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Abstract 

Background: For uncomplicated Plasmodium falciparum malaria, highly efficacious single‑dose treatments 
are expected to increase compliance and improve treatment outcomes, and thereby may slow the develop‑
ment of resistance. The efficacy and safety of a single‑dose combination of artefenomel (800 mg) plus ferroquine 
(400/600/900/1200 mg doses) for the treatment of uncomplicated P. falciparum malaria were evaluated in Africa 
(focusing on children ≤ 5 years) and Asia.

Methods: The study was a randomized, double‑blind, single‑dose, multi‑arm clinical trial in patients aged > 6 months 
to < 70 years, from six African countries and Vietnam. Patients were followed up for 63 days to assess treatment effi‑
cacy, safety and pharmacokinetics. The primary efficacy endpoint was the polymerase chain reaction (PCR)‑adjusted 
adequate clinical and parasitological response (ACPR) at Day 28 in the Per‑Protocol [PP] Set comprising only African 
patients ≤ 5 years. The exposure–response relationship for PCR‑adjusted ACPR at Day 28 and prevalence of kelch-13 
mutations were explored.

Results: A total of 373 patients were treated: 289 African patients ≤ 5 years (77.5%), 64 African patients > 5 years 
and 20 Asian patients. None of the treatment arms met the target efficacy criterion for PCR‑adjusted ACPR at Day 
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Background
Malaria is one of the leading public health problems 
in the world with an estimated 228  million cases and 
400,000 deaths in 2018. About 93% of the cases occurred 
in Africa and 67% of deaths occurred in children under 
5  years. Plasmodium falciparum is the most prevalent 
malaria parasite in Africa, accounting for 99.7% of esti-
mated malaria cases in 2018, while it represented 50% of 
the cases in South-East Asia [1].

To counter the threat of plasmodial resistance to 
anti-malarial monotherapies and to improve treatment 
outcomes, the World Health Organization (WHO) rec-
ommends the use of artemisinin-based combination 
therapy (ACT) as the first-line treatment for uncompli-
cated P. falciparum malaria [2]. However, evidence sug-
gests that in real-life conditions, compliance to current 
standard 3-day treatment regimens recommended by the 
WHO can be low, reducing the effectiveness of ACT [3–
5]. In children aged 5 years or less, adherence may be as 
low as 40% [6], although reported data are highly variable 
[6–10], as are adherence data in other age groups [5].

Poor compliance, leading to sub-optimal treatment 
outcomes, is likely to increase the rate of development 
of drug resistance. Parasite resistance against commonly 
used artemisinin-based combinations is rising in South-
East Asia [11–14] and the potential to spread to African 
countries is a major concern. Kelch-13 mutations associ-
ated with artemisinin resistance (delayed parasite clear-
ance) are now widespread in the Greater Mekong Region 
(GMR), with C580Y representing the most prevalent 
mutation in South-East Asia [15]. There is clear evidence 
of malaria treatment failure in the face of emerging drug 
resistance in the region [13, 16–19].

Although the efficacy of ACT has remained high out-
side South-East Asia [20, 21], kelch-13 mutations have 
been detected at a significant prevalence (over 5%) in 

Guyana, Papua New Guinea and Rwanda [1], and slow 
parasite clearance has been observed at a frequency 
of < 1% in Africa [22]. Recently, kelch-13 C580Y has been 
detected in Guyana [23] and Papua New Guinea [24]. For 
uncomplicated P. falciparum malaria, highly efficacious 
single-dose treatments are expected to increase compli-
ance and improve treatment outcomes, and thereby may 
slow the development of resistance [25].

A new fixed-dose combination of ferroquine (IND 115 
244) and artefenomel (IND 104 549), which have differ-
ent mechanisms of action, was developed by Sanofi in 
partnership with Medicines for Malaria Venture (MMV) 
for the single-dose treatment of uncomplicated malaria 
in adults and children. Artefenomel, previously known 
as OZ439, is a synthetic trioxolane endoperoxidic anti-
malarial agent [26, 27] which, like artemisinins, has mul-
tiple mechanisms of action including reacting with iron 
within the parasite food vacuole to produce free radicals, 
leading to alkylation of key parasitic proteins [26, 28, 
29]. Artefenomel was selected for development based on 
improved blood stability and an extended plasma half-life 
relative to artemisinins in rat [28]. In patients with falci-
parum and vivax malaria, artefenomel had an estimated 
elimination half-life of 46 to 62 h and demonstrated rapid 
parasite clearance [27]. In a previous phase 2b study in 
African adults and children, and Asian adults, a single 
dose of artefenomel (800 mg) administered in combina-
tion with 1440 mg of piperaquine phosphate provided a 
mean Day 28 efficacy (polymerase chain reaction [PCR]-
adjusted adequate clinical and parasitological response 
[ACPR]) of 78.6% in the Per-Protocol (PP) Set [30].

Ferroquine is a ferrocenyl derivative of chloroquine 
that is active against chloroquine-resistant P. falcipa-
rum strains with a promising anti-malarial therapeu-
tic potential in humans [31, 32]. It has been proposed 
to act by preventing haemozoin formation generating 

28 (lower limit of 95% confidence interval [CI] > 90%). PCR‑adjusted ACPR at Day 28 [95% CI] in the PP Set ranged 
from 78.4% [64.7; 88.7%] to 91.7% [81.6; 97.2%] for the 400 mg to 1200 mg ferroquine dose. Efficacy rates were low in 
Vietnamese patients, ranging from 20 to 40%. A clear relationship was found between drug exposure (artefenomel 
and ferroquine concentrations at Day 7) and efficacy (primary endpoint), with higher concentrations of both drugs 
resulting in higher efficacy. Six distinct kelch-13 mutations were detected in parasite isolates from 10/272 African 
patients (with 2 mutations known to be associated with artemisinin resistance) and 18/20 Asian patients (all C580Y 
mutation). Vomiting within 6 h of initial artefenomel administration was common (24.6%) and associated with lower 
drug exposures.

Conclusion: The efficacy of artefenomel/ferroquine combination was suboptimal in African children aged ≤ 5 years, 
the population of interest, and vomiting most likely had a negative impact on efficacy.

Trial registration ClinicalTrials.gov, NCT02497612. Registered 14 Jul 2015, https:// clini caltr ials. gov/ ct2/ show/ NCT02 
497612? term= NCT02 49761 2& draw= 2& rank=1

Keywords: Ferroquine, Combination treatment, Pharmacokinetics/pharmacodynamics, Exposure–response, C580Y, 
Kelch-13 mutation, Resistance, Parasite clearance, Vomiting
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reactive oxygen species and inducing lipid peroxidation 
[29, 31]. Ferroquine is metabolized to one major metab-
olite (N-demethyl derivative, SSR97213), equally active 
in vitro.

Based on data from a Controlled Human Infection 
Model (CHMI) in healthy volunteers, time above the 
minimum parasiticidal concentration was estimated to 
be approximately twofold longer for a ferroquine dose of 
1200 mg than for a piperaquine dose of 1440 mg (MMV 
Internal Report), suggesting that ferroquine in combi-
nation with artefenomel may have longer duration than 
piperaquine in combination with artefenomel.

A phase 2b study was conducted to investigate the effi-
cacy, safety, tolerability and pharmacokinetics (PK) of 
single-dose regimens of ferroquine with artefenomel for 
the treatment of uncomplicated P. falciparum malaria in 
adults and children in Africa and Asia.

Methods
Study objectives
The primary objective of the FALCI Study (for ’Fer-
roquine and Artefenomel in adults and children with 
Plasmodium falciparum malaria’) was to determine the 
efficacy of a single-dose combination of artefenomel/fer-
roquine for the treatment of uncomplicated P. falciparum 
malaria in adults and children.

Key secondary efficacy objectives included determin-
ing the time to re-emergence of parasites, and time to 
fever and parasite clearance. The safety and tolerability 
of artefenomel/ferroquine in adults and children, and the 
PK of artefenomel, ferroquine and its active metabolite, 
SSR97213, were also evaluated. Key exploratory objec-
tives included investigating the relationship between 
kelch-13 genotype and parasite clearance, and character-
izing the relationship between the exposure of both drugs 
and the clinical outcome.

Study design and overview of study conduct
This was a multi-centre, multi-country, randomized, 
double- blind, single-dose, multi-arm study to evalu-
ate 4  dosing regimens in patients aged > 6  months 
to < 70 years (body weight ≥ 5 kg to ≤ 90 kg) with uncom-
plicated P. falciparum malaria. The study was conducted 
at 10  sites across 6  African countries (Benin, Burkina 
Faso, Gabon, Kenya, Mozambique and Uganda), and 4 
sites in Vietnam (2 of which did not randomize patients).

The primary population of interest for this study was 
African patients aged > 6  months to ≤ 5  years (later 
referred to as African patients ≤ 5 years). Two other pop-
ulations were recruited: African patients > 5  years who 
were primarily included to allow a safe age step-down 
procedure, and Asian patients. Recruitment of Asian 
patients was stopped by an independent Data Monitoring 

Committee (DMC) following evidence of low efficacy in 
this population.

The study design was adaptive, with up to four pre-
planned interim analyses of efficacy response. The study 
was stopped after all treatment arms met the protocol-
defined futility criteria at the first interim analysis (see 
result section). The protocol and statistical analysis plan 
for this study are available on ClinicalTrials.gov.

Study participants
Patients were eligible if they presented with microscop-
ically-confirmed (blood smear) P.  falciparum mono-
infection (1000 to 100  000 asexual parasites/μL) and 
fever (axillary temperature ≥ 37.5  °C, or oral/rectal/tym-
panic temperature ≥ 38  °C, or documented history of 
fever in the previous 24 h). Patients with signs of severe 
malaria (according to the WHO definition [33]), severe 
malnutrition, or hepatic function abnormalities (alanine 
aminotransferase [ALT] or aspartate aminotransferase 
[AST] > 2 × upper limit of normal [ULN], or total biliru-
bin > 1.5 × ULN) were excluded.

Enrolment and randomization to study treatment
Adults and children were included sequentially in 4 
cohorts through a progressive age step-down proce-
dure and ferroquine dose step-up procedure. Following 
the review of safety data of the first cohort (> 14  years 
to < 70  years) by the independent DMC, sequentially 
younger patients were recruited.

Eligible patients were centrally randomized to one of 
the possible treatment arms (artefenomel/ferroquine 
800/400 mg, 800/600 mg, 800/900 mg, and 800/1200 mg) 
via an Integrated Web Recognition System (IWRS) using 
permuted block randomization schedules and 3 rand-
omization lists. Randomization was stratified by region, 
and within Africa, by age class (> 14 to < 70 years; > 5 to ≥ 
14 years; > 2 to ≤ 5 years; > 6 months to ≤ 2 years). Follow-
ing the decision to stop recruitment in Asia due to low 
efficacy, stratification by region was no longer relevant 
after the second cohort (> 5 to ≥ 14 years). Following the 
age step-down and ferroquine dose step-up procedures, 
the randomization across treatment arms was balanced.

Patients weighing < 35  kg received doses that were 
adjusted to body weight. Ferroquine doses were selected 
using a population PK model, such that the lightest sub-
ject of a given weight band would not have exposures 
higher than the lightest adult (35 kg). Artefenomel doses 
were selected such that the heaviest patient in each 
weight band would achieve similar exposures to a 60 kg 
adult, and the lightest patient would not exceed the expo-
sures of the lightest adult (35 kg) in the same treatment 
arm. A fixed artefenomel/ferroquine dose ratio was to be 
maintained within each weight band. For further details 
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on enrolment procedures, allocation ratios, justification 
of the doses of ferroquine and artefenomel, and dose 
adjustment to body weight, please refer to Additional 
file 1.

Administration of study treatments, methods of blinding 
and handling of vomiting
Exploratory formulations of both ferroquine and arte-
fenomel were administered orally in the fasting condition 
(3  h before and 2  h after completion of administration) 
by a healthcare worker. Ferroquine capsules were admin-
istered first, in a double-blinded manner, meaning that 
patients in each weight band received the same num-
ber of capsules (6 or 8) depending on the dose, followed 
immediately by artefenomel suspension (unblinded). 
Ferroquine capsules could be opened and a solution pre-
pared for young children. The total administration vol-
ume for children from 2 to 5  years of age was between 
110 and 180 mL, depending on weight.

If patients vomited during or after ferroquine admin-
istration but before artefenomel administration, no re-
dosing of ferroquine was to be performed. Instead, the 
patients received rescue treatment and were discontin-
ued from the study (but were followed-up for safety). 
Patients who vomited within 5  min of the start of arte-
fenomel administration were to be re-dosed. Patients 
who vomited from 5  min after the start of artefenomel 
administration continued to take the artefenomel dose (if 
there was any left), but were not to be re-dosed.

For further details on administration of study treat-
ments, please refer to Additional file 1.

Baseline and follow‑up assessments
Dosing was performed at Day  0. Patients were hos-
pitalized for a minimum of 48  h post-dose (African 
patients > 5  years of age) or 72  h post-dose (all Asian 
patients and African patients ≤ 5 years of age). Following 
discharge from the hospital, patients returned for further 
assessments at Days 3, 5, 7, 10, 14, 15–18, 21 (± 2 days), 
24–25, 28 (± 2 days), 42 (± 3 days) and 63 (± 3 days).

Determination of parasitaemia by microscopy
Blood films (2 thick films and 1 thin film) were prepared 
at screening/pre-dose, and post-dose after 6, 12, 18, 
24, 30, 36, 48, 72 h and at Days 5, 7, 10, 14, (15–18), 21, 
(24–25), 28, 42 and 63. In addition, blood films at 12  h 
and 30  h post-dose were taken in patients > 14  years 
and ≥ 35  kg only. For screening/pre-dose (taken within 
4 h before drug administration), the first thick blood film 
was stained with 10% Giemsa stain for 10 to 15  min to 
determine screening parasitaemia. The second thick film, 
processed only if the patient met the entry criteria, used a 
more accurate staining technique with 2.5 to 3% Giemsa 

stain for 45 to 60 min, to determine the pre-dose (base-
line) parasitaemia. Subsequent thick and thin films were 
stained using this more accurate staining technique. Two 
qualified microscopists independently read the stained 
thick and thin films. Asexual parasite density, expressed 
as the number of parasites per microliter of blood, was 
calculated by averaging the 2 counts. Non-concordance 
was resolved by a third microscopist. A slide was consid-
ered negative where no asexual parasites were detected 
in 1000 counted leukocytes. A negative result was con-
firmed by a second negative film, prepared within 6 
to 12  h of the first). Gametocyte numbers were also 
counted.

Polymerase chain reaction (PCR) methodology
Parasite genotyping by PCR (blood spots) was performed 
centrally in accordance with the procedures to identify 
parasite populations recommended by the WHO and 
MMV [34].

Parasite clearance parameters were estimated using the 
WorldWide Antimalarial Resistance Network (WWARN) 
parasite clearance estimator based on the linear portion 
of the individual natural logarithm parasitaemia time 
profiles [35].

Exploratory assessments
Kelch-13 genotyping was determined by the PCR method 
developed by the Pasteur Institute (MOL08) [36].

Safety assessments
Safety assessments were performed until study comple-
tion, unless otherwise specified. This included record-
ing of adverse events (AEs), clinical laboratory tests up 
to Day 28 (haematology, clinical chemistry, urinalysis), 
physical examination, vital signs, clinical signs and symp-
toms related to uncomplicated P. falciparum malaria, 
as well as a triplicate 12-lead electrocardiogram (ECG) 
using centralized reading up to Day 7. Adverse events 
were followed-up until the scheduled date of the patient’s 
study completion, or up to resolution or stabilization of 
the AE, whichever came last.

Ethical considerations
The study was conducted in accordance with consen-
sus ethics principles derived from international ethics 
guidelines, including the Declaration of Helsinki, and the 
International Council for Harmonisation of Technical 
Requirements for Pharmaceuticals for Human Use guide-
lines for Good Clinical Practice, all applicable laws, rules, 
and regulations. It was approved by the relevant Inde-
pendent Ethics Committees (IECs) and, where relevant, 
local regulatory authorities at each of the participating 
sites.
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Analysis sets
The Safety Set included all randomized patients who 
received at least one dose or part of a dose of the study 
drug. Three Safety Subsets (African patients ≤ 5  years, 
African patients > 5  years and Asian patients) were also 
defined.

The primary population of interest was Afri-
can patients ≤ 5  years, and the modified Intent-
To-Treat (mITT) and PP Sets included only this 
population. The mITT Set included all randomized 
African patients ≤ 5  years with parasitologically con-
firmed P. falciparum malaria at screening/baseline, who 
received the single dose of artefenomel plus ferroquine, 
and excluded patients who required rescue treatment 
due to vomiting during study drug administration. The 
PP Set comprised the mITT patients who were evaluable 
at Day  28, Day  42 or Day  63 for crude ACPR (see defi-
nition below) and who were without any major protocol 
deviation affecting efficacy up to the specified study day. 
Separate PP Sets and mITT Sets were defined for African 
patients > 5 years and Asian patients.

Data were analysed according to the study treatment 
received (all patients received treatment as randomized).

Endpoints
The primary efficacy endpoint was the PCR-adjusted 
ACPR at Day 28 and the primary analysis population was 
the PP Set (African patients ≤ 5  years). Secondary end-
points included PCR-adjusted ACPR at Day 42 and Day 
63 in the PP Set and crude ACPR at Day 28, Day 42 and 
Day 63 in the mITT Set. ACPR was defined as a nega-
tive parasitaemia (blood films), irrespective of axillary 
temperature, without previously meeting any criteria of 
early treatment failure, late clinical failure, or late para-
sitological failure, or having received rescue treatment 
for malaria under the conditions defined in the study 
protocol.

PCR-adjusted ACPR and crude ACPR for both the 
mITT and PP Sets were determined according to the 
principles set down by the WHO and MMV [34, 37]. 
Crude ACPR does not distinguish between recrudes-
cence (re-emergence of the original clone of parasite that 
was present at baseline) and re-infection (by a new clone 
of parasite). For PCR-adjusted ACPR, re-infection on the 
day of evaluation was considered a cure for both mITT 
and PP Sets, while re-infection before the day of evalua-
tion was considered a failure for the mITT Set and non-
evaluable for the PP Set.

Additional secondary and exploratory endpoints 
included Kaplan–Meier estimates of time to, and inci-
dence rates of re-emergence, recrudescence and re-infec-
tion (mITT Sets), Kaplan–Meier estimates of parasite 
clearance time (PCT) and fever clearance time (FCT) (PP 

Sets), parasite clearance parameters (including parasite 
clearance half-life [PCt1/2], parasite reduction ratio at 
24 h and 48 h [PRR24 and PRR48 (log10)], time to 90% 
parasite reduction) (PP Sets), gametocyte count and 
Kaplan–Meier estimates of time to gametocyte appear-
ance/clearance (mITT Sets), and kelch-13 genotype of 
parasite isolates (PP and mITT Sets).

Safety and tolerability endpoints included the incidence 
of treatment-emergent adverse events (TEAEs) and seri-
ous adverse events (SAEs). Treatment-emergent adverse 
events of special interest (AESIs) were pre-defined for 
the study: increase in ALT (ALT ≥ 3 × ULN if base-
line ALT < ULN, or ALT ≥ 2 × baseline value if baseline 
ALT ≥ ULN); QT interval corrected using Fridericia’s 
formula (QTcF) ≥ 500  ms or QTcF prolongation > 60  ms 
from baseline; pregnancy and follow-up; symptomatic 
overdose with the study drug. Cases of QTcB prolonga-
tion > 500 ms were also thoroughly reviewed by an inde-
pendent cardiologist. Other safety endpoints included 
physical examination findings, vital signs, clinical labora-
tory tests including liver function tests, and ECG abnor-
malities (including absolute QTc value categorization and 
change from baseline QTc).

Statistical considerations
The aim of the study was to determine whether any of the 
treatment arms reached a target PCR-adjusted ACPR at 
Day  28 of > 90% (PP Set, i.e. African patients ≤ 5  years). 
The study was not powered for comparison between 
treatment arms.

Sample size calculations
Trial simulations for different PCR-adjusted ACPR 
response rates at Day 28 showed that a sample size of 
150 evaluable patients per treatment arm would pro-
vide ≥ 80% probability to reject the null hypothesis (H0: 
probability of PCR-adjusted ACPR at Day 28 ≤ 0.90) at 
the final analysis, for the true rate of 96.4%. Recruitment 
was to continue until each treatment arm was deemed 
to be futile or until 150 evaluable patients per treatment 
arm was reached.

At the start of the study, the primary population of 
interest included Asian patients of all ages as well as 
African patients ≤ 5  years of age. Following evidence 
of low efficacy in the Asian population, recruitment of 
Asian patients was stopped, as per the DMC’s guidance, 
and the primary population of interest was redefined as 
African children > 6  months and ≤ 5  years. In this new 
scenario, where no dose regimen was dropped during 
the study, a maximum of approximately 662 African 
patients (62 patients > 5  years, plus approximately 150 
patients ≤ 5 years per dose group) were to be recruited 
and randomized to achieve approximately 600 African 
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patients ≤ 5 years of age evaluable for the primary effi-
cacy endpoint. A total of 21 Asian patients had already 
been recruited.

Statistical analyses of the primary efficacy endpoint
PCR-adjusted ACPR at Day  28 in the PP Set (African 
patients ≤ 5  years) was analysed by treatment arm, 
using a frequency table including the exact binomial 
two-sided 95% confidence interval (CIs) of the percent-
ages calculated using the Clopper-Pearson method. 
Subgroup analyses were performed according to age, 
body weight, baseline parasitaemia and country.

Interim analyses of the primary efficacy endpoint: 
The study design was adaptive, with pre-planned 
interim analyses of the response during study con-
duct, in the first instance after recruiting 50 evaluable 
patients (African patients ≤ 5  years) per arm. Futil-
ity was to be concluded if the probability that PCR-
adjusted ACPR at Day  28 was ≤ 90% was ≥ 0.3 [38]. 
Further interim analyses were planned (up to 3) every 
time another 25  patients per treatment arm had com-
pleted the Day 28 assessment. Asian patients and Afri-
can patients > 5  years were excluded from the interim 
efficacy/futility analyses.

Final analysis of the primary efficacy endpoint: Effi-
cacy of the treatment arm was demonstrated for African 
patients ≤ 5 years (PP Set) if the lower limit of the exact 
95% CI of PCR-adjusted ACPR rate at Day 28 was > 90%. 
Within each treatment arm, the null hypothesis (H0: 
p ≤ 0.90) was tested against the one-sided alternative 
(H1: p > 0.90, with a two-sided α level of 5%), where p was 
the probability of PCR-adjusted ACPR at Day 28. Where 
the lower bound of the exact (Clopper-Pearson) 95% two-
sided CI was > 0.9, then the null hypothesis was to be 
rejected.

Statistical analyses of other endpoints
Summary frequency tables with exact binomial two-
sided 95% CIs of the percentages were produced for 
PCR-adjusted ACPR at Days 42 and 63 (PP Set), and for 
crude ACPR at Days 28, 42 and 63 (mITT Set). Kaplan–
Meier estimates were provided with the median (and 95% 
CI) and quartiles. Descriptive summary statistics were 
produced for all secondary and exploratory endpoints. 
The efficacy analyses performed in the primary popula-
tion of interest (African patients ≤ 5 years) were repeated 
for the African patients > 5 years and the Asian patients, 
as secondary analyses. The relationship between kelch-13 
genotype and PCt1/2 was described by region (all African 
patients and Asian patients separately) and by mutation 
in the PP Sets, and summary statistics were reported.

Pharmacokinetic analysis
Samples for PK analysis of artefenomel in plasma and 
ferroquine/SSR97213 in blood (dried blood spot) were 
collected at a total of 16 time points for each patient in 
patients > 14 years and body weight ≥ 35 kg (11 for arte-
fenomel and 13 for ferroquine/SSR97213). In the younger 
patients, the number of samples collected was between 
4 and 7 samples per patient. The samples were analysed 
using validated methods and the lower limit of quantifi-
cation was 5 ng/mL for ferroquine/SSR97213 and 1 ng/
mL for artefenomel.

The PK analysis was performed using non-linear mixed 
effect modelling as implemented in Monolix version 
2019R1 [39]. All data processing, analysis, model setup 
and modelling result analysis were conducted within R 
(Microsoft Open R 3.5.1) combined with the IQR tools 
package (v1.1.1) developed by IntiQuan [40].

To obtain the individual patient exposure estimates for 
artefenomel and ferroquine/SSR97213 with minimum 
bias due to sample time, individual PK profiles were esti-
mated through Bayesian analysis applying previously 
developed population PK models (artefenomel [30], fer-
roquine [unpublished]; details in Additional file 3). Expo-
sure variables included maximum concentration  (Cmax), 
concentrations at Day 7 post-dose  (Cday7), area under the 
curve from time 0 to Day 28 (AUC (0-day28)) for ferroquine 
and SSR97213, and area under the curve from time 0 to 
infinity (AUC (0-inf )) for artefenomel. More details are pro-
vided in S3 Pharmacokinetic analysis details  (see Addi-
tional file 3).

Exploratory efficacy exposure–response analysis
The relationship between the binary outcome of PCR-
adjusted ACPR at Day 28 and the estimated  Cday7 of both 
artefenomel and ferroquine and other covariates was 
evaluated in a logistic regression model within R com-
bined with the IQRtools package as described above [40]. 
The following covariates were considered: baseline para-
sitaemia, estimated  Cday7 of the active ferroquine metab-
olite SSR97213, age, sex, region, study site and kelch-13 
genotype at screening. All patients with a valid estimate 
of the PCR-adjusted ACPR at Day  28 and an estimated 
exposure to both drugs were included in the analysis. 
More details are provided in S4 Exposure–response anal-
ysis details (see Additional file 4).

Exploratory ECG exposure–response analysis
The relationships between the changes from baseline in 
ECG parameters and ferroquine/artefenomel concen-
trations from pre-dose to 48 h post-dose were explored. 
All patients with valid ECG recordings and exposure to 
both drugs were included in the analysis. More details 
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are provided in S5 Electrocardiogram exposure–response 
analysis details (see Additional file 5).

Results
Interim analysis results
All treatment arms in the PP Set (African chil-
dren ≤ 5  years of age) met the protocol-defined futility 
criteria at the first interim analysis (n = 226), given that 
the probability that efficacy (PCR-adjusted ACPR at Day 
28) was ≤ 90% was too large (≥ 30%) for all doses (30.7% 
for the 1200 mg ferroquine dose). Recruitment was there-
fore stopped.

Final analysis results
Patient disposition and analysis sets
Patient recruitment and follow-up occurred between 
25  July 2015 and 23  September 2019. Patient disposi-
tion of the study population is presented by treatment 
arm in Fig. 1. Of the 806 patients screened for the study, 
377 were randomized to receive study treatment. Screen 
failures (n = 420, 52.1%) were mainly due to the patients 
not meeting the criterion ‘mono-infection by P. falcipa-
rum’ (25.4%) and/or the patients presenting with clini-
cally significant laboratory abnormalities (12.3%). Four 
patients were randomized in error and were discontinued 
before receiving study treatment. Of the 377 randomized 
patients, 373  patients (98.9%) received study treatment 
(Safety Set) and 158 patients (41.9%) completed the study 

up to Day 63. A total of 219 patients (58.1%) were pre-
maturely discontinued from the study during the follow-
up period up to Day 63, the majority of whom (188/219) 
discontinued prematurely due to meeting at least 1 of 
the criteria to receive established anti-malarial treatment 
due to treatment failure (49.9% of the 377 randomized 
patients) (see Additional File 1 for treatment failure crite-
ria). Premature discontinuation due to treatment failure 
was therefore linked with the efficacy endpoint ACPR 
(Fig. 1).

Patient disposition is presented by region in Table  1. 
A total of 289 African patients ≤ 5  years (77.5% of all 
treated patients) and 64 African patients > 5  years were 
randomized and treated across all dose regimens. Only 
20 Asian patients were randomized and treated, due to a 
decision based on DMC recommendation to stop recruit-
ment in Asia early due to low efficacy. The percentage 
of patients who completed the study up to Day 63 was 
44.9% of African patients ≤ 5  years, 35.9% of African 
patients > 5 years, and 19.0% of Asian patients (Table 1).

A total of 261 African patients ≤ 5 years (89.4% of 292 
randomized) were included in the PP Set at Day 28 (pri-
mary efficacy population, see Fig. 2). Three African sites 
(out of 12 study sites which randomized at least 1 patient) 
had data quality issues related to the reading of the 
slides by microscopy. For one site, issues were detected 
before database lock and the patients (n = 12, all Afri-
can > 5 years) were excluded from the African > 5 years PP 

Fig. 1 Patient disposition by treatment arm. All doses of artefenomel and ferroquine are expressed as adult‑equivalent doses
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Table 1 Patient disposition by region (randomized patients)

Treatment failure was defined as patients who met any of the criteria for early treatment failure, late clinical failure or late parasitological failure. Early treatment failure 
(Day 1 to 3) was any of the following: (i) danger signs or severe malaria at Day 1, 2 or 3 in the presence of parasitaemia; (ii) parasite count at Day 2 higher than at Day 
0, irrespective of axillary temperature; (iii) parasitaemia at Day 3 with axillary temperature ≥ 37.5 °C; (iv) parasite count at Day 3 ≥ 25% at Day 0. Late clinical failure (Day 
4 to 63) was any of the following: (i) danger signs or severe malaria in the presence of parasitaemia on any day between Day 4 and Day 63 in patients who did not 
previously meet any of the criteria of early treatment failure; (ii) presence of parasitaemia on any day between Day 4 and Day 63 with axillary temperature ≥ 37.5 °C 
(or history of fever) in patients who did not previously meet any of the criteria of early treatment failure. Late parasitological failure was defined as the presence of 
parasitaemia on any day between Day 7 and Day 63 and axillary temperature < 37.5 °C in patients who did not previously meet any of the criteria of early treatment 
failure or late clinical failure

Data presented are the number (%) of randomized patients. Items in italic represent the reasons for premature study discontinuation. All doses of artefenomel and 
ferroquine are expressed as adult-equivalent doses
b Two patients were randomized in error and not treated. The status at last study contact was missing
a Established anti-malarial treatment was recommended as rescue treatment in case of (i) vomiting during or after ferroquine dosing or vomiting within 35 min after 
artefenomel re-dosing, and (ii) treatment failure

Artefenomel mg: Ferroquine mg

800:400 800:600 800:900 800:1200 Total

African patients > 6 months and ≤ 5 years (Primary population of interest)

 Randomized 73 (100) 74 (100) 73 (100) 72 (100) 292 (100)

 Treated 72 (98.6) 74 (100) 72 (98.6) 71 (98.6) 289 (99.0)

 Discontinued prior to treatment 1 (1.4) 0 1 (1.4) 3 (1.0)

 Completed 25 (34.2) 32 (43.2) 38 (52.1) 36 (50.0) 131 (44.9)

 Discontinued prematurely: 48 (65.8) 42 (56.8) 35 (47.9) 36 (50.0) 161 (55.1)

 Criteria met for established anti-malarial treatmenta 44 (60.3) 38 (51.4) 29 (39.7) 32 (44.4) 143 (49.0)

 Patient’s request 0 1 (1.4) 1 (1.4) 0 2 (0.7)

 Investigator’s judgement 0 0 0 1 (1.4) 1 (0.3)

 AE 3 (4.1) 1 (1.4) 3 (4.1) 1 (1.4) 8 (2.7)

 Lost to follow-up 0 1 (1.4) 0 1 (1.4) 2 (0.7)

 Not eligibleb 1 (1.4) 0 0 1 (1.4) 2 (0.7)

 Other 0 1 (1.4) 2 (2.7) 0 3 (1.0)

African patients > 5 years

 Randomized 16 (100) 15 (100) 18 (100) 15 (100) 64 (100)

 Treated 16 (100) 15 (100) 18 (100) 15 (100) 64 (100)

 Discontinued prior to treatment 0 0 0 0 0

 Completed 2 (12.5) 4 (26.7) 8 (44.4) 9 (60.0) 23 (35.9)

 Discontinued prematurely: 14 (87.5) 11 (73.3) 10 (55.6) 6 (40.0) 41 (64.1)

 Criteria met for established anti-malarial treatmenta 10 (62.5) 9 (60.0) 7 (38.9) 5 (33.3) 31 (48.4)

 Patient’s request 1 (6.3) 2 (13.3) 2 (11.1) 1 (6.7) 6 (9.4)

 Investigator’s judgement 1 (6.3) 0 0 0 1 (1.6)

 AE 0 0 1 (5.6) 0 1 (1.6)

 Lost to follow-up 1 (6.3) 0 0 0 1 (1.6)

 Other 1 (6.3) 0 0 0 1 (1.6)

Asian patients

 Randomized 4 (100) 5 (100) 6 (100) 6 (100) 21 (100)

 Treated 4 (100) 5 (100) 6 (100) 5 (83.3) 20 (95.2)

 Discontinued prior to treatment 0 0 0 1 (16.7) 1 (4.8)

 Completed 0 1 (20.0) 2 (33.3) 1 (16.7) 4 (19.0)

 Discontinued prematurely: 4 (100) 4 (80.0) 4 (66.7) 5 (83.3) 17 (81.0)

 Criteria met for established anti-malarial treatment a 3 (75.0) 4 (80.0) 3 (50.0) 4 (66.7) 14 (66.7)

 Patient’s request 1 (25.0) 0 1 (16.7) 0 2 (9.5)

 Investigator’s judgement 0 0 0 1 (16.7)
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Set (Fig. 2). For the other two sites (n = 34), issues were 
detected after database lock.
Patient demographics and baseline characteristics
Overall, the majority of the 377 randomized patients 
(70.0%) were aged > 2 to ≤ 5 years and approximately half 
(48.0%) weighed between ≥ 10 to < 15 kg (see Additional 
file  2: Table  S2). Most key baseline characteristics were 
similar across treatment arms. In the primary popula-
tion of interest (African children ≤ 5  years), most of the 
292  randomized patients (90.4%) were aged > 2  years 
to ≤ 5  years, and 9.6% of patients were > 6  months 
to ≤ 2 years (Table 2). A total of 62.0% of patients weighed 
between ≥ 10 to < 15 kg, but no patient was recruited in 
the ≥ 5 to < 7 kg body weight group. Key baseline charac-
teristics in African patients ≤ 5 years were similar across 
treatment arms, except for a lower proportion of male 
patients and a lower median baseline parasitaemia in the 
artefenomel + high-dose ferroquine arm compared to the 
other arms.

Asian patients were from two sites in different 
parts of Vietnam, and most were males (85.7%) and 

aged ≥ 18 years (85.7%). All Asian patients were > 14 years 
of age (Table 2).

Compliance/exposure
Of the 373 patients who received study treatment (Safety 
Set), 7 patients (1.9%) vomited during or after ferro-
quine administration, with no clear trend between the 
ferroquine dose and vomiting rate (see Additional file 2: 
Table S3). These patients received rescue treatment and 
were discontinued from the study.

Of the 366 patients successfully dosed with ferroquine 
and who received artefenomel, 90 patients (24.6%) vom-
ited within 6 h of initial artefenomel administration, with 
no clear trend between the ferroquine dose and vomiting 
rate (range for the 4 treatment arms: 23.3% to 25.8%). Of 
the 90 patients who vomited, 6 vomited within 5 min of 
initial artefenomel administration and were re-dosed (2 
of whom vomited again after re-administration).

The overall vomiting rate for the combined treatment 
was 26.0% (97 patients vomited out of the 373  patients 
who received at least one dose or part of a dose of the 
study drug).

Fig. 2 Study analysis sets. 1 Safety analyses were conducted in the overall Safety Set, including all randomized patients who received at least one 
dose or part of a dose of the study drug, regardless of age and region (n = 373). In addition, safety analyses were also performed in the 3 separate 
Safety Subsets including the African patients ≤ 5 years, the African patients > 5 years and the Asian patients, respectively. 2 The primary efficacy 
analysis was conducted in the PP Set at Day 28 (African patients ≤ 5 years only). Note: three African sites had quality issues related to the reading 
of the slides by microscopy. For one site, issues were detected before database lock and the patients were excluded from the PP Sets. All doses of 
artefenomel and ferroquine are expressed as adult‑equivalent doses



Page 10 of 25Adoke et al. Malar J          (2021) 20:222 

PCR‑adjusted ACPR in African patients ≤ 5 years (PP Set)
The primary efficacy endpoint, PCR-adjusted ACPR at 
Day 28 in the primary population of interest, African 
patients ≤ 5  years (PP Set), is presented by treatment 
arm in Table 3 and depicted in Fig. 3. Note that all doses 
are expressed as adult-equivalent doses. Actual doses 

administered across all weight bands are given in Addi-
tional file 1: Table S1.

All treatment arms failed the protocol-defined effi-
cacy criterion for PCR-adjusted ACPR at Day 28 (i.e. 
treatment arms failed to achieve the lower limit of 95% 
CI > 90%). A trend was apparent between ferroquine 
dose and the PCR-adjusted ACPR at Day 28 for the PP 

Table 2 Demographics and patient characteristics by region (randomized patients)

N: total number of patients in the relevant analysis set. All doses of artefenomel and ferroquine are expressed as adult-equivalent doses
a Including 11 patients (3.8%) aged < 12 months (2 with the artefenomel + 400 mg ferroquine dose, 2 with the 600 mg dose, 4 with the 900 mg dose and 3 with the 
1200 mg dose)
b Baseline parasitaemia corresponds to the baseline/post-dose measurement and was summarized for all treated patients (i.e. Safety Set, including 289 African 
patients ≤ 5 years, 64 African patients > 5 years and 20 Asian patients). Baseline parasitaemia is missing for 3 African patients > 5 years

Artefenomel mg: Ferroquine mg

800:400 800:600 800:900 800:1200 Total

African patients > 6 months and ≤ 5 years

 N 73 74 73 72 292

 Males, n (%) 43 (58.9) 35 (47.3) 41 (56.2) 27 (37.5) 146 (50.0)

 Age (months), median (range) 40.74
(9.0; 59.6)

41.10
(8.7; 59.9)

40.05
(10.3; 59.9)

40.89
(7.6; 59.2)

40.30
(7.6; 59.9)

 > 6 months to ≤ 2 years, n (%)a 7 (9.6) 8 (10.8) 6 (8.2) 7 (9.7) 28 (9.6)

 > 2 years to ≤ 5 years, n (%) 66 (90.4) 66 (89.2) 67 (91.8) 65 (90.3) 264 (90.4)

 Body weight (kg), median (range) 13.10
(8.2; 20.0)

13.85
(8.0; 19.0)

13.10
(7.7; 19.0)

13.75
(8.1; 21.5)

13.50
(7.7; 21.5)

 Baseline parasitaemia (/µL), median (range)b 34,400
(18; 182,719)

38,153.5
(1060; 177,867)

31,164.5
(599; 145,053)

22,793
(920; 119,804)

31,219
(18; 182,719)

African patients > 5 years

 N 16 15 18 15 64

 Males, n (%) 9 (56.3) 9 (60.0) 8 (44.4) 5 (33.3) 31 (48.4)

 Age (years), median (range) 14.58
(6.2; 56.0)

15.90
(7.2; 32.9)

15.71
(6.1; 43.7)

16.28
(5.2; 48.3)

15.24
(5.2; 56.0)

 > 5 years to ≤ 14 years, n (%) 6 (37.5) 5 (33.3) 6 (33.3) 5 (33.3) 22 (34.4)

 > 14 years to ≤ 18 years, n (%) 5 (31.3) 5 (33.3) 5 (27.8) 4 (26.7) 19 (29.7)

 > 18 years 5 (31.3) 5 (33.3) 7 (38.9) 6 (40.0) 23 (35.9)

 Body weight (kg), median (range) 47.20
(18.8; 70.2)

47.60
(19.9; 77.3)

44.85
(19.3; 89.0)

50.70
(15.0; 75.0)

47.00
(15.0; 89.0)

 Baseline parasitaemia (/µL), median (range)b 4693.0
(885; 72,317)

21,968.0
(550; 162,303)

4280.0
(684; 85,130)

5321.0
(1060; 103,947)

5962.0
(550; 162,303)

Asian patients

 N 4 5 6 6 21

 Males, n (%) 4 (100) 4 (80.0) 5 (83.3) 5 (83.3) 18 (85.7)

 Age (years), median (range) 28.39
(15.4; 32.9)

24.96
(19.8; 61.9)

28.12
(14.7; 55.8)

28.91
(21.2; 53.4)

27.38
(14.7; 61.9)

 > 6 months to ≤ 2 years, n (%) 0 0 0 0 0

 > 2 years to ≤ 5 years, n (%) 0 0 0 0 0

 > 5 years to ≤ 14 years, n (%) 0 0 0 0 0

 > 14 years to ≤ 18 years, n (%) 1 (25.0) 0 2 (33.3) 0 3 (14.3)

 > 18 years 3 (75.0) 5 (100) 4 (66.7) 6 (100) 18 (85.7)

 Body weight (kg), median (range) 52.50
(46.0; 55.0)

55.00
(47.0; 63.0)

55.50
(44.0; 62.0)

55.50
(50.0; 63.0)

55.00
(44.0; 63.0)

B aseline parasitaemia (/µL), median (range)b 19,681.5
(1280; 44,951)

2698.0
(1562; 26,190)

24,274.5
(7512; 95,251)

15,702.0
(1592; 63,985)

19,627.0
(1280; 95,251)
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Table 3 Crude and PCR‑adjusted ACPR at each time point in African patients aged ≤ 5 years (PP Set)

N: total number of patients in the relevant analysis set. All doses of artefenomel and ferroquine are expressed as adult-equivalent doses

n: number of patients in each category achieving ACPR

r: total number of patients in the relevant analysis set with a defined response of Cure or Failure (i.e. patients evaluable for the outcome considered)

Artefenomel mg: Ferroquine mg

800:400 800:600 800:900 800:1200 Total

Day 28

 N 69 67 63 62 261

 Crude ACPR, n/r (%) 34/69 (49.3) 48/67 (71.6) 48/63 (76.2) 54/62 (87.1) 184/261 (70.5)

 [95% CI] [37.0; 61.6] [59.3; 82.0] [63.8; 86.0] [76.1; 94.3] [64.6; 76.0]

 PCR‑adjusted ACPR, n/r (%) 40/51 (78.4) 51/60 (85.0) 51/57 (89.5) 55/60 (91.7) 197/228 (86.4)

 [95% CI] [64.7; 88.7] [73.4; 92.9] [78.5; 96.0] [81.6; 97.2] [81.3; 90.6]

Day 42

 N 69 65 59 61 254

 Crude ACPR, n/r (%) 27/69 (39.1) 33/65 (50.8) 36/59 (61.0) 42/61 (68.9) 138/254 (54.3)

 [95% CI] [27.6; 51.6] [38.1; 63.4] [47.4; 73.5] [55.7; 80.1] [48.0; 60.6]

 PCR‑adjusted ACPR, n/r (%) 30/43 (69.8) 45/55 (81.8) 42/50 (84.0) 50/57 (87.7) 167/205 (81.5)

 [95% CI] [53.9; 82.8] [69.1; 90.9] [70.9; 92.8] [76.3; 94.9] [75.5; 86.5]

Day 63

 N 68 65 59 60 252

 Crude ACPR, n/r (%) 24/68 (35.3) 30/65 (46.2) 34/59 (57.6) 35/60 (58.3) 123/252 (48.8)

 [95% CI] [24.1; 47.8] [33.7; 59.0] [44.1; 70.4] [44.9; 70.9] [42.5; 55.2]

 PCR‑adjusted ACPR, n/r (%) 25/39 (64.1) 33/43 (76.7) 36/44 (81.8) 41/47 (87.2) 135/173 (78.0)

 [95% CI] [47.2; 78.8] [61.4; 88.2] [67.3; 91.8] [74.3; 95.2] [71.1; 84.0]

Fig. 3 PCR‑adjusted ACPR at Day 28 by age (African patients) and by region (PP Sets). All doses of artefenomel and ferroquine are expressed 
as adult‑equivalent doses. n: number of patients in each category achieving ACPR. r: total number of patients in the relevant analysis set with a 
defined response of Cure or Failure (i.e. patients evaluable for the outcome considered). 95% CI L: lower limit of 95% confidence interval; 95% CI U: 
upper limit of 95% confidence interval
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Set, with efficacy rates ranging from 78.4% (95% CI 
64.7 to 88.7%) with the artefenomel + 400  mg ferro-
quine dose up to 91.7% (95% CI 81.6 to 97.2%) with the 
1200 mg ferroquine dose. Only 1 patient overall experi-
enced an ETF, in the treatment arm randomized to arte-
fenomel + 600 mg ferroquine dose.

The exclusion of two sites with data quality issues 
related to microscopy did not substantially affect the pri-
mary results at Day 28 (post-hoc analysis). Efficacy rates 
ranged from 77.8% (95% CI 62.9 to 88.8%) with the arte-
fenomel + 400 mg ferroquine dose to 92.3% (95% CI 81.5 
to 97.9%) with the artefenomel + 1200  mg ferroquine 
dose.

PCR-adjusted ACPR appeared to decrease over time, 
as expected (Table  3), although this reduction was less 
apparent with higher ferroquine doses. PCR-adjusted 
ACPR was 87.2% at Day 63 with the highest ferroquine 
dose (1200 mg) in the PP Set. There was a trend towards 
lower efficacy with lower weight band and younger age 
group (Fig. 4), although the number of children was very 
small for the lowest weight band and youngest age group. 
There was no clear trend in PCR-adjusted ACPR at Day 
28 according to baseline parasitaemia quartile (Addi-
tional file 2: Table S4).

Crude ACPR in African patients ≤ 5 years (PP set)
Crude ACPR at Day 28 ranged from 49.3% with the 
400 mg ferroquine dose to 87.1% with the 1200 mg fer-
roquine dose in the PP Set (Table 3). Similar trends with 
respect to age (when considering all ferroquine doses) 
and weight band were observed as for PCR-adjusted 
ACPR at Day 28 (Additional file 2: Table S5).

PCR‑adjusted and crude ACPR in African patients ≤ 5 years 
(mITT Set)
For the mITT Set, a similar trend between ferroquine 
dose and efficacy was apparent. Crude ACPR at Day 28 
ranged from 49.3% with the artefenomel + 400  mg fer-
roquine dose to 81.2% with the 1200 mg ferroquine dose 
(Additional file 2: Table S6).

Incidence rates of re-emergence, recrudescence and re-
infection increased over time (Fig. 5), with a clear inverse 
relationship with dose observed at each time point, as 
expected. Median time to re-emergence ranged from 
36.0 days with the 400 mg ferroquine dose to 64.0 days 
with the 1200  mg ferroquine dose (Additional file  2: 
Table S7).

ACPR in Asian patients
The number of Asian patients was small (19 in the Asian 
PP Set at Day 28). Efficacy rates were low across all fer-
roquine doses at all time points, with PCR-adjusted and 
crude ACPR ranging from 20 to 40% at Day 28 (Fig. 3 and 

Additional file 2: Table S8). Treatment failure was mainly 
due to recrudescence, with 12 of the 13  events of re-
emergence observed in the Asian mITT Set.

being due to recrudescence (Additional file 2: Table S9).

ACPR in African patients > 5 years
The number of African patients > 5  years was small (44 
in the African > 5  years PP Set at Day  28, with 10 to 12 
patients per treatment arm). PCR-adjusted ACPR at 
Day 28 ranged from 72.7% to 100%, with no apparent 
trend with ferroquine dose (Fig. 3 and Additional file 2: 
Table S8). A trend between ferroquine dose and efficacy 
was observed in the African > 5  years mITT Set (see 
Additional file 2: Table S10).

Parasite clearance kinetics
Kaplan–Meier analysis of time to initial asexual para-
site clearance (ie, PCT) is presented by region for the 
PP Sets in Table S11 (see Additional file 2). In African 
patients ≤ 5  years, there was no trend between fer-
roquine dose and PCT, or the percentage of patients 
achieving parasite clearance. Median PCT across all 
ferroquine doses was 36.0  h, with 76.7% of patients 
achieving parasite clearance after 72 h. Lower parasi-
taemia at baseline (lowest quartile, i.e. ≤ 9082 µL) was 
associated with an apparently faster parasite clear-
ance with a median PCT of 24.0 h and higher percent-
age of patients achieving parasite clearance at 72  h 
(92.3%), compared to quartiles with baseline parasi-
taemia > 9082  µL (median PCT of 36.1 to 42.1  h, and 
66.4% to 79.5% of patients achieving parasite clear-
ance at 72  h, depending on the quartile). In African 
patients > 5  years, median PCT across all ferroquine 
doses was 24.2  h, with 90.9% of patients achieving 
parasite clearance at 72  h. In Asian patients, para-
site clearance was slow relative to African patients: 
median PCT was 79.8  h across all ferroquine doses, 
with 25.0%, 40.0% and 40.0% of patients achieving 
parasite clearance at 72  h with the 600  mg, 900  mg 
and 1200  mg ferroquine  dose, respectively. However, 
the number of patients in each arm was small (n = 4 
to 5).

Parasite clearance parameters are provided 
in Table  S12 (see Additional file  2). In African 
patients ≤ 5  years (PP Set), across all ferroquine 
doses, median PCt1/2 was 2.6 h (range: 1.3 to 6.6 h), 
median PRR48 (log10) was 5.6 and median time to 
90% parasite reduction was 10.8 h. Similar values were 
observed in African patients > 5 years: median PCt1/2 
was 2.2 h, median PRR48 (log10) was 6.6 and median 
time to 90% parasite reduction was 9.5  h. Across all 
ferroquine doses, parasite clearance was slower in 
Asian patients than in African patients. In the Asian 
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Fig. 4 PCR‑adjusted ACPR at Day 28 in African patients ≤ 5 years by a age group and b body weight band (PP Set). All doses of artefenomel and 
ferroquine are expressed as adult‑equivalent doses. n: number of patients in each category achieving ACPR. r: total number of patients in the 
relevant analysis set with a defined response of Cure or Failure (i.e. patients evaluable for the outcome considered). 95% CI L: lower limit of 95% 
confidence interval; 95% CI U: upper limit of 95% confidence interval

Fig. 5 Kaplan–Meier cumulative incidence curve for time to a re‑emergence, b recrudescence and c re‑infection in African patients aged ≤ 5 years 
(mITT Set). Kaplan–Meier estimates below each graph are estimates of the cumulative incidence rates. All doses of artefenomel and ferroquine 
are expressed as adult‑equivalent doses. Patients with no event were censored at the time of study completion, premature study discontinuation, 
including switch to established anti‑malarial treatment or start of any other treatment with anti‑malarial activity, whichever was earliest

(See figure on next page.)
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PP Set, median PCt1/2 was 6.0  h (n = 19), median 
PRR48 (log10) was 2.4 and the median time to 90% 
parasite reduction was 20.0 h.

Results regarding fever clearance time (FCT) and time 
to gametocyte appearance/clearance are presented in 
Additional File 2.

Kelch‑13 genotype
For P. falciparum infections, a total of 34 loci were tested 
for kelch-13 mutation. Analyses were carried out in the 
African population across all age groups (i.e. ≤ 5  years 
and > 5  years). Results are presented for the mITT Sets 
(n = 294) and the PP Sets (n = 272). Infections in almost 
all African patients had no mutation at any locus and 
so were true wild type (WT): 284 patients in the mITT 
Sets (96.6%) and 262 patients in the PP Sets (96.3%). In 
total, 6  distinct  kelch-13 mutations were detected in 10 
patients, 2 of which (A578S and S522C) were associated 
with artemisinin resistance, as previously reported by 
Ashley and colleagues [12].

For P. falciparum infections in the Asian population, 
almost all Asian patients carried the C580Y mutation 
only: 18/20 patients in the mITT Set (90.0%) and 17/19 
patients in the PP Set (89.5%). Only 2 patients were true 
WT.

Parasite clearance and association with kelch‑13 mutation 
(PP Sets)
The median PCt1/2 for the African patients across all 
ferroquine doses was 2.6 h (range 1.3 to 6.6 h, n = 239). 
Scatter plots of the correlation of PCt1/2 and kelch-13 
genotype in the PP Sets are provided in Fig. 6 (with the 
African and Asian patients shown separately). The influ-
ence of kelch-13 genotype on PCt1/2 for African patients 
could not be evaluated because only a small fraction of 
the patients carried kelch-13 mutations. Of the 2 Asian 
patients with WT genotype, 1 had an evaluable PCt1/2 
(2.3 h), while the median PCt1/2 for the 17 Asian patients 
with C580Y mutation (16 evaluable) was 6.2  h, with a 
range from 3.2 to 7.2 h.

Pharmacokinetics
Individual artefenomel and ferroquine/SSR97213 expo-
sures could be estimated for 364 and 367 patients respec-
tively (including patients who vomited and were not 
successfully re-dosed). Summaries of the individual esti-
mated exposures by region and age group are provided 
in S3 Pharmacokinetic analysis details (see Additional 
file 3).  Cday7 is summarized across region and age group 
in Fig. 7;  Cmax and AUC showed a similar pattern.

Exposures to artefenomel showed substantial between-
patient variability, with a coefficient of variation (CV) of 

Fig. 6 Relationship between parasite clearance half‑life and kelch-13 genotype by region (PP Sets). Only patients with both genotyping and PCt1/2 
results were included (n = 240). The patient with the mixed infection including the E556G mutation was not included due to the lack of a PCt1/2 
result. PC half‑life: parasite clearance half‑life; mixed WT: mixed wild type (presence of mutants and wild type); true WT: true wild type (no mutations 
at any of the tested loci)
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Fig. 7 Estimated Day 7 concentrations of artefenomel (a) and ferroquine (b) by treatment arm and region/age group. All doses of artefenomel and 
ferroquine are expressed as adult‑equivalent doses. The boxplots show the sample medians, with the first and third quartiles. The whiskers represent 
the lowest/largest values no further than 1.5 times the interquartile range. Circles and triangles are individual patient values. Blue lines represent the 
median  Cday7 in the exposure–response dataset: artefenomel 5.3 ng/mL and ferroquine 55 ng/mL. The PK Sets included all patients who received 
each study drug and had at least one evaluable blood sample for PK (n = 364 for artefenomel; n = 367 for ferroquine)

Fig. 8 Estimated Day 7 concentrations of artefenomel (a) and ferroquine (b) across the treatment arms by body weight band (excluding vomiters). 
The boxplots show the sample medians, with the first and third quartiles. The whiskers represent the lowest/largest values no further than 1.5 times 
the interquartile range. Circles are individual patient values of non‑vomiters (n = 280 for artefenomel and 276 for ferroquine)
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170 to 196% across treatment arms for  Cday7. Exposures 
were comparable across regions and age groups, except 
in the youngest African children (> 6 months to ≤ 2 years) 
and the lowest weight band (≥ 7 to < 10  kg) who had 
lower exposures (Figs. 7 and 8, respectively). However, it 
must be noted that there were ≤ 10 patients both in the 
youngest age group and the lightest weight group. The 
artefenomel exposures were comparable across the 4 
treatment arms.

Exposures of ferroquine were comparable across 
regions and age groups and were approximately dose-
proportional (Fig.  7), with a moderate-to-high variabil-
ity between patients (CV 51 to 70% for  Cday7). Similarly, 
exposures of ferroquine active metabolite (SSR97213, see 
Additional file  3) were also comparable across regions 
and age groups.

Patients who vomited had lower exposures than non-
vomiters (see Additional file 3). Exposures of artefenomel 
in vomiters were about 25% of that in non-vomiters. 
Exposures of ferroquine in vomiters were about 67–70% 
of the exposure in non-vomiters. The non-vomiters 
also showed considerably lower between-patient vari-
ability in exposures of artefenomel (CV of non-vomiters 
92 to 135% for  Cday7, versus 112 to 312% for vomiters). 

The Asian patients had similar exposures of artefenomel 
and ferroquine/SSR97213 compared to the African 
patients > 5 years.

Comparing exposures across the body weight bands 
(for non-vomiters only and across treatment arms) sug-
gests similar exposures across the bands, except for arte-
fenomel which showed lower exposures in patients in the 
lowest body weight band (≥ 7 to < 10 kg, Fig. 8).

Efficacy exposure–response analysis
As an exploratory objective, the relationship between 
artefenomel and ferroquine exposure, as well as other 
covariates, and ACPR at Day 28 was analysed with a 
logistic regression model. Details are provided in S4 
Exposure–response analysis details (see Additional file 4). 
The analysis data set comprised 298 patients. The data 
suggested a clear relationship between the  Cday7 of arte-
fenomel as well as ferroquine and the clinical outcome 
(PCR-adjusted ACPR at Day 28), as shown for Afri-
can patients ≤ 5 years in Fig. 9 (n = 231). All 66 patients 
who had  Cday7 of both compounds above their observed 
median value (depicted as horizontal and vertical lines 
on the plot) achieved PCR-adjusted ACPR at Day 28 (effi-
cacy rate = 100%). In contrast, for the 65 patients who 

Fig. 9 Estimated Day 7 concentrations of artefenomel and ferroquine in individual patients grouped by vomiting status and PCR‑adjusted ACPR 
at Day 28 (African patients ≤ 5 years). All African patients ≤ 5 years with PCR‑adjusted ACPR at Day 28 and exposure to both drugs were included 
(n = 231). The scatter plot displays the relationship between exposures to ferroquine (X axis) and artefenomel (Y axis) in African patients ≤ 5 years. 
Four quadrants were then defined according to the median artefenomel and ferroquine exposures, and the PCR‑adjusted ACPR at Day 28 is 
provided for the patients belonging to each quadrant
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had the  Cday7 of both compounds below their median 
value, the PCR-adjusted ACPR at Day 28 was only 65%. 
If one of the compounds only was above its median value, 
the PCR-adjusted ACPR at Day 28 was about 90%. These 
observations clearly indicate that both compounds con-
tributed to the ACPR at Day 28.

The logistic regression analysis indicated that the PCR-
adjusted ACPR at Day 28 could be described as a func-
tion of artefenomel (p = 0.01) and ferroquine (p < 0.001) 
 Cday7, baseline parasitaemia (p < 0.005), and a study site 
grouping (African sites with data quality issues related 
to microscopy [p = 0.012], or Asian sites [p < 0.001] ver-
sus other African sites) (Fig. 10 and Additional file 4). The 
odds of achieving ACPR at Day 28 increased 1.4-fold per 
10 ng/mL increase in ferroquine  Cday7 and increased 1.2-
fold per 1  ng/mL increase in artefenomel  Cday7, respec-
tively. In contrast, the odds of achieving ACPR at Day 28 
decreased 2.9-fold for each log increase in baseline para-
sitaemia (parasites/μL). The odds of achieving ACPR at 
Day 28 in Asian patients were only 0.02 of that in African 
patients, although few Asian patients (n = 18) were in the 
dataset, and these were all from Vietnam. Reduced odds 
were also identified for the three African study sites that 
were flagged for data quality issues related to microscopy. 
No effect of age, sex or SSR97213  Cday7 could be identi-
fied after taking artefenomel and ferroquine exposure as 
well as baseline parasitaemia into account in the model. 
The impact of kelch-13 genotype at screening could not 
be evaluated because of its correlation with region (see 

Additional file  4). SSR97213 exposure was not identi-
fied as contributing to the efficacy, despite having simi-
lar potency and exposures as ferroquine. This is most 
likely because of the high correlation between parent 
and metabolite exposures. Ferroquine exposures should 
therefore be considered as a proxy for the combined 
exposure of both.

The combined exposures of ferroquine and artefenomel 
required to achieve various PCR-adjusted ACPR at Day 
28 outcomes can be illustrated using isobolograms. 

Fig. 10 Logistic regression result for PCR‑adjusted ACPR at Day 28. All patients with PCR‑adjusted ACPR at Day 28 and exposure to both drugs were 
included in the analysis (n = 298). Note: ’Africa Flagged’ refers to the three African sites where quality issues related to the reading of the slides by 
microscopy were detected

Fig. 11 Isobolograms for various levels of PCR‑adjusted 
ACPR at Day 28 in African patients, regardless of age (baseline 
parasitaemia = 30,000/μL). The figure shows the isobolograms for 
African patients for various probabilities of achieving ACPR at Day 28 
with a baseline parasitaemia of 30,000 parasites/μL, which was the 
median baseline parasitaemia observed in African children ≤ 5 years
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Figure 11 shows the isobolograms for various probabili-
ties of achieving ACPR at Day 28 for African patients 
with a baseline parasitaemia of 30,000 parasites  /μL, i.e. 
the median baseline parasitaemia observed in African 
children ≤ 5  years. For patients with a baseline parasi-
taemia of 30,000 parasites /μL or less, a dosing regimen 
providing a combination of  Cday7 of artefenomel and fer-
roquine that is to the right of the ACPR at Day 28 = 0.95 
isobole for all patients is projected to result in an ACPR 
at Day 28 > 0.95.

Safety and tolerability
Overall, 90.3% of patients had at least 1 TEAE and the 
frequencies were similar across treatment arms (see 
Additional file  2: Table  S13). Permanent treatment dis-
continuation of either artefenomel or ferroquine was 
reported in 10 patients (2.7%), all due to TEAEs of vom-
iting: 7 vomited during or after administration of ferro-
quine but before administration of artefenomel, and 3 
vomited during or after administration of artefenomel. 
Table  4 presents the incidence of TEAEs reported 
in ≥ 5% of patients in any treatment arm for the Safety 
Set (n = 373) up to Day 63. The most frequently reported 
TEAEs were malaria (corresponding to recrudescence 
or reinfection, 50.1%) and vomiting (32.7%). Malaria 
was more frequently reported with the lowest ferro-
quine doses (400/600  mg), while vomiting was more 

frequently reported with the highest ferroquine doses 
(900/1200  mg). Similar results were observed in Afri-
can patients ≤ 5 years, who represent the majority of the 
Safety Set (289/373) (see Additional file 2: Table S14).

The changes in haematological parameters were 
aligned with malaria and disease recovery.

No patients died during the study. Eight patients (2.1%), 
all Africans ≤ 5  years, experienced treatment-emergent 
SAEs: 2 in the artefenomel + ferroquine 600  mg arm 
(malaria and pharyngitis), 4 in the artefenomel + fer-
roquine 900  mg arm (malaria, drug-induced liver 
injury and 2 cases of ALT increase), and 2 in the arte-
fenomel + ferroquine 1200  mg arm (hepatitis A, pneu-
monia aspiration).

With regards to hepatic safety, 8 patients (6 of 
whom were Africans ≤ 5  years) reported an AE 
related to liver that was considered as AESI, and in 
4 of these patients, the AESI was also reported as 
an SAE (as ’other medically important condition’). 
The 8 patients with AESIs related to liver included 
6  patients with ALT increase (reported at Day 15 
for 3 patients and at Days 6, 8 and 29 for the other 3 
patients; 2 AESIs were also reported as SAEs related 
either to artefenomel and ferroquine or ferroquine 
alone), 1 patient with drug-induced liver injury, who 
had an ALT increase > 20 × ULN (the AESI started at 
Day 29 and resolved by Day 43, and was also an SAE 

Table 4 Summary of treatment‑emergent adverse events reported in ≥ 5% of patients in any treatment arm (Safety Set)

MedDRA version 22.1. All doses of artefenomel and ferroquine are expressed as adult-equivalent doses

Data presented are the number (%) of patients with at least 1 TEAE in the Safety Set

TEAEs were AEs that developed or worsened or became serious during the on-treatment phase, i.e. time from the start of the first dose of study drug administration 
(included) up to the Day 63 visit (included)

Table sorted by decreasing frequency of preferred term in pooled treatment arms
a QTc prolongation was to be recorded as an AE (preferred term ’electrocardiogram QT prolonged’) if it met any of the following criteria (i) symptomatic, (ii) requiring 
either corrective treatment or consultation, (iii) leading to treatment discontinuation or modification of dosing, (iv) fulfilling a seriousness criterion, (v) met the criteria 
for an AESI (QTcF ≥ 500 ms or QTcF prolongation > 60 ms from baseline)

Preferred term Artefenomel mg: Ferroquine mg

800:400 800:600 800:900 800:1200 Total

N 92 94 96 91 373

At least 1 TEAE 84 (91.3) 87 (92.6) 85 (88.5) 81 (89.0) 337 (90.3)

Malaria 55 (59.8) 50 (53.2) 41 (42.7) 41 (45.1) 187 (50.1)

Vomiting 27 (29.3) 27 (28.7) 34 (35.4) 34 (37.4) 122 (32.7)

Cough 10 (10.9) 7 (7.4) 15 (15.6) 15 (16.5) 47 (12.6)

Upper Respiratory Tract Infection 7 (7.6) 6 (6.4) 17 (17.7) 10 (11.0) 40 (10.7)

Diarrhoea 10 (10.9) 11 (11.7) 7 (7.3) 11 (12.1) 39 (10.5)

Pyrexia 7 (7.6) 2 (2.1) 9 (9.4) 10 (11.0) 28 (7.5)

Electrocardiogram QT  Prolongeda 6 (6.5) 5 (5.3) 6 (6.3) 8 (8.8) 25 (6.7)

Headache 6 (6.5) 7 (7.4) 7 (7.3) 5 (5.5) 25 (6.7)

Abdominal pain 7 (7.6) 5 (5.3) 5 (5.2) 6 (6.6) 23 (6.2)

Decreased Appetite 5 (5.4) 8 (8.5) 5 (5.2) 5 (5.5) 23 (6.2)

Bronchitis 3 (3.3) 5 (5.3) 4 (4.2) 5 (5.5) 17 (4.6)

Rhinitis 4 (4.3) 3 (3.2) 1 (1.0) 7 (7.7) 15 (4.0)



Page 20 of 25Adoke et al. Malar J          (2021) 20:222 

considered related to ferroquine only) and 1  patient 
diagnosed with hepatitis A (also reported as an SAE 
at Day  29). One of the 6  patients with ALT increase 
(108 U/L) also presented with an increase in biliru-
bin (51 µmol/L, 80% conjugated) at Day 8 (resolved at 
Day 11) consistent with a case of possible Hy’s law but 
with no evidence of drug-induced liver injury (based 
on the DMC review of the case). All 8 hepatic AESIs 
were confirmed as resolved within 2  months after 
treatment administration (except one case of ALT 
increase which was confirmed as resolved later due to 
missed laboratory evaluations).

With regards to cardiac safety, heart rate (mean and 
median) decreased from baseline to post-baseline 
time points, with no evidence of a dose effect. Simi-
larly, the lowest on-treatment heart rate values were 
similar across treatment arms. The QT interval cor-
rected using the Bazett’s formula (QTcB) and using 
Fridericia’s formula (QTcF) both increased on the day 
of study drug administration, in all treatment arms, 
peaking 4–6 h after administration. Mean and median 
values decreased thereafter. The increases in QTcF 
and QTcB tended to be greater in the higher ferro-
quine dose arms (900/1200  mg). There was evidence 
of a dose effect in terms of the incidence of QTcF and 
QTcB increases from baseline of > 60  ms, with the 
highest incidences reported in the highest ferroquine 
dose arm (1200  mg): 15.4% and 7.0%, respectively. 
No QT or QTcF prolongation > 500  ms was reported, 
while 5 patients (1.3%) (all African patients ≤ 5 years) 
had a QTcB prolongation > 500  ms, all of which were 
recorded 2–6  h after administration. Following the 
review of these 5 patients by an independent cardi-
ologist, only 3 of the 5 patients of QTcB prolonga-
tion > 500 ms were confirmed. In 1 patient, the QTcB 
prolongation > 500 ms was associated with an increase 
from baseline > 60  ms (in artefenomel + ferroquine 
900  mg arm), whereas in the 2  other patients, the 
QTcB increase from baseline was > 30  ms but < 60  ms 
(in artefenomel + ferroquine 400  mg and 900  mg 
arms). The ECG exposure–response analysis showed 
small increases in PR interval and QRS duration 
which were considered not clinically relevant, and 
an increase in QTcB exceeding 10  ms for ferroquine 
doses of 600 mg and higher, for which the clinical rel-
evance remains to be established (see Additional file 5 
for further details).

Discussion
For the primary efficacy evaluation in the primary pop-
ulation of interest (African children aged > 6  months 
to ≤ 5  years, PP Set), artefenomel 800  mg in combina-
tion with ferroquine doses of 400, 600, 900 and 1200 mg 

(adult-equivalent doses) failed to achieve the protocol-
defined efficacy criterion for PCR-adjusted ACPR at 
Day 28 (i.e. treatment arms failed to achieve the lower 
limit of 95% CI > 90%). For African children ≤ 5 years of 
age, a trend was apparent between ferroquine dose and 
PCR-adjusted ACPR at Day 28, and within this popula-
tion, the highest dose group (1200 mg) showed a 91.7% 
response. There was a trend towards lower efficacy with 
lower weight band and younger age group, although the 
number of children weighing < 10  kg or aged ≤ 2  years 
was small. The overall variability in exposure was 
substantial for artefenomel (CV 170 to 196% across 
treatment arms for  Cday7) and moderate-to-high for fer-
roquine (CV 51 to 70% for  Cday7). Drug exposures were 
comparable across age and weight groups, except in the 
youngest and the lowest weight groups who had lower 
exposures.

Vomiting within 6  h of artefenomel dosing was 
recorded in around 25% of patients and had a substantial 
impact on artefenomel exposures (about 25% of that in 
non-vomiters), and to a lesser extent on ferroquine expo-
sures (about 67–70% of that in non-vomiters). Variability 
in artefenomel exposures was also considerably higher 
in vomiters. Nausea and vomiting are known symptoms 
of malaria, especially in young children. It may be that 
in children who already felt unwell, a higher vomiting 
rate was the result of multiple factors including malaria 
symptoms, side-effect profile of artefenomel, and the 
need for large administration volumes for the explora-
tory artefenomel formulation. It is noteworthy that in a 
similar study of artefenomel (800 mg) plus piperaquine, 
which was ongoing at the same time as this study, a simi-
lar frequency of vomiting was detected [30]. For the low-
est weight band, lower drug exposures were also evident 
in patients who did not vomit (although numbers were 
small). There were anecdotal reports that young chil-
dren struggled to consume the entire dosing volume even 
though the vast majority of patients were recorded as 
having all drug administered (without considering vom-
iting). Considering these factors, the high administration 
volume very likely contributed to the high exposure vari-
ability and lower overall exposures in the youngest/light-
est children.

Simple scatter plots of the relationship between expo-
sure to both drugs and efficacy, with and without vom-
iting, showed that vomiting clearly decreased exposure. 
This lower exposure was associated with lower ACPR at 
Day 28.

To better understand the efficacy results, the depend-
ency of efficacy on various covariates was explored using 
logistic regression. This analysis indicated that both drugs 
contributed to efficacy, with the odds of achieving ACPR 
at Day 28 increasing with increasing concentrations 
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of both drugs, and that higher baseline parasitaemia 
reduced the odds of achieving PCR-adjusted ACPR at 
Day 28. No effect of age or sex could be identified, after 
taking drug exposure and baseline parasitaemia into 
account in the model. However, given the impact of base-
line parasitaemia on efficacy, it is noteworthy that in this 
study, African patients ≤ 5  years of age had a median 
baseline parasitaemia around fivefold higher than Afri-
can patients > 5  years of age (31,219 /µL vs 5962  /µL), 
and this could be related to the absence of, or the lower 
immunity in, young children. On average therefore, 
higher exposures would be required to achieve efficacy in 
African patients ≤ 5 years of age compared with African 
patients > 5 years of age.

The study results illustrate the challenges in developing 
anti-malarial drugs which require very high cure rates. 
Treatment doses need to be high enough to achieve the 
required duration of exposure across the population, 
whilst remaining well tolerated and safe. The adminis-
tered treatment must be able to cure > 95% of the popula-
tion including those with high baseline parasitaemia and 
with less sensitive parasites. The administered treatment 
must also accommodate multiple sources of exposure 
variability, including variable bioavailability and variabil-
ity due to the need to scale doses across a large weight 
range using a feasible number of weight bands.

Clearly, low between-patient exposure variability 
including minimal food effects is key to maximizing the 
probability of achieving high efficacy, with as low a dose 
as possible and with acceptable tolerability. Achieving 
this balance is particularly challenging when attempt-
ing to administer the entire therapeutic dose in a single 
administration since this leads to a higher  Cmax compared 
with multiple-dose treatment.

For young children, single-dose treatments may be par-
ticularly challenging given that the full treatment must be 
administered whilst the patient has symptomatic malaria. 
Low dose/volume treatments will likely increase the fea-
sibility of administration to young children, and this may 
be best achieved through developing potent drug combi-
nations, which along with low between-patient exposure 
variability will provide feasible dose sizes.

Recruitment of Asian patients was stopped early by the 
DMC due to evidence of low efficacy. There were only 20 
patients randomized, and these were all from one coun-
try, Vietnam, but efficacy was clearly substantially lower 
than in the African patients (20 to 40% at Day 28), across 
all ferroquine doses. Exposures of artefenomel, ferro-
quine and ferroquine active metabolite (SSR97213) were 
comparable in Asia and Africa. The logistic regression 
analysis confirmed that the response was significantly 
lower in Asian patients compared to African patients 

even when drug exposures and baseline parasitaemia 
were taken into account.

Initial parasite clearance was approximately two-
fold slower for Asian patients compared with African 
patients. However, 17/19 of these Asian patients car-
ried the C580Y mutation, which was previously shown 
to reduce parasite clearance time [41]. These 17 patients 
showed a median PCt1/2 of 6.2  h, which is comparable 
to the 5.5  h reported for artefenomel in monotherapy 
studies [27]. The single evaluable patient carrying WT 
showed a PCt1/2 of 2.3 h, which is within the range pre-
viously described in monotherapy.

In recent years, there have been reports of kelch-13 
mutations potentially conferring artemisinin resistance 
arising in Africa [42]. In the present study, 10 out of 294 
African patients (mITT, all ages) were found to carry 
6 distinct kelch-13 mutations, some of which were previ-
ously linked with artemisinin resistance [12]. The impact 
of kelch-13 genotype on PCt1/2 for artefenomel could not 
be evaluated. The observed PCt1/2 of 2.6 h (range 1.3 to 
6.6 h) is similar to the 3.6 h (95% CI 3.2 to 3.8 h) reported 
following artefenomel monotherapy in WT P. falciparum 
blood-stage malaria infection in healthy volunteers [43].

In the case of artemisinin combination therapies, frank 
treatment failure has only been evident where arte-
misinin resistance occurs alongside partner drug resist-
ance [44]. It is therefore important to understand to what 
extent the treatment failure might be linked to ferroquine 
resistance. Ferroquine is a member of the 4-aminoqui-
noline family of anti-malarials, structurally related to 
piperaquine, amodiaquine and chloroquine. No ferro-
quine-resistant strains have been generated in the labo-
ratory. It is fully active against chloroquine-sensitive and 
chloroquine-resistant P. falciparum [45]. Changes in 
piperaquine sensitivity have been reported to be linked 
to plasmepsin2/3 amplifications and crt mutations [46], 
although no correlation between minimum inhibitory 
concentration (MIC) shifts for piperaquine and ferro-
quine has been detected in field samples from Vietnam.

Recent studies comparing in  vitro potency values of 
ferroquine determined on parasites from different coun-
tries in South-East Asia did not show any significant dif-
ference and less than a threefold decrease compared to 
laboratory strains. This suggests that no resistance to 
ferroquine has yet emerged in this region, which is well 
known to be the historical ignition point of resistance to 
anti-malarials.

The safety data demonstrated that vomiting was a sig-
nificant tolerability issue with approximately 25% of 
patients vomiting during or shortly after artefenomel 
administration. Aside from the vomiting, the single-
dose regimen of artefenomel + ferroquine was overall 
well tolerated in adults and children with uncomplicated 
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P.  falciparum malaria. The different doses of ferroquine 
tested appeared to have a similar overall tolerability and 
safety profile, although there was a trend towards a higher 
frequency of certain AEs, including the previously iden-
tified risks of proarrhythmic effect (QTc prolongation) 
[47] and hepatic effect (elevated liver enzymes) [48, 49], 
with the highest doses of ferroquine (the adult-equivalent 
doses of 900 and 1200  mg). Aside from a higher-than-
expected frequency of vomiting post-dosing, the safety 
profile observed in this study was aligned with the known 
profiles of both drugs as observed in previous studies, 
with some findings overlapping with malaria symptoms.

Conclusion
In this study, all treatment arms failed the proto-
col-defined adequate efficacy criterion for PCR-
adjusted ACPR at Day 28 in the PP Set of African 
children ≤ 5 years of age. The highest dose used (equiva-
lent to an adult dose of 1200 mg ferroquine plus 800 mg 
artefenomel) achieved only a 91.7% response from a 
single-dose treatment. Vomiting within 6  h of dosing 
occurred in around 25% of patients, reducing drug expo-
sures and thus negatively impacting efficacy. The high 
variability of artefenomel exposure was also a key fac-
tor in the lack of success. New combination treatments 
with formulations requiring lower doses/dosing volumes 
for use in small children would clearly be an important 
next step for future development, and these aspects are 
being researched. Failures in Vietnam where the major-
ity of parasites carry the kelch-13 C580Y genotypes are 
particularly concerning. The influence of kelch-13 geno-
type for African patients could not be evaluated because 
only a small fraction of the patients carried kelch-13 
mutations. Understanding the molecular basis for this 
difference in response will be important. Aside from the 
higher-than-expected incidence of vomiting shortly after 
artefenomel administration in the small children, no new 
safety signals were identified in this study. This study 
rules out the use of artefenomel and ferroquine as a sin-
gle-dose cure. Successful multiple-day regimens with this 
combination may be possible but would offer little ben-
efit over existing 3-day regimens of fully synthetic endop-
eroxides, such as arterolane-piperaquine. The lessons 
learned from this study will help influence the design of 
future development programs for next generation treat-
ments for malaria which would simplify therapy and be 
effective against emerging strains of resistant parasites.
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