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Imatinib augments standard malaria combination
therapy without added toxicity
Huynh Dinh Chien1, Antonella Pantaleo2, Kristina R. Kesely3, Panae Noomuna3, Karson S. Putt4, Tran Anh Tuan5, Philip S. Low3,4, and
Francesco M. Turrini6

To egress from its erythrocyte host, the malaria parasite, Plasmodium falciparum,must destabilize the erythrocyte membrane
by activating an erythrocyte tyrosine kinase. Because imatinib inhibits erythrocyte tyrosine kinases and because imatinib has a
good safety profile, we elected to determine whether coadministration of imatinib with standard of care (SOC) might be both
well tolerated and therapeutically efficacious in malaria patients. Patients with uncomplicated P. falciparum malaria from a
region in Vietnam where one third of patients experience delayed parasite clearance (DPC; continued parasitemia after 3 d of
therapy) were treated for 3 d with either the region’s SOC (40 mg dihydroartemisinin + 320 mg piperaquine/d) or imatinib
(400 mg/d) + SOC. Imatinib + SOC–treated participants exhibited no increase in number or severity of adverse events, a
significantly accelerated decline in parasite density and pyrexia, and no DPC. Surprisingly, these improvements were most
pronounced in patients with the highest parasite density, where serious complications and death are most frequent. Imatinib
therefore appears to improve SOC therapy, with no obvious drug-related toxicities.

Introduction
Malaria remains a serious health problem in much of the world
today, with ∼228 million new cases and ∼405,000 deaths esti-
mated in 2018 (World Health Organization, 2019). Although
artemisinin combination therapies (ACTs) continue to success-
fully treat most strains of Plasmodium falciparum malaria, new
drug-resistant mutations leading to delayed parasite clearance
(DPC; continued parasitemia after 3 d of standard therapy) have
emerged, especially in Southeast Asia (Conrad and Rosenthal,
2019; Ouji et al., 2018; Lu et al., 2017; Pau et al., 2019; Thriemer
et al., 2014). The presence of these artemisinin-resistant para-
sites unfortunately suggests that current treatments may soon
prove obsolete. While artemisinin, the cornerstone of ACTs, is
fast acting and effective, the duration of its efficacy is short,
requiring a companion drug to achieve more prolonged activity
(Nsanzabana, 2019; Li and Pybus, 2019). Regrettably, resistance
to such companion drugs is also rising (Conrad and Rosenthal,
2019), and while triple-combination therapies are now under
investigation for prevention of DPC (Rosenthal, 2020; van der
Pluijm et al., 2020; Dini et al., 2018), the third components in
most ACTs are antimalarials that have already failed due to a
decline in efficacy (Conrad and Rosenthal, 2019). Taken to-
gether, these observations suggest that new approaches to treat

P. falciparum malaria with orthogonal mechanisms of action
are critically needed.

We have reported that tyrosine phosphorylation of the eryth-
rocyte membrane protein 3 (band 3, AE1, SLC4A1) induces
erythrocyte membrane weakening, leading to membrane vesicu-
lation and fragmentation (Ferru et al., 2011; Puchulu-Campanella
et al., 2016; Pantaleo et al., 2011). Because this phosphorylation
dramatically increases during P. falciparummaturation in infected
erythrocytes (Pantaleo et al., 2010; Pantaleo et al., 2012; Bosman
et al., 2012), we hypothesized that the resulting membrane
weakening might contribute to erythrocyte rupture during mer-
ozoite egress from the infected red cell at the end of P. falciparum’s
life cycle (Pantaleo et al., 2012; Kesely et al., 2016; Pantaleo et al.,
2017; Kesely et al., 2020). Indeed, several studies have now
demonstrated that blockade of band 3 tyrosine phosphorylation by
an inhibitor of spleen tyrosine kinase (SYK) can prevent escape of
P. falciparum from its erythrocyte host in vitro, thereby termi-
nating the parasitemia (Kesely et al., 2016; Pantaleo et al., 2017,
Kesely et al., 2020). The concomitant accretion of denatured he-
moglobins within the parasitized erythrocyte is thought to further
augment parasite killing by enhancing the redox-mediated acti-
vation of artemisinins (Tsamesidis et al., 2020). Because imatinib,
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a Food and Drug Administration–approved tyrosine kinase in-
hibitor with an excellent safety profile (O’Brien et al., 2003;
Hochhaus et al., 2017), has been found to exhibit off-target activity
against SYK (Atwell et al., 2004), it seemed reasonable to examine
whether a clinically safe dose of imatinib might also exhibit an-
timalarial activity in infected patients.

We describe here the results of a small clinical trial aimed at
examining the safety and efficacy of adding imatinib to the
standard of care (SOC) for P. falciparum malaria in adult male
patients from the Lia Region Huong Hoa district of Vietnam.
In this region, patients are administered dihydroartemisinin
(DHA) plus piperaquine (PPQ) as the SOC, and they exhibit DPC
rates of approximately one in three (Pau et al., 2019; Thriemer
et al., 2014). We report that the most commonly used clinical
dose of imatinib (400 mg) causes no significant adverse events
when administered once daily for 3 d in combination with SOC.
We further demonstrate that when administered in combination
with SOC, imatinib significantly augments the potency of DHA +
PPQ by accelerating elimination of the parasitized cells, thus
resulting in a more rapid decline in pyrexia. Because imatinib
functions via an orthogonal mechanism from current World
Health Organization’s recommended treatments, and because its
effective dose can be manufactured at minimal cost (due to re-
cent expiration of its patent), we propose that imatinib should be
evaluated as a third component of future triple-combination
therapies.

Results and discussion
To assess the safety, tolerability, and efficacy of coadministering
imatinib mesylate with the SOC therapy for P. falciparum ma-
laria (i.e., DHA + PPQ), a small phase 2 clinical trial was de-
signed. For this purpose, a clinical site was required with
endemic P. falciparummalaria that still responded completely to
SOC, yet exhibited DPC (continued parasitemia after 3 d of
therapy), a possible precursor of eventual drug resistance. Such
a partially resistant population of P. falciparum was considered
ideal for this initial clinical trial, as it balanced the risk to par-
ticipants of treatment with an untested combination therapy
with the need to demonstrate efficacy against more refractory
strains of P. falciparummalaria. Therefore, we elected to conduct
the clinical trial in the Quang Tri Province of Vietnam, where
genetic markers of artemisinin and PPQ resistance (K13 C580Y
and PfPM2 multicopies) had been previously identified in only
1.2% of patients, yet DPC had been documented by standard
microscopy and PCR in 27.2–39.3% of patients (Pau et al., 2019).

In the Quang Tri province of Vietnam, the SOC consists of
administration of DHA (40 mg/d) plus PPQ (320 mg/d). There-
fore, a trial was designed in which imatinib (400 mg/d) was
coadministered to a cohort of patients concurrently receiving
SOC (Im + SOC; n = 20) and compared with a parallel control
cohort that received only SOC (n = 21; Fig. 1 and Table 1). Al-
though imatinib had already established a good safety record
when administered in perpetuity to chronic myelogenous leu-
kemia cancer patients (O’Brien et al., 2003; Hochhaus et al.,
2017), it had not been dosed in malaria patients before this
study. Therefore, the primary endpoint for this trial was the

safety and tolerability of imatinib in patients with P. falciparum
malaria, and the secondary endpoint was reduction in parasite
density.

Data from oncology clinical trials reveal that chronic ad-
ministration of imatinib will cause at least one adverse event in
the majority of patients, with the majority of these events being
mild to moderate in severity, suggesting that imatinib therapy is
generally well tolerated (O’Brien et al., 2003; Hochhaus et al.,
2017; Demetri et al., 2002; Druker et al., 2006; Druker et al.,
2001a; Druker et al., 2001b; Lyseng-Williamson and Jarvis,
2001). The most common imatinib-induced adverse events are
nausea, vomiting, edema, diarrhea, headache, and skin rash
(O’Brien et al., 2003; Hochhaus et al., 2017; Demetri et al., 2002;
Druker et al., 2006; Druker et al., 2001a; Druker et al., 2001b;
Lyseng-Williamson and Jarvis, 2001; Pretel-Irazabal et al., 2014).
Therefore, these adverse events, along with fever, body aches/
pain, anemia, and jaundice, were monitored in clinical trial
participants, and their severity was scored on a scale from 0 to 3
(see Materials and methods; Table S1). As shown in Table 2, the
Im+SOC group exhibited the same or similar number/percent-
age of patients manifesting an adverse event. Moreover, no
statistically significant difference was observed in the severity
of any adverse event between the two groups (P = 0.30, 0.34,
0.31, 0.96, 0.54, and 0.34 for fever, headache, nausea, diarrhea,
anemia, and jaundice, respectively). Additionally, by day 4 and
at all subsequent evaluations, participants in both treatment
groups reported no adverse events (i.e., severity ranked as 0,
normal) in all categories, and all concurrently obtained blood
tests (e.g., complete blood count, liver function, and kidney
function) were within normal parameters. Most importantly,
none of the adverse events in the Im + SOC group were at-
tributed to imatinib (Table 2), suggesting that the triple-
combination therapy was as safe as SOC. This benign outcome
is perhaps not surprising, since no patient received more than
three consecutive doses of Im + SOC, whereas imatinib is

Figure 1. Overview of triple-combination therapy clinical trial.
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commonly administered daily for many years in the treatment
of cancer patients.

Although both cohorts entered the trial with similar levels of
pyrexia (39.6° ± 0.1°C versus 39.3° ± 0.1°C for SOC versus Im +
SOC; P = 0.1425; Fig. 2 A), analysis of participant temperatures
before, during, and after the treatments demonstrated that body
temperatures (i.e., a good measure of how a patient feels) re-
turned to normal ∼2 d faster (1.55 ± 0.11 versus 3.57 ± 0.26 d; P =
0.00001) in the triple-combination group than in the SOC group
(Fig. 2 B).Moreover, while all participants treatedwith Im + SOC
(Fig. 2, C and E) experienced a monotonous decline in body
temperature, >30% of participants in the SOC cohort (Fig. 2, C
and D) experienced a second increase in temperature during at
least 1 d of therapy or follow-up period (P = 0.0191). Taken to-
gether, these data suggest that inclusion of imatinib with SOC
may facilitate a faster resolution of pyrexia.

To assess whether the accelerated decline in body tempera-
ture might correlate with a more rapid reduction in parasite
density, we next compared the number of parasites/µl of pe-
ripheral blood in the two treatment groups. Although the av-
erage initial parasite concentration in peripheral blood did
not differ significantly between SOC and Im + SOC cohorts
(16,601 ± 2,099 versus 31,380 ± 13,351 parasites/µl, respectively;
P = 0.267), parasite density decreased more rapidly in the triple-
combination than SOC cohort (Fig. 3, A–D). Thus, 30% of par-
ticipants receiving Im + SOC displayed no residual parasites at
24 h after ingestion of the initial dose of therapy (i.e., before

receipt of the second dose), whereas none of the participants on
SOC alone displayed an absence of parasites at the same 24-h
time point (Fig. 3 B). Moreover, 90% of participants in the Im +
SOC cohort were devoid of blood parasites by 48 h after initi-
ation of therapy, with most of the remaining patients becoming
parasite free by day 3. In contrast, only 14% of participants in the
SOC group were devoid of parasites at the end of day 2, and one
third still retained measurable parasites after the full 3-d course
of therapy (Fig. 3 B), confirming the established DPC in this
region of Vietnam (Pau et al., 2019). While the presence of a
large number of participants with K13 resistance mutations was
deemed unlikely due to the low prevalence of K13 mutants in the
region (Pau et al., 2019), nonetheless, we sequenced participants’
pathogens and did identify a single participant (in the Im + SOC
cohort) that harbored parasites with the common K13 resis-
tance mutation (C580Y). Importantly, this participant responded
similarly to the other Im + SOC participants. Collectively, the
secondary endpoint of faster parasite clearance by the Im + SOC
cohort was met.

Upon further scrutiny of the individual participant data in
Fig. 3, we noted that responses to the triple-combination therapy
were bimodal, with individuals initially diagnosed with high
concentrations of parasites (Fig. 3 H) responding more rapidly
than those initially diagnosed with low parasite densities
(Fig. 3 F). Indeed, all 10 participants presenting with >10,000
parasites/µl blood in the Im + SOC treatment group experienced
a rapid decline in parasite density (∼80% in 24 h; Fig. 3 H). In

Table 1. Treatment schedule for trial

Cohort 0 h 12 h 24 h 48 h

SOC 40 mg DHA + 320 mg PPQ 40 mg DHA + 320 mg PPQ 40 mg DHA + 320 mg PPQ 40 mg DHA + 320 mg PPQ

Im + SOC 40 mg DHA + 320 mg PPQ +
400 mg imatinib

40 mg DHA + 320 mg PPQ 40 mg DHA + 320 mg PPQ +
400 mg imatinib

40 mg DHA + 320 mg PPQ +
400 mg imatinib

Table 2. Number and severity of adverse events

SOC (n = 21) Im + SOC (n = 20)

Adverse event Patients numbers with
severity ≥1

Average severity
score

Imatinib
related

Patients numbers with
severity ≥1

Average severity
score

Imatinib
related

Itching/skin
reaction/rash

0 (0%) 0 (0; 0–0) NA 0 (0%) 0 (0; 0–0) NA

Edema 0 (0%) 0 (0; 0–0) NA 0 (0%) 0 (0; 0–0) NA

Fever 21 (100%) 2.4 (0.74; 1–3) NA 20 (100%) 2.2 (0.67; 1–3) 0 (0; 0–0)

Headache 4 (19.0%) 0.2 (0.40; 0–1) NA 3 (15.0%) 0.2 (0.37; 0–1) 0 (0; 0–0)

Body aches/pain 0 (0%) 0 (0; 0–0) NA 0 (0%) 0 (0; 0–0) NA

Nausea 0 (0%) 0 (0; 0–0) NA 1 (5.0%) 0.05 (0.22; 0–1) 0 (0; 0–0)

Vomiting 0 (0%) 0 (0; 0–0) NA 0 (0%) 0 (0; 0–0) NA

Diarrhea 2 (9.5%) 0.10 (0.30; 0–1) NA 2 (10.0%) 0.10 (0.31; 0–1) 0 (0; 0–0)

Anemia 2 (9.5%) 0.10 (0.30; 0–1) NA 1 (10.0%) 0.05 (0.22; 0–1) 0 (0; 0–0)

Jaundice 1 (4.8%) 0.05 (0.22; 0–1) NA 0 (0%) 0 (0; 0–0) NA

Data are presented as n (%) or mean (SD; range). Severity score of 0, 1, 2, and 3 represent normal, mild, moderate, and severe, respectively (see Table S3 for
additional information). NA, not applicable.
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contrast, participants in the SOC treatment cohort showed no
such trend, with participants presenting at diagnosis with high
and low parasite densities responding similarly (Fig. 3, D, E, and
G). Importantly, no participant in either the SOC or Im + SOC
treatment group experienced recrudescence after completion of
therapy (data collected for 42 d after therapy initiation).

While the number of participants in this pilot clinical trial
was relatively small, the data presented support the conclusion
that the safety and efficacy of Im + SOC combination therapy is
superior to that of the current SOC for treatment of P. falciparum
malaria. Thus, not only were no serious adverse events detected
in participants treated with Im + SOC, but both parasite density
and pyrexia subsided more rapidly in the Im + SOC than SOC
cohort. Because malaria-associated deaths occurmost frequently
in patients with high levels of parasite density (World Health
Organization, 2015), the unexpectedly rapid rate of parasite
clearance in the Im + SOC arm may have the potential to
save lives.

Imatinib has already established a good safety record in the
treatment of chronic myelogenous leukemia and gastrointes-
tinal stromal tumors, allowing many patients to take imatinib
chronically without serious adverse events (O’Brien et al., 2003;
Hochhaus et al., 2017; Demetri et al., 2002). While some chronic
myelogenous leukemia and gastrointestinal stromal tumor pa-
tients indeed report limiting side effects such as abdominal pain,
edema, nausea, muscle cramps, rashes, diarrhea, musculoskel-
etal pain, fatigue, joint pain, or headaches (Druker et al., 2006),
participants in the Im + SOC arm reported no more adverse
events than those in the SOC arm, and in fact, they commonly
reported feeling better sooner than those in the SOC cohort,
probably due to the more rapid decline in pyrexia. Because

clinical exams also revealed no obvious drug-related toxicities,
we suspect that the cumulative toxicities that can arise from
chronic dosing of imatinib do not normally emerge after only
three doses of the drug. However, due to the small number of
participants in this pilot trial, larger studies will still need to be
conducted before the safety of imatinib in malaria patients can
be more confidently determined. Nonetheless, it is conceivable
that imatinib could be used to enhance SOC potency without
contributing significantly to toxicity.

The ability of imatinib to improve the potency of DHA + PPQ
supports the hypothesis that strengthening the erythrocyte
membrane can inhibit propagation of the malaria parasite
(Kesely et al., 2016; Pantaleo et al., 2017; Kesely et al., 2020).
Mechanistically, by blocking tyrosine phosphorylation of
erythrocyte membrane band 3, imatinib prevents the prominent
conformational change in band 3 (Ferru et al., 2011) that leads to
dissociation of the membrane cytoskeleton from the lipid bilayer
(Ferru et al., 2011; Puchulu-Campanella et al., 2016). Blockade of
this disjunction of the RBC membrane from its spectrin-actin
cytoskeleton then inhibits the membrane weakening that in-
duces both blebbing and fragmentation of the membrane. Because
toxic hemichromes and oxidizing hemes are normally discharged
within the blebbing membrane vesicles, the imatinib-induced
retention of these oxidizing components within the parasitized
cell must render the intra-erythrocytic environment increasingly
toxic to the parasite (Tsamesidis et al., 2020). Together with the
fact that the parasite’s egress from the erythrocyte is blocked, the
parasite becomes trapped in its RBC host where the available food
(i.e., hemoglobin) is largely consumed and toxic waste products
(such as heme iron) are accumulating. Whether the resulting
incarcerated parasite dies from starvation, toxification, or

Figure 2. Changes in body temperature as a function of
time on therapy. (A) Participants were randomly assigned
to receive either 40 mg DHA + 320 mg PPQ (SOC; black
circles; n = 21) or 400 mg Im + SOC (red squares; n = 20).
Participant temperatures were measured daily, plotted, and
analyzed using mixed ANOVA followed by post hoc multi-
comparison testing (P = 0.1425, 0.00001, 0.00001, 0.0002,
0.0094, and 0.016 for days 0–5, respectively). (B) Average
duration of pyrexia in the two cohorts (n = 21 and n = 20 for
SOC and Im + SOC, respectively) were plotted, and the
means were compared using t test (P = 0.00001). (C) The
percentage of participants who exhibited a second fever
spike (n = 21 and n = 20 for SOC and Im + SOC, respec-
tively) was plotted and compared using t test (P = 0.0191).
(D) Plots of individual body temperatures versus time in the
SOC cohort (n = 21). (E) Plots of individual body temper-
atures in the Im + SOC cohort (n = 20). Error bars express
SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P <
0.0001.
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Figure 3. Comparison between SOC and Im + SOC treatment on the reduction of parasite density. (A) Participants were randomly assigned to receive
either 40 mg DHA + 320 mg PPQ (SOC; black circles; n = 21) or 400 mg Im + SOC (red squares; n = 20). The level of parasitemia was determined daily, and
averages were plotted and analyzed using mixed ANOVA followed by post hoc multicomparison testing (P = 0.2670, 0.0010, 0.0016, 0.1638, 0.0432, and
0.3354 for days 0–5, respectively). (B) The percentage of patients with detectable parasites on different days after initiation of therapy (n = 21 and n = 20 for
SOC and Im + SOC, respectively) was plotted and compared using t test (P = 0.6762, 0.7163, 0.0012, 0.1035, 0.0432, and 0.3354 for days 0–5, respectively).
(C) The average time for parasite density to decline to 50% of its starting level (n = 21 and n = 20 for SOC and Im + SOC, respectively) was plotted and compared
using t test (P = 0.0091). (D–H) For analysis, treatment cohorts were split into two groups: participants who presented with an initial parasite density <10,001
parasites/µl blood and those who presented with >10,000. The decrease in parasite density as a function of time was plotted separately for patients with
<10,001 parasites/µl blood in the SOC (n = 9; E) and Im + SOC (n = 7; F) arms and for patients with >10,000 parasites/µl blood in the SOC (n = 12; G) and Im +
SOC (n = 13; H) arms. Error bars express SEM; *, P < 0.05; **, P < 0.011.
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phagocytosis has not been determined, but the absence of recru-
descence in any patients treated with triple-combination therapy
indicates that all viable parasites have been eliminated. Although
this absence of recrudescence and DPC argue that the coadmin-
istration of imatinib with its orthogonal mechanism of action may
have overcome the drug resistance common to this region of
Southeast Asia, larger clinical trials will have to be conducted to
confirm this hypothesis.

A major objective of any future malaria therapy will most
likely involve reducing the number of days a patient must be
treated to achieve a cure. Thus, drug-resistant strains have been
hypothesized to emerge in part because many patients feel
better after intake of their first or second malaria pill and then
decide to save the remaining pills for a subsequent infection.
Although a much larger clinical study will have to be performed
before a conclusion can be proposed, the data in Figs. 2 and 3
suggest that addition of imatinib to DHA + PPQ could conceiv-
ably reduce the required days on therapy from three to two.
Indeed, if the residual parasites detected in the 10% of partic-
ipants at the end of day 2 were to prove to be inviable, it might
be possible to optimize the Im + SOC therapy to eliminate all
parasites after only two doses. Such a treatment would not only
reduce the probability of patients saving pills for future in-
fections, it would also decrease the cost of the therapy, rendering
it more affordable in indigent countries.

As noted by others (Dini et al., 2018), a triple combination
will generally outperform a dual-combination therapy, because
multiple mechanisms of action are more difficult to evade than a
single or dual mechanism of action. While this principle alone
would argue that Im + SOC should prove more mutation resis-
tant than SOC, we foresee still another mechanism by which the
triple-combination therapy should suppress mutation-induced
drug resistance. Thus, the target of imatinib is a tyrosine ki-
nase found in the erythrocyte (SYK; Atwell et al., 2004) that
phosphorylates protein band 3 in the human RBC (Brunati et al.,
2000). Because the parasite’s genome does not encode SYK
(Solyakov et al., 2011), it cannot mutate SYK to become imatinib
resistant. While it is conceivable that the parasite could still
mutate one of its own tyrosine kinases to replace the function of
erythrocyte SYK, this mutational strategy is also unlikely to
succeed, since the P. falciparum genome contains no obvious
tyrosine kinase (Solyakov et al., 2011). Thus, evolution of mu-
tations that could evade an Im + SOC combination therapy
should be probabilistically unlikely.

Finally, there are still important issues that must be ad-
dressed before an imatinib + DHA + PPQ combination therapy
can be considered a candidate for potential clinical use. These
include an expanded evaluation of its safety and efficacy in
larger patient populations that include women and children, an
assessment of its potency against other species and strains of
malaria, an appraisal of its efficacy in other countries and pa-
tient populations, an analysis of its compatibility with other
ACTs, and an evaluation of strategies to render it affordable
(now off patent) to patients in indigent countries. Assuming that
imatinib + DHA + PPQ passes these hurdles, it is hoped that the
data obtained here will facilitate development of an improved
therapy for treatment of this devastating disease.

Materials and methods
Study agents
Generic imatinib mesylate was purchased from TEVA Pharma-
ceuticals and provided to participants in two 200-mg tablets per
treatment to conform with the typical dosage of imatinib indi-
cated for treatment of chronic myelogenous leukemia. CV Ar-
tecan, the SOC for treatment of P. falciparummalaria in Vietnam,
was purchased from OPC Pharmaceutical and administered to
participants as a tablet containing 40 mg DHA plus 320 mg PPQ.

Study participants
P. falciparum–infected males age 16–55 yr with no complicating
comorbidities as confirmed by blood testing (Table S2), who also
had received no antimalarial drug within the previous 4 wk,
were eligible for the study. Those individuals whomet eligibility
criteria and provided informed written consent were enrolled in
the trial (Fig. 1 and Table S3). Women were not enrolled because
of imatinib’s unknown effects on pregnancy.

Study protocols
The study was an open-label trial aimed at determining the safety,
tolerability, and efficacy of Im + SOC in adult male patients with
uncomplicated P. falciparum malaria. Uncomplicated malaria was
defined as a positive, microscopy-confirmed P. falciparum infec-
tion in symptomatic patients with no complicating comorbidities
and a malaria count <150,000 parasites/µl blood. Participants
were randomly assigned to receive either SOC (n = 21), in which
patients were administered 40 mg DHA plus 320 mg PPQ orally
twice (12 h apart) on the first day and then once a day on the
following 2 d, or one dose of imatinib/day for three days plus SOC
arm (n = 20), where they received SOC exactly as above with the
addition of 400mg imatinib mesylate orally with a meal and a full
glass of water once a day for 3 d (Table 1).

Participant temperatures and peripheral blood parasite levels
weremonitored before, during, and after the trial on days 0, 1, 2, 3,
4, 5, 7, 28, and 42. Participants were also examined for the usual
symptoms of P. falciparum malaria, including fever, chills, head-
ache, fatigue, anorexia, andmild diarrhea, alongwith symptoms of
potential adverse events related to administration of imatinib. If
any participant in the Im + SOC cohort exhibited either an increase
in parasite density >150,000 parasites/µl or adverse symptoms
exceeding those normally associated with uncomplicated malaria,
the participant was transferred immediately to SOC alone.

Both trials were approved by the Vietnam Ministry of Health,
the Vietnamese Ministry of Health’s Ethical Assessment Com-
mittee for Biomedical Research, the Institutional Review Board at
the Hue University of Medicine and Pharmacy, and the Institu-
tional Review Board at Purdue University. All participants con-
sented to being included in this study. The trial was conducted in
the six communes of the Lia Region Huong Hoa district, Quang Tri
province, owing to the high levels of DPC present in this region of
Vietnam (Thriemer et al., 2014; Pau et al., 2019). This study was
registered with ClinicalTrials.gov (NCT03697668).

Randomization and masking
The trial was open label, so no blinding of the attending physi-
cians was performed. Participants were randomly assigned to a
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cohort by alternating assignments based on the date and time of
hospital admission, and all participants and microscopists who
quantitated parasite density were blinded to the treatment
regimens.

Outcomes
The primary endpoint for the study was safety and tolerability.
Secondary endpoints were reduction in parasite density and
decline in pyrexia. Safety and tolerability were assessed at
protocol-specified time points, and adverse events were classi-
fied as toxicities not normally associated with uncomplicated P.
falciparum malaria, including edema, rash, and severe diarrhea.
The severity of any adverse event was classified as normal, event
not present or values within normal levels (score = 0); mild,
events requiring minimal or no treatment that did not interfere
with the participant’s daily activities (score = 1); moderate,
events resulting in a low level of inconvenience or concern that
may have caused some interference with the participant’s daily
functioning (score = 2); and severe, events interrupting a par-
ticipant’s daily activity and that could also be incapacitating or
require medical intervention (score = 3). More specific details of
this scoring system can be found in Table S3. Attribution of
imatinib to adverse events was assessed using a 5-point scale:
not (0), unlikely (1), possibly (2), probably (3), and definitely (4)
related. Primary endpoints were met if the imatinib treatment
group exhibited an absence of severe adverse events and an
insignificant increase or actual decrease in moderate to mild
adverse events.

Analyses and statistics
All authors had access to the primary clinical trial data. Data
from all participants who received the full three doses of
treatment were included in the analysis. For parasite density
and pyrexia, cohort values from all participants were averaged,
and unless stated otherwise, all error bars represent SEM. To
estimate the time required for clearance of ∼50% of the para-
sites, the number of parasites at each time point for each patient
was fitted using an asymmetric sigmoidal function. The time at
which the parasite number equaled half of the initial value on
the fitted line was designated as the 50% (halfway) time. De-
termination of K13 gene mutations were performed exactly as
described previously (Pau et al., 2019). A mixed ANOVA was
conducted to determine the effect of drug treatment on parasite
density and pyrexia. Post hoc multicomparison testing was used
to determine which time points were statistically different.
Two-tailed t test was used to determine statistical differences
between means of independent groups. Significance was as-
sumed for P values <0.05.

Data sharing
Data collected for this study will be made available to others
upon publication until 36 mo after article publication. De-
identified datasets containing the variables analyzed for the
primary and secondary endpoints, as well as other supporting
documents such as the study protocol and informed consent, will
be made available. Investigators who seek access to individual-
level data will need to contact the corresponding author to

receive instructions on the formal request process. A data usage
agreement will need to be signed by the respective institutions/
individuals before data are transferred.

Online supplemental material
Table S1 details the criteria for how each of the various adverse
events were scored from normal to severe. Table S2 describes
the results of blood tests for complete blood counts, liver func-
tion, and kidney function on admission, which were performed
to ensure that all participants had uncomplicated malaria. Table
S3 lists the baseline characteristics of trial participants.
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Supplemental material

Provided online are three tables. Table S1 characterizes adverse events. Table S2 shows participant blood counts and blood tests for
liver and kidney function upon admission. Table S3 shows baseline characteristics of participants.
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