b).
These results suggest that ART-based treatment pre-
dominantly resulted in stimulation of sexual conversion
in the African but not the Vietnam cohorts.

The majority of isolates from Vietnam (87.5%) car-
ried mutations in the K13 gene associated with ART
resistance,72 62.5% of them the C580Y mutation that is
dominant in Vietnam and the Greater Mekong sub-
region80 (Figure 2c). Therefore, we hypothesised that
differences in the dynamics of pfap2-g transcripts after
treatment between the African and Vietnam cohorts
may be influenced by the presence of K13 mutations
and reduced ART susceptibility only in Vietnam iso-
lates.72 Indeed, the log2(pfap2-g median FC12-48h) was
statistically significantly higher in Vietnam wild-type
(population mean: +0.65, 95% C.I. -0.79 to +2.09) than
K13 mutant (population mean: -1.46, 95% C.I. -2.31 to
-0.61) isolates (Figure 2d). The log2(pfap2-g median
FC12-48h) was also higher in the Burkina Faso (popula-
tion mean: +0.77, 95% C.I. +0.15 to +1.40) and the
www.thelancet.com Vol 83 Month , 2022



Figure 2. Changes in pfap2-g transcript levels after artemisinin-based treatment. (a) Time-course analysis of pfap2-g relative
transcript levels before (0 h) and after treatment (12-48 h). Transcript levels were normalised against uce. The average (red) and
median (blue) of all samples, with 95% confidence intervals (CI) (shaded areas), are shown. Individual values are represented as grey
dots. (b) Proportion (%) of patients with pfap2-g median fold-change (relative to before treatment levels) between 12-48 h (median
FC12-48h) >1 or >2. (c) Proportion (%) of isolates from Vietnam with wild-type (WT) and mutant K13 alleles. The coloured bar indi-
cates the proportion of different K13 mutations. (d) Comparison of the pfap2-g median FC12-48h between K13 mutant and WT iso-
lates from the Vietnam, Burkina Faso and Mozambique cohorts. Blue dots indicate K13 WT isolates, whereas red dots indicate K13
mutants. Mean and s.e.m. are shown. The p value was calculated using Welch’s t-test (only for the mutant vs WT comparison; no sta-
tistical analysis was performed for comparisons between cohorts because of the disparity in their clinical, demographical and parasi-
tological characteristics). (e) Comparison of the pfap2-g median FC12-48h between patients from the Vietnam cohort with fast or
delayed parasite clearance. Blue dots indicate K13 WT isolates, whereas red dots indicate K13 mutants. Mean and s.e.m. are shown.
The p value was calculated using Welch’s t-test. For panel c, N=33; for all other panels, Vietnam, N=31, of which K13 WT, N=4, K13
mutant, N=26 (K13 data not available for one patient), fast clearance, N=12, delayed clearance, N=19; Burkina Faso, N=29; Mozambi-
que, N=45. The mean and 95% CI for the data presented in panels a, d and e is available in Supplementary Dataset 2.
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Mozambique (population mean: +1.97, 95% C.I. +1.47
to +2.47) cohorts when compared with K13 mutant iso-
lates from the Vietnam cohort. Among K13 wild-type
samples, the pfap2-g median FC12-48h was similar
between the Vietnam and Burkina Faso cohorts, but
higher in the Mozambique cohort (Figure 2d). Simi-
larly, Vietnam isolates with fast parasite clearance
(indicative of ART sensitivity) had a statistically signifi-
cantly higher log2(pfap2-g median FC12-48h) than isolates
with delayed clearance (fast clearance, population
mean: -0.17, 95% C.I. -1.09 to +0.75; delayed clearance,
population mean: -1.91, 95% C.I. -2.96 to -0.86)
(Figure 2e). Of note, 8 isolates with K13 mutant alleles
www.thelancet.com Vol 83 Month , 2022
had a fast clearance phenotype, but 6 of them still
showed a reduction in pfap2-g levels (i.e., fold-change <

1) after treatment. Similar results were obtained using
the serrs or 18s rRNA genes for normalisation, indicating
that the choice of the normalising gene did not affect
the conclusions (Supplementary Figure 3).

Overall, these results suggest that ART-based treat-
ment generally resulted in an increase in sexual conver-
sion rates in ART-sensitive parasites, but this was not
observed in ART-resistant isolates. However, a link
between ART resistance and the effect of treatment on
sexual conversion rates could not be unambiguously
established because the number of K13 wild-type
9
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samples in the Vietnam cohort was very low. We
observed differences in the pfap2-g median FC12-48h

between the cohorts, but the contribution of specific fac-
tors to these differences could not be disentangled
because several demographic, parasitological clinical
and treatment characteristics were different between
the cohorts (Table 1, Figure 1 and Supplementary Figure
2), in addition to the K13 status. We speculate that char-
acteristics unique to the Mozambique cohort such as
parenteral drug administration or severe malaria may
potentially underly the higher pfap2-g median FC12-48h

observed in this cohort.
Changes in the expression levels of other SRBs after
ART-based treatment
We also assessed changes in the expression of other
SRBs (gexp02, gexp5, pfg14-744 and pfs16) in the same set
of samples (but in the Vietnam cohort, gexp5, pfg14-744
and pfs16 were excluded from the analysis because of
too many missing values). The activation of all of these
genes is PfAP2-G-dependent,12,14,15,19 but there are dif-
ferences in their degree of specificity for sexual versus
asexual rings and in the precise time during sexual
development at which their expression starts
(Figure 3a). While pfap2-g is expressed in sexual rings of
all ages because the gene is already active in the preced-
ing sexually committed schizonts, expression of gexp02
and gexp5 starts at »10 hpi, and expression of pfg14-744
and pfs16 starts later during the sexual ring stage (»20
hpi). Only pfap2-g, gexp02 and pfg14-744 transcripts
appear to be completely absent from asexual parasites.
Transcripts for these markers may be present in mature
gametocytes, which are found in the circulation, but at
much lower levels than in sexual rings.14,15,19,20,30,81

Correlation analysis of the changes in the expression
of the different SRBs (including pfap2-g) after treatment
(median FC12-48h) generally showed a moderate positive
correlation (median r : Burkina Faso, 0.31; Mozambi-
que, 0.51) (Figure 3b). The limited correlation likely
reflects differences in the temporal expression dynamics
of the SRBs across the sexual ring stage.

Despite the differences between the SRBs at the indi-
vidual sample level, time-course analysis of gexp02,
gexp5, pfg14-744, and pfs16 after ART treatment showed a
similar overall dynamic to pfap2-g. Relative transcript
levels of all the SRBs predominantly increased after
treatment in the two African cohorts, and the proportion
of infections showing a median FC12-48h

>2 of the dif-
ferent SRBs was highest in Mozambique, similar to
pfap2-g (Figure 3c-d and Supplementary Data Set 2).
Increased expression of the SRBs after treatment in the
African cohorts was already observed at the initial time
points after treatment (Figure 3c and Supplementary
Figure 4), when parasitaemias were still high. We also
compared basal transcript levels of SRBs in the three
cohorts using samples collected before treatment (0 h),
and found that generally pfg14-744 transcripts showed
the lowest abundance and gexp5 and pfs16 the highest
abundance (Supplementary Figure 5).
Infections with younger rings at the time of ART
treatment are associated with less induction of pfap2-
g expression
The large dispersion observed in the median FC12-48h of
pfap2-g and other SRBs within each cohort suggests that
factors that vary within each cohort may influence the
effect of treatment on sexual conversion. Since we previ-
ously observed that, under culture conditions, exposure
to DHA at different stages impacts sexual conversion
rates differently,71 we assessed the effect of parasite age
at the time of drug exposure on the pfap2-g median
FC12-48h. To estimate the age of sexual rings at the time
of ART exposure (time 0 h), we calculated the ratio of
pfap2-g to gexp02 transcripts. Higher values of this ratio
correspond to younger sexual rings and lower levels to
older rings, because pfap2-g expression peaks in very
early sexual rings (i.e., 0-5 hpi) whereas high gexp02
expression starts later during sexual ring development
(at »10-15 hpi).19,30,71 Assuming that sexual and asexual
rings develop at the same pace, the age of sexual rings
is expected to reflect the age of all circulating rings
(including asexual rings). Indeed, in a published large
multicentre study in South-East Asia,82 the pfap2-g/
gexp02 transcripts ratio showed a weak to moderate but
statistically highly significant negative correlation with
parasite age statistically estimated from the full tran-
scriptomes, in six different study sites (average r
between the sites -0.35, range -0.19 to -0.45, p < 0.05 in
all sites) (Supplementary Figure 6).

In the Vietnam cohort, a strong statistically signifi-
cant negative correlation (r = -0.81, p < 0.001) was
observed between the pfap2-g/gexp02 ratio at the time of
ART exposure and the pfap2-g median FC12-48h, suggest-
ing that in isolates with younger rings (higher pfap2-g/
gexp02 ratio) there was less enhancement of sexual con-
version (Figure 4a). In patients from the Burkina Faso
and Mozambique cohorts, the same trend was observed,
but the correlation was weaker and marginally statisti-
cally significant in Burkina Faso (r = -0.38, p = 0.040)
and not statistically significant in Mozambique
(r = -0.24). Furthermore, parasite clearance time tended
to be higher in isolates with a higher pfap2-g/gexp02
ratio, although this was statistically significant (r = 0.42,
p = 0.018) only in the Vietnam cohort (Figure 4b).
Lastly, the pfap2-g/gexp02 ratio before treatment was
higher in parasites from the Vietnam cohort showing
delayed clearance or carrying K13 mutations than in par-
asites from the African or Vietnam cohorts with non-
delayed clearance (Figure 4c). This result indicates that
ART resistance was associated with younger estimated
parasite age, which probably reflected slower progres-
sion through the ring stage. This is consistent with
www.thelancet.com Vol 83 Month , 2022



Figure 3. Comparison of transcript levels after artemisinin-based treatment for different sexual ring biomarkers (SRBs). (a)
Expression of SRBs at parasite stages found in the circulation, based on published studies.19,30,31,81 Stages: asexual rings (AR); sexual
rings (SR), which can be young sexual rings (Y), e.g., 0-5 hours post-invasion (hpi); mid sexual rings (M), e.g., 10-15 hpi; or late sexual
rings (L), e.g., 20-25 hpi; and mature gametocytes (G). (b) Linear correlation between the median FC12-48h for different SRBs (using
uce-normalised transcript levels). Pearson correlation coefficients (r) are shown. (c) Time-course analysis of SRBs relative transcript
levels (normalised against uce) before (0 h) and after treatment (12-48 h). The average (red) and median (blue) of all samples, with
95% confidence intervals (CI) (shaded areas), are shown. Individual values are represented as grey dots. (d) Proportion (%) of
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patients with a > 2 value for the gexp02, gexp5, pfg14-744, and pfs16 median FC12-48h. In panels b-d, data for gexp5, pfg14-744 and
pfs16 was excluded from the Vietnam cohort analysis because many values were missing. For the number of samples included in
the analysis of each gene in each cohort, please see Methods and Supplementary Data Set 2. The mean and 95% CI for the data pre-
sented in panel c is available in Supplementary Dataset 2.

Figure 4. Association of estimated rings age before treatment with pfap2-g fold-change after treatment and parasite clearance
time. Rings age before treatment (in arbitrary units) was estimated from the ratio of pfap2-g to gexp02 transcript levels (log2-transformed).
Higher values of this ratio indicate younger rings. (a-b) Association between estimated rings age before treatment (0 h) and the pfap2-g
median fold-change between 12 and 48 h after treatment (log2-transformed) (a) or with parasite clearance time (b). The blue line repre-
sents the linear prediction with 95% confidence interval (CI, grey shaded area), calculated from linear regression analysis, with Pearson cor-
relation coefficient (r) and p value. Only p values < 0.05 are shown. Individual values are represented as red dots. (c) Estimated relative
rings age before treatment in the different cohorts, with samples from Vietnam divided in delayed or non-delayed (fast) parasite clearance
(left panel) and in K13 wild-type (WT) or mutant isolates (right panel). Boxes show median and quartiles, and whiskers the range. The mean
and 95% CI for the data presented in panel c is available in Supplementary Dataset 2.
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previous reports showing that ART-resistant parasites
have a longer ring stage and a shorter trophozoite/schiz-
ont stage, in spite of a similar overall duration of the
IDC,85,86 and with ART resistance involving decreased
drug susceptibility specifically in young rings.36,37,83,84
pfap2-g expression is a rather poor predictor of future
mature gametocyte carriage in drug-treated patients
We quantified mature gametocyte densities from before
treatment until 7 to 14 days after treatment, when game-
tocytes resulting from sexual conversion events occur-
ring immediately after treatment are expected to be
back in the circulation, together with older gametocytes
formed before drug exposure. For this, we used the
pfs25 marker, which is expressed in mature female
gametocytes and correlates with overall mature gameto-
cyte density and mosquito infection rates.25,61,87 In the
three cohorts, the prevalence and density of gametocytes
decreased progressively after treatment, but 25�50% of
the participants still had detectable gametocytes one to
two weeks after treatment (Figure 5a-b). In some
patients, mainly from the Vietnam cohort, an increase
in gametocyte density was observed about one week
after treatment (Figure 5a). While in most patients the
gametocyte density at days 7-14 was orders of magnitude
lower than before treatment, it has been shown that mos-
quitoes can be infected by patients with very low gameto-
cyte densities and that a substantial fraction of patients
who received ART-based treatment continue to transmit
malaria.57�60 Therefore, many patients in our cohorts
remained potentially infective at the end of the follow-up
period. In samples from the Mozambique and Burkina
Faso cohorts, we also assessed changes in the gametocyte
sex ratio based on the relative transcript levels of pfs25 and
pfmget (male gametocyte marker). We observed a pro-
nounced decrease of pfs25 relative to pfmget transcripts with
time after treatment, suggesting that female gametocytes
may be more vulnerable to ART than male gametocytes,
resulting in a progressive reduction of the female to male
ratio (Supplementary Figure 7).

The density of sexual rings, estimated from the tran-
script levels of pfap2-g or other SRBs, predicts the future
density of mature gametocytes if an infection is left
untreated.28,88 To estimate the relative (between sam-
ples) density of sexual rings in our cohorts before treat-
ment or 12 h after treatment, we multiplied the total
parasitaemia (quantified by qPCR) by the relative pfap2-
g transcript levels (pfap2-g/uce). There was no statisti-
cally significant correlation between mature gametocyte
density (day 7-14) and estimated relative density of sex-
ual rings before or just after treatment (Supplementary
Figure 8), except for the Mozambique cohort before
treatment and day 7 gametocytes (r = 0.39, p = 0.013).
Therefore, sexual ring density before or soon after treat-
ment are a poor predictor of future gametocyte carriage
in ACT-treated patients.
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Although the relative transcript levels of SRBs
(reflecting the proportion of sexual to asexual rings)
before treatment or their changes after treatment
(median FC12-48h) are not expected to directly correlate
with future mature gametocyte carriage measured as an
absolute density per microliter of blood, the relative lev-
els of commitment may influence gametocyte carriage.
Therefore, we assessed possible associations between
these parameters. The pre-treatment relative transcript
levels of pfap2-g and the other SRBs were generally simi-
lar between patients with or without mature gameto-
cytes on days 7-14 (Supplementary Figure 9a). There
was a positive weak to moderate correlation between
pre-treatment relative transcript levels of some SRBs
and pfs25 transcripts per µl on days 7-14, but it was of
borderline statistical significance and only observed for
some of the SRBs (not for pfap2-g) in African cohorts
(Supplementary Figure 9b).

In the Vietnam cohort, the pfap2-g median FC12-48h

was statistically significantly higher in infections with
gametocytes detected on day 7 than in those without
gametocytes on that day (Figure 5c), and there was also
a moderate statistically significant positive correlation
(r = 0.43, p = 0.016) between the pfap2-g median FC12-

48h and pfs25 transcript copies per µl one week later
(Figure 5d). Indeed, in the Vietnam cohort, a distinct
mature gametocytes peak that reversed the decreasing
trend in mature gametocyte density with time after
treatment was apparent on day 7 only in patients with
an increase in pfap2-g transcripts after treatment (pfap2-
g median FC12-48h

> 1), but not in those with a decrease
(pfap2-g median FC12-48h

< 1) (Figure 5e). However,
there was no association between the pfap2-g median
FC12-48h and mature gametocyte carriage 7-10 days
later in the Burkina Faso and Mozambique cohorts
(Figure 5c-e), and the median FC12-48h of the other
SRBs did not correlate with mature gametocyte carriage
in any of the three cohorts, except for gexp02 (negative
correlation) in Mozambique (Supplementary Figure
10). Therefore, an association between increased SRB
expression after treatment and future mature gameto-
cyte carriage was only observed for pfap2-g in the Viet-
nam cohort and needs to be interpreted with caution.
Host and parasite factors that may influence the effect
of ART on pfap2-g expression
While we could not disentangle which specific factor(s)
were responsible for the differences between cohorts,
because multiple host, parasite and treatment condi-
tions differed between them, we performed univariate
and backwards stepwise multivariate linear regression
analyses to identify factors within each cohort associated
with the expression changes in pfap2-g after treatment
(pfap2-g median FC12-48h, dependent variable) (Supple-
mentary Figure 11). Demographical, parasitological and
clinical variables available were included in the analysis
13



Figure 5. Association of pfap2-g expression changes after treatment with mature gametocyte carriage 1 to 2 weeks later. (a)
Temporal dynamics of the mature female gametocyte marker pfs25 transcript levels. The average (red) and median (blue) of all
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as independent variables. In Vietnam, multivariate anal-
ysis confirmed the positive association between
increased pfap2-g median FC12-48h and mature gameto-
cytes on day 7 (reg. coef. 1.36, 95% CI 0.59 to 2.13,
p = 0.001) and also suggested that younger patients
were more likely to have enhanced pfap2-g median
FC12-48h (reg. coef. -0.04, 95% CI -0.07 to -0.01,
p = 0.019). We also performed the analysis excluding
from the model the ‘day 7 gametocyte’ variable that has
a dominant effect, which confirmed that carrying a K13
wild-type allele was statistically significantly associated
with increased pfap2-g median FC12-48h (reg. coef. -1.69,
95% CI -2.89 to -0.65, p = 0.006), and revealed host
male sex and low pre-treatment or 12-48 h post-treat-
ment mature gametocyte to total parasites ratio as fac-
tors associated with increased pfap2-g transcript levels
after treatment (the latter two with borderline statistical
significance). The sex variable should be interpreted
with caution because female participants were under-
represented in the Vietnam cohort.

In the Burkina Faso cohort, we did not observe any sta-
tistically significant association between explanatory varia-
bles and changes in pfap2-g median FC12-48h. In the
Mozambique cohort, a higher blood glucose concentration
on day 0 was associated with a higher increase in pfap2-g
median FC12-48h (reg. coef. 1.23, 95% CI 0.16 to 2.30,
p = 0.025). In contrast, treatment with rosiglitazone, an
insulin sensitizer tested as an adjunctive treatment for
severe malaria in the clinical trial from which the Mozam-
bique samples were obtained, and the 12-48 h post-treat-
ment mature gametocyte to total parasites ratio were
associated with a lower increase in pfap2-g median
FC12-48h (with borderline statistical significance).

Overall, the results of the multivariate analysis,
which takes into account many of the potential con-
founders, support our previous observations that the
presence of mature gametocytes at day 7 and carrying
wild-type K13 alleles were associated with increased
pfap2-g expression in the Vietnam cohort. However, as
discussed above, this could not be conclusively demon-
strated because the number of K13 wild-type allele sam-
ples in the Vietnam cohort was low. The multivariate
analysis also identified factors such as blood glucose lev-
els before treatment (determined only in Mozambique)
and rosiglitazone treatment of severe malaria patients,
and patient sex (only in Vietnam) that may modulate
the effect of ART-based treatment on sexual conversion
rates.
samples, with 95% confidence intervals (CI) (shaded area), are show
(%) of infections carrying gametocytes (pfs25-positive) before treat
fold-change between 12 and 48 h after treatment (pfap2-g media
pfs25 transcripts on days 7-10. Transcript levels were normalised aga
p value was calculated using the Welsch’s t-test. Only p values < 0.0
median FC12-48h with pfs25 transcripts/µl on day 7 to 10, with 95%
script levels in patients with pfap2-g median FC12-48h > 1 or �1. B
data presented in panels a, c and e is available in Supplementary Da
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Discussion
The impact of drug treatment on malaria transmission
is complex, as it depends on the killing of asexual para-
sites, which are the source of new gametocytes, the
direct killing of gametocytes, and drug-induced altera-
tions of sexual conversion rates. While the dynamics of
P. falciparum asexual parasites and mature gametocyte
levels after ACT treatment have been described in
detail,10,50�60 studies addressing the direct impact of
treatment on parasite sexual conversion rates in natural
infections are lacking. Previous studies reported
changes in mature gametocyte carriage after drug treat-
ment, but the effect of the drugs on sexual conversion
rates could not be disentangled from their effect on
other processes.10,61�63 Here we characterised the
impact of ART treatment on sexual conversion rates
using samples from three different cohorts with regular
sampling every 12 h after treatment, and taking advan-
tage of the recent validation of transcripts of pfap2-g and
several other genes as in vivo markers for sexual
rings,21,23,28,88 the only early sexual stage present in the
circulation.20�23,61 Our results for this primary outcome
of the study revealed increased relative transcript levels
of pfap2-g and other SRBs soon after ART-based treat-
ment in many patients, suggesting that parasites can
enhance their sexual conversion rates in response to
treatment. However, in other patients, SRBs relative
transcript levels decreased after treatment, indicating
that the effect of ART on sexual conversion is complex
and is likely influenced by patient, parasite and/or treat-
ment characteristics. The differences observed between
cohorts also indicate that the trends of the impact of
ART on sexual conversion observed in any particular
cohort cannot be generalized.

We found that increased expression of pfap2-g upon
ART treatment occurred in the majority of infections
with wild-type K13 alleles and fast clearance, whereas it
was rare in ART-resistant parasites from Vietnam. This
raises the possibility that the ART resistance status may
influence the effect of the drug on sexual conversion,
but the low number of wild-type samples in the Viet-
nam cohort and the differences in parasitological, clini-
cal and demographical factors between cohorts
precluded unambiguously establishing this association.
Larger studies including wild-type and K13mutant para-
sites from the same population, conducted in regions
where K13 mutations occur with intermediate frequen-
cies, will be needed to confirm if sexual conversion is
n. Individual values are represented as grey dots. (b) Proportion
ment (0 h) and 1-2 weeks after treatment. (c) pfap2-g median
n FC12-48h) in patients with detected (Yes) or undetected (No)
inst uce. Mean, s.e.m. and individual data points are shown. The
5 are shown. (d) Spearman correlation coefficient (rs) of pfap2-g
CI and p value. Only p values < 0.05 are shown. (e) pfs25 tran-
ars show the mean, with 95% CI. The mean and 95% CI for the
taset 2.
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generally enhanced after ART treatment in infections
with wild-type but not mutant parasites. If this was con-
firmed, a possible explanation would be that K13 muta-
tions may influence the effect of ART on sexual
conversion rates because they result in altered life cycle
progression, with a prolongation of the ring stage that is
less sensitive to ART.37,85,89,90 Indeed, estimation of
parasite age at the time of treatment based on the rela-
tive levels of pfap2-g and gexp02 transcripts revealed that
parasites with K13 mutations or delayed clearance
tended to be younger than wild-type parasites. Recently,
we demonstrated in vitro a stage-dependent impact of
ART on sexual conversion rates, with increased conver-
sion upon drug exposure at the trophozoite stage, but
reduced conversion upon exposure at the early ring
stage.71 Therefore, it is possible that in natural infec-
tions ART-based treatment generally led to reduced sex-
ual conversion rates in K13 mutant isolates because the
majority of parasites were at the early ring stage when
they encountered the drug, whereas in wild type isolates
parasites were generally older, at stages susceptible to
ART-mediated stimulation of sexual conversion. The
observation of a higher increase in pfap2-g expression in
isolates with older parasites at the time of treatment is
consistent with this hypothesis.

Our hypothesis fits with a recently proposed model86

that postulates that in K13 mutant isolates, with an
extended ring stage, a short-lived ART dose may overlap
with the highly vulnerable trophozoite stage in a lower
proportion (»30%) of patients than in wild type isolates
(>50%), contributing to resistance. It also fits with pre-
vious observations showing that the stage distribution
of parasites before treatment is the main determinant of
the parasite clearance profile in the first hours after
treatment.91 Our data suggest that as a consequence of
the extended ring stage, K13 mutants may be not only
less sensitive to killing by ART, but also less susceptible
to stimulation of sexual conversion.

Identifying the relative contribution of different
groups of human individuals (e.g., asymptomatic cases,
clinical cases, drug-treated patients, etc.) to P. falciparum
transmission to mosquitoes is important to guide
malaria control and elimination activities. Until
recently, the potential of a malaria-infected individual to
transmit malaria could only be predicted using mos-
quito feeding assays, which requires testing fresh blood
samples and availability of mosquito colonies, or from
the density of mature gametocytes.25�28 These assays
provide a valuable estimator of the potential to infect a
mosquito at the time of collecting the blood sample. On
the other hand, SRBs have been shown to predict the
future infectious potential of an individual, if not receiv-
ing antimalarial treatment.28,88 The discovery of SRBs
expressed by circulating sexual rings also enables the
assessment of the effect of human host conditions or
drug treatment on sexual conversion rates. Two recent
studies showed that the relative transcript levels of
pfap2-g and SRBs such as surfin13.1 and surfin1.2 corre-
late with sexual conversion rates in natural
infections,21,23 and a study using controlled human
malaria infection (CHMI) showed that pfap2-g relative
transcript levels correlate with peak mature gametocytes
density one to two weeks later.88 Furthermore, in
untreated naturally infected asymptomatic patients,
pfap2-g and gexp5 relative transcript levels were posi-
tively associated with mature gametocyte carriage two
weeks later.28 Here we report the use of pfap2-g and
other SRBs to study the effect of drugs on sexual conver-
sion rates in natural infections. However, the levels of
the SRBs immediately before treatment or soon after
the first dose did not correlate with mature gametocyte
carriage one to two weeks later. The reason is that all
participants in the three cohorts were administered a
complete ART-based treatment course over three to six
days, which eventually resulted in the elimination of all
asexual parasites and the majority of gametocytes, even
in the Vietnam cohort where most parasites carried K13
mutant alleles. Many immature sexual parasites are also
expected to be killed by the treatment.92,93 Therefore, in
natural infections, SRBs can predict future mature
gametocyte carriage only for untreated (typically asymp-
tomatic) patients, but not in drug-treated patients.

We compared the expression of five different SRBs,
which revealed a moderate positive correlation between
their changes in expression after treatment at the indi-
vidual isolate level, but similar dynamics at the popula-
tion level. The limited correlation between the changes
of the different SRBs in individual isolates is likely
attributable to their different timing of expression
throughout sexual development. Together with the new
SRBs described in a recent study23 and several in vitro
time-course expression analyses,14,15,17�19,81 a large
number of validated SRBs are now available for epide-
miological studies aimed at characterising the preva-
lence and abundance of sexual rings in malaria
patients. Several factors need to be considered for the
selection of SRBs: i) the specificity for sexual rings, as
some of the SRBs are also expressed in other circulating
stages such as asexual rings (gexp5 and pfs16) or mature
gametocytes, albeit at lower levels than in sexual
parasites19,20,30,31,81; ii) the fine temporal expression
dynamics during the sexual ring stage. So far, pfap2-g19

and possibly surfin13.1 and surfin1.223 appear to be the
only SRBs expressed from the beginning of the sexual
ring stage; iii) the transcript abundance. High transcript
levels are an important factor for the sensitivity of the
analysis when a low volume of blood is available and
parasite density is low, as often occurs in epidemiologi-
cal studies. In our samples, we observed that gexp5 and
pfs16 have the highest transcript levels. Considering all
of these factors, pfap2-g may be the most informative
SRB, but a combination of several markers can help to
define the dynamics of early sexual forms in field set-
tings. For instance, the relative transcript levels of
www.thelancet.com Vol 83 Month , 2022
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different markers can be used to estimate the age of sex-
ual rings, as we did.

Studying the effect of drugs on sexual conversion
would be irrelevant (beyond the academic interest) if all
parasites were killed by the drugs and treated patients
were unable to transmit the infection further, but this is
clearly not the case. The net effect of ART-based treat-
ment on transmission potential is a clear reduction,
because ART kills asexual parasites, which are the
source of new gametocytes, and directly eliminates
some gametocytes.10,50�56 Immature gametocytes are
also sensitive to ART in vitro,92,93 although in vivo they
develop in haematopoietic tissues, where they may be
less sensitive to drug treatment.94 Consistent with pre-
vious reports,51,57�60 our results show that while game-
tocyte density drops after ART treatment, many patients
remain gametocyte carriers for several days after treat-
ment. A fraction of these gametocytes likely originated
from sexual conversion events after treatment: in some
patients, we observed an increase in mature gametocyte
densities approximately one week after treatment, when
the levels of pre-treatment mature gametocytes are
expected to decline. Previous studies demonstrated that
gametocytes from individuals taking ART-based
treatment,60,95 as well as ART-induced gametocytes,71

are capable of infecting Anopheles mosquitos. Thus, the
mature gametocytes observed after treatment can con-
tribute to malaria transmission. Furthermore, in non-
controlled settings, many patients take incomplete treat-
ment or suboptimal drugs,96 which may result in
increased survival of gametocytes and continuous pro-
duction of new gametocytes some days after treatment.
Consequently, if conversion rates are enhanced, such
treated individuals may contribute more to transmis-
sion. Notwithstanding the overall reduction of transmis-
sion potential generally associated with ART-based
treatment, the contribution of treated individuals to the
malaria infectious reservoir should not be neglected.
Indeed, in areas with ACT-resistance or aiming to elimi-
nate malaria, WHO recommends combining ACTs with
a single-dose primaquine to rapidly clear gametocytes
from the blood circulation and prevent transmission,
despite the risk of haemolysis associated with the use of
this drug in G6PD-defficient individuals.97 The combi-
nation of ACTs with a gametocidal drug would counter-
act any enhancement of sexual conversion associated
with ART-based treatment.98,99 Otherwise, ART-
induced changes in sexual conversion rates may in
some cases attenuate the reduction in transmission
potential associated with ART-based parasite killing.

This study has some limitations. First, multiple char-
acteristics of the patients and the specific ART-based
treatment differed between the three cohorts, making it
impossible to disentangle the contribution of specific
factors to the different effects of treatment on sexual
conversion between cohorts. Second, the number of
patients in each cohort was relatively small, and future
www.thelancet.com Vol 83 Month , 2022
studies with larger sample size will be needed to unam-
biguously establish the factors that influence the effect
of ART-based treatment on sexual conversion rates.
Third, the number of infections with wild-type K13
alleles in the Vietnam cohort was low (4 infections), lim-
iting the statistical power to compare K13 wild-type and
mutant parasites from the same cohort. Obtaining addi-
tional wild-type parasites from Vietnam was not possi-
ble, and currently the prevalence of K13 mutations in
the region where the samples were collected is
approaching fixation. Fourth, parasite densities were
low in samples collected after treatment, because many
parasites were killed by the drug. The lower parasitae-
mia in samples collected after treatment is a possible
confounder, because the main outcome of this study
was the comparison of relative SRBs expression levels
between pre-treatment and after treatment samples.
However, our RT-qPCR analysis included a standard
curve in every plate, which is a robust approach that
minimizes the effect of variability in amplification effi-
ciency and the potential quantification bias between
samples with different parasitaemia levels.75 Also
related, in some patients, parasite density was very low
after treatment, especially at the latest time points, and
relative expression values could not be determined at
these time points. Calculating the median FC12-48h from
only some of the time points for some samples may
result in a bias (e.g. related with the speed of parasite
clearance), but it is important to note that in the major-
ity of samples changes in the expression of SRBs were
already observed at the initial time points, and were sim-
ilar between different time points (Figure 2a and Sup-
plementary Figure 4). Fifth, we could not follow a
standard case-control approach to assess the impact of
treatment on sexual conversion rates, because all
malaria patients must be provided immediate treatment
and therefore comparing sexual conversion rates
between treated and untreated patients is not possible.
Six, another possible confounder could be that some of
the transcripts for SRBs were derived from circulating
mature gametocytes rather than from sexual rings.
However, this is an unlikely confounder because SRBs
are expressed at much lower levels in mature gameto-
cytes than in sexual rings, and at all time points ana-
lysed mature gametocytes were far less abundant than
rings (Supplementary Data Set 2). Lastly, the differen-
ces between cohorts in the methods to prepare RNA
may be a potential source of bias, but pre- and post-treat-
ment samples within each cohort were always prepared
in parallel by the same method. Therefore, the gene
expression ratio between them (FC) is expected to be
independent from the preparation method (both sam-
ples would be affected in the same way).

In spite of these limitations, we can conclude that in
many patients SRBs relative transcript levels clearly
increased after ART-based treatment, suggesting
increased sexual conversion. This is relevant in the
17
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context of widespread use of ACTs for malaria treat-
ment and also for mass drug administration as part of
malaria elimination efforts. Our study further defines
and validates a panel of markers of sexual conversion
for studies aiming to investigate the impact of environ-
mental and host factors on sexual conversion rates in
natural infections, and identifies parasite age as a factor
that influences the effect of ART-based treatment on
sexual conversion rates. Larger studies will be needed to
unambiguously establish which factors influence the
effect of ART-based treatment on sexual conversion
rates. These studies should use relatively homogeneous
cohorts in which specific factors such as K13 mutations
occur at intermediate frequencies. Frequent sampling
could be limited to the first 24 h after treatment, as this
was the most informative time period.
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