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ABSTRACT Artemisinin-based combination therapies are a key pillar in global malaria
control and are recommended as a first-line Plasmodium falciparum treatment. They rely
upon a rapid 4-log-unit reduction in parasitemia by artemisinin compounds with a short
half-life and the killing of remaining parasites by a partner compound with a longer
half-life. Current treatment guidelines stipulate giving three 24-h-interval doses or six 12-
h-interval doses over a 3-day period. Due to the short half-life of artesunate and arte-
mether, almost all of the resulting cytocidal activity is confined within a single 48-h
asexual P. falciparum cycle. Here, we utilized a luciferase reporter, Plasmodium berghei
ANKA, in a cytocidal model in which treatment was initiated at high parasitemia, allow-
ing us to monitor a greater than 3-log-unit reduction in parasite density, as well as 30-
day survival. In this study, we demonstrated that increasing the artesunate duration
from spanning one asexual cycle to spanning three asexual cycles while keeping the to-
tal dose constant results in enhanced cytocidal activity. Single daily artesunate doses at
50 mg/kg of body weight over 7 days were the minimum necessary for curative mono-
therapy. In combination with a single sub-human-equivalent dose of the partner drug
amodiaquine or piperaquine, the three-asexual-cycle artesunate duration was able to
cure 75% and 100% of mice, respectively, whereas 0% and 33% cures were achieved
with the single-asexual-cycle artesunate duration. In summary, cytocidal activity of the
artemisinin compounds, such as artesunate, can be improved solely by altering the dos-
ing duration.
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Infection with the malaria parasite resulted in approximately 438,000 deaths in 2015,
with 99% of the cases attributable to the most lethal species, Plasmodium falciparum

(1). As there is no available vaccine, antimalarial drugs remain the primary defense
against this deadly disease. Current guidelines from the World Health Organization
recommend the use of artemisinin-based combination therapy (ACT) for cases of
uncomplicated malaria caused by P. falciparum (2). Naturally occurring artemisinin is
not used clinically; rather, it has been replaced by its semisynthetic derivatives artesu-
nate and artemether or by the metabolite of the semisynthetic derivatives, dihydroar-
temisinin (DHA) (3). Dihydroartemisinin is activated by iron and or heme to cause
radical damage to surrounding proteins, resulting in reduction of the total parasite
burden more rapidly than other antimalarials (4). However, both dihydroartemisinin
and the parent drugs have a short plasma half-life of less than a few hours, necessi-
tating a partner drug with a longer plasma half-life to clear residual parasites (5, 6). Over
the past decade, the adoption of ACT as a first-line treatment has been integral in a
promising 30% decrease in malaria-associated mortality rates (1).
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Malaria control efforts now face new challenges with the increasing spread of P.
falciparum isolates with a delayed clearance phenotype throughout the greater Me-
kong subregion of Southeast Asia (7, 8). This phenotype is genetically associated with
mutations in the P. falciparum Kelch-13 gene. Delayed clearance is defined as the
presence of parasites in the blood 72 h following initiation of chemotherapy, which
corresponds to a parasite clearance half-life of greater than 5 h (8). Importantly, there
is no correlation between the parasite clearance half-life and an increased standard
72-hour constant drug 50% inhibitory concentration (IC50) of artesunate or artemether
(9–11). However, a ring stage survival assay, which involves exposing early ring stage
parasites to short, 6-h drug pulses of pharmacologically relevant concentrations of
DHA, can discriminate between the tolerant and sensitive parasites (12). Early ring
stages of P. falciparum are less metabolically active and therefore less susceptible to
drugs than are the more metabolically active trophozoites and schizonts (13, 14). P.
falciparum isolates with the Kelch-13 mutations maintain a 48-hour asexual erythrocytic
cycle but have a prolonged ring stage and compensatory shorter trophozoite stage
(15). Changes in antimalarial drug sensitivity in accordance with the stage of the
parasite life cycle underscore the need to understand the effect of artemisinin com-
pound treatment duration on the parasitological outcome (16). The consequences of
decreasing efficacy of ACT are 2-fold: (i) individuals fail to clear the infection within a
standard course of treatment, resulting in significant human and economic costs, and
(ii) increased selective pressures are placed on the partner drug, thereby compromising
the future efficacy of the quinolines or other partner compounds (17).

Considerations for antimicrobial treatment regimens include the amount of drug
administered (dose), the frequency of dosing (schedule), and the length of treatment
(duration). Current ACT regimens in Southeast Asia involve 3 doses of 4 mg/kg of body
weight artesunate given at the time of the clinic visit (day 1) and the following 2 days
(9). Although this treatment regimen is designed to target the parasite over 3 days and
two life cycles, this is often not the case (18). Most patients are diagnosed between 2
and 5 p.m. (19). The second and third doses of artemisinin are typically consumed the
next morning (16 h) and the subsequent morning (40 h). The artemisinin derivatives
artesunate and artemether and their metabolite dihydroartemisinin have elimination
half-lives (t1/2) of approximately 0.5, 2, and 0.5 h, respectively (20, 21). Due to the short
plasma half-lives of artesunate, artemether, and dihydroartemisinin, patients clear
almost all of the drug within a single 48-hour life cycle of P. falciparum, as the drug is
found at subnanomolar concentrations 12 h after the last dose (22).

We hypothesize that spacing three identical artesunate doses over three separate
asexual cycles, rather than confining them to a single asexual cycle, results in a greater
log reduction in Plasmodium berghei parasites, making the difference between cure and
no cure when combined with partner compounds. The P. berghei model has previously
been utilized to characterize single-dose pharmacokinetics and pharmacodynamics
(PK/PD) of dihydroartemisinin and piperaquine (23–25). Additionally, a 14-day duration
of 100 mg/kg artesunate was found to be curative in C57BL/6 mice in a suppressive test,
whereas a 14-day duration of 10 mg/kg or a 7-day duration of 100 mg/kg was not
curative (26). Also, in a Plasmodium vinckei suppression test in C57BL/6 mice, 4
consecutive daily doses of artesunate were curative when given intraperitoneally at 30
mg/kg or orally at 80 mg/kg (27).

To investigate the optimization of antimalarial dosing regimens, we adapted a
transgenic luciferase reporter, P. berghei, to study cytocidal drug activity in a murine
model in which drug treatment is initiated at a high parasitemia (�10%) and daily
parasitemia and survival are monitored for at least 30 days. The transgenic parasites
have previously been used to study parasite sequestration and parasite inhibition in
vivo (28, 29). Our parasiticidal model more accurately mimics infections and treatment
outcomes in the field and is superior to currently used in vitro drug suppression assays,
which often investigate parasite inhibition at a low parasitemia compared to untreated
controls. In the present study, we compared the efficacy of a single-life-cycle duration
of artesunate treatment with that of a triple-life-cycle duration of artesunate treatment
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in our cytocidal P. berghei model. We also assessed the cytocidal activity of the two
durations in combination with the 4-aminoquinolines piperaquine and amodiaquine.

RESULTS
Luciferase assay and analysis. Based on the standard curve generated from the

dilution series, we identified the limit of quantification of the luciferase assay at 52,000
photons/s, corresponding to 300 parasites per well or 600 parasites per �l (Fig. 1). A
limit of detection at 1,000 photons per second corresponds to 0.1 parasites per ml
using the equation derived in Fig. 1. We were able to compare blood films to luciferase
robustly above 600 parasites per �l, which, with approximately 10 million mouse
erythrocytes per �l, is 0.006% parasitemia. We graphed the radiant flux, transformed to
parasites per �l, between the limit of detection and the limit of quantification.

Increased duration of artesunate treatment. In order to determine the effect of
an increased artesunate treatment duration on the parasitological outcome, we eval-
uated the cytocidal activities of two different regimens of artesunate. We varied the
dosing interval of artesunate but held several variables constant: starting parasitemia
(�10%), total dose of artesunate, and route of administration. As the three 50-mg/kg
doses of artesunate are noncurative by themselves, recrudescence can be used as a
surrogate measure of total parasite killing. That is, a longer delay in parasite recrudes-
cence indicates greater overall cytocidal activity. The mice that received the single-
asexual-cycle duration of artesunate treatment (0, 8, and 20 h) all had a quantifiable
recrudescent infection by day 4, while those that received the triple-asexual-cycle
duration of artesunate treatment (0, 24, and 48 h) had a quantifiable recrudescent
infection by day 6 or 7 (Fig. 2). An observed 4-log-unit kill was seen over 48 h (2-log-unit
kill in the single 24-h life cycle) for both regimens, with similar rates of initial parasite
reduction. There was a difference of 3 days in return to initial parasitemia. Two-way
analysis of variance (ANOVA) was performed to determine any statistically significant
differences in time to return of initial parasitemia, and in all four trials, the time to return
of initial parasitemia was significantly less in the mice receiving all of the artesunate
within a 20-h period.

FIG 1 Relationship between parasite density and total flux. A dilution series was performed on blood
samples from 24 mice ranging from 6 to 12% parasitemia. The data were fitted with a nonlinear
regression of a log-log line (R2 � 0.95), giving the following equation: x � 10(log y � 0.55)/0.05, where y �
log total flux. From this equation, the number of parasites in a given well can be quantitatively estimated
within a range of 300 to 600,000 parasites/well.
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Real-time PCR quantification of infection. In order to demonstrate in another
manner the enhanced cytocidal activity of the increased artesunate interval observed
in the luciferase assay, we performed real-time PCR concurrently with the luciferase
assay trial depicted in Fig. 2A. At the same time blood was collected for the luciferase
assay, 50 �l of blood was collected for PCR. The PCR results confirmed what was
observed in the luciferase assay, as recrudescence occurred 2 to 3 days earlier in the
single-asexual-cycle duration group relative to the extended-duration group (Fig. 3).

Increasing daily doses of 50 mg/kg artesunate. Additionally, we wanted to
identify in this model a curative duration of human equivalent artesunate when dosed
daily. Administering artesunate for 4, 5, or 6 days resulted in 66%, 50%, and 33%
recrudescence and return to initial parasitemia by days 13, 11 to 13, and 14, respectively

FIG 2 Effect of increased artesunate (AS) duration on P. berghei ANKA infection. (A to D) Three doses of 50 mg/kg
of artesunate were administered at either 0, 8, and 20 h or 0, 24, and 48 h to female BALB/c mice. Time zero
corresponds to a parasitemia of �10%, as determined by the percentage of infected erythrocytes in Giemsa-
stained blood films. Four independent trials are represented as means � standard errors of the mean (SEM) and
were analyzed using two-way ANOVA. Each graph is annotated with the initial parasitemia (Pi) and the luciferase
assay limit of quantitation (LQ). (E) Time of recrudescence data summarized for all four trials and analyzed using
an unpaired t test. ***, P � 0.001; **, P � 0.01; *, P � 0.05. Mean and standard error of the mean are shown.
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(Table 1). Administering artesunate for 7, 9, 11, or 13 days all resulted in 0% recrudes-
cent infections, returning to the level of initial parasitemia by 30 days. With approxi-
mately 109 initial parasites in the 2 ml of blood in a single mouse, we had slightly less
than a 2-log-unit kill every 24 h in this model. A single mouse in the 7-day-duration
group did experience transient recrudescent parasitemia after day 30 but later cleared
the infection. Upon transfer of the infected blood to a naive mouse at day 45, the
parasitemia multiplied at a log unit each 24 h, the normal rate, and was fully susceptible
to treatment with artesunate (data not shown). We then further explored the impact of
duration of drug treatment versus total dose of drug administered. We summed the
total dose of drug received over 7 days (350 mg/kg � 0.02 kg � 7 mg) and adminis-
tered this in a single amount. Although the same total amount of drug was given,
recrudescence occurred in all 3 mice, and return to initial parasitemia occurred by day
10 or 11.

Increased duration of artesunate treatment in combination with 4-aminoquinolines.
To determine the effect of an increased artesunate treatment duration in combination
therapy, we added the 4-aminoquinolines amodiaquine and piperaquine at each of the
artesunate intervals. Single doses of amodiaquine at 6 and 12 mg/kg resulted in
recrudescent parasitemia exceeding that of the initial infection by days 4 and 6,

FIG 3 qPCR verification of the effect of increased artesunate duration on P. berghei ANKA infection. At
the time of blood sampling for the luciferase assay, DNA was extracted and infection was quantified
using TaqMan primers and probes for P. berghei ANKA 18S and normalized to M. musculus �-actin. The
data are represented as the means and SEM for the normalized P. berghei 18S expression.

TABLE 1 Identifying a curative, cytocidal dose of artesunate on P. berghei ANKA infectiona

Duration of artesunate
treatment (days)

Total dose of
artesunate (mg/kg)

Proportion of mice with
recrudescent parasitemia

Day of return to
initial parasitemia

3 150 5/5 9, 10, 11, 11, 6
4 200 2/3 13, 13
5 250 3/6 13, 13, 11
6 300 1/3 14
7 350 0/3 NA
1 350 3/3 10, 11, 10
9 450 0/3 NA
11 550 0/3 NA
13 650 0/3 NA
aArtesunate (50 mg/kg) was administered at 24-hour intervals to female BALB/c mice for durations of 3, 4, 5,
6, 7, 9, 11, or 13 consecutive days; 350 mg/kg of artesunate was administered once to one group of mice.
The starting parasitemia was �10%, as determined by the percentage of infected erythrocytes in Giemsa-
stained blood films.
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respectively (Fig. 4A and B). When combinations of 6 mg/kg or 12 mg/kg amodiaquine
with both durations of artesunate were administered, enhanced cytocidal activity was
observed with the extended duration of artesunate administration (Fig. 4A and B). This
was evident from the delay in parasite recrudescence that occurred with the enhanced
duration of artesunate treatment, as analyzed by two-way ANOVA. Enhanced cytocidal
activity was also observed with amodiaquine (18 mg/kg) in combination with the
extended duration of artesunate treatment (Fig. 4C). All of the mice that received either
artesunate treatment duration in combination with amodiaquine (6, 12, or 18 mg/kg)
eventually experienced recrudescent parasitemia exceeding pretreatment levels and
were euthanized. However, when combination therapy included 24 mg/kg amodi-
aquine, 66% of the mice receiving the extended duration of artesunate treatment
cleared the infection and survived to day 30. In contrast, 100% of the mice receiving the
single-asexual-cycle duration of artesunate treatment with amodiaquine (24 mg/kg)
experienced recrudescent parasitemia exceeding pretreatment levels by day 11 (Fig. 4D
and 5A). When administered combination therapy, including 42 mg/kg amodiaquine,
75% of the mice receiving the extended duration of artesunate treatment cleared the
infection and survived to day 30, while 100% of the mice receiving the single-asexual-
cycle duration of artesunate and amodiaquine treatment (42 mg/kg) experienced
recrudescent parasitemia exceeding pretreatment levels by day 11 (Fig. 4E and 5B). All
of the mice that survived until day 30 were parasite negative by Giemsa-stained blood
films on day 14, counting at least 1,000 erythrocytes for a limit of detection of 0.1%
parasitemia.

In order to determine if this observation was reproducible with another ACT partner
compound, we tested both durations of artesunate treatment in combination with
piperaquine. Single doses of piperaquine at 9 and 18 mg/kg resulted in a return to
initial parasitemia by days 4 and 6, respectively (Fig. 6A). As 9 mg/kg piperaquine alone
did not result in substantial parasite killing, we chose 18 mg/kg to test in combination
with both of the artesunate durations. In combination with the extended interval of
artesunate treatment and 18 mg/kg piperaquine, 100% of the mice cured the infection
and survived until day 30 (Fig. 6B and C). In contrast, only 33% of the mice receiving the
single-asexual-cycle duration of artesunate treatment and 18 mg/kg piperaquine were
able to cure the infection and survive until day 30. Of the mice that did not survive the
infection, recrudescent parasitemia exceeded pretreatment levels by day 12.

DISCUSSION

By the mid-1990s, chloroquine-resistant and sulfadoxine-pyrimethamine-resistant P.
falciparum had emerged and spread on every malarial continent, requiring a new
approach to antimalarial treatment regimens (30). Several clinical trials have compared
the efficacies of different treatment durations for artemether-lumefantrine. A 3-day
duration of 4 doses resulted in 28-day cure rates of 69% to 85% in Thailand and 71%
in the Gambia (31–33). A comparison of a 3-day and a 5-day duration of 6 doses
revealed 28-day cure rates of 93% and 97% in Bangkok, Thailand, and 99% and 100%
in Mae La, Thailand (34). This led to the conclusion that no significant difference in
efficacy existed between treatment regimens of 3 or 5 days, and thus, the 93% to 99%
cure rate was determined to be an acceptable standard. In 2001, the World Health
Organization convened a technical consultation on antimalarial combination therapy to
address the dwindling of effective treatment options. Combining the artemisinin
derivatives with a short half-life with a partner drug with a longer half-life was
determined to allow a reduction in the duration of treatment. It was concluded that, if
costs allowed, the following options were available for implementation: 3 days of
artemether-lumefantrine, artesunate (3 days) plus amodiaquine, and artesunate (3
days) plus sulfadoxine-pyrimethamine, where high partner drug efficacy remained (35).
For over a decade, the 3-day dosing regimen of ACTs was sufficiently effective.
However, initial reports of decreased in vitro susceptibility to the artemisinin com-
pounds arose in 2005, and reports from Southeast Asia continue to document the
decreasing in vivo efficacy of dihydroartemisinin-piperaquine against P. falciparum
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FIG 4 Effect of increased artesunate duration in combination with amodiaquine. In combination with a single dose of amodiaquine (Amq),
three doses of 50 mg/kg of artesunate (AS) were administered at either 0, 8, and 20 h or 0, 24, and 48 h to female BALB/c mice. Time zero
corresponds to a parasitemia of �10%, as determined by the percentage of infected erythrocytes in Giemsa-stained blood films. (A and
B) Single doses of Amq at 6 mg/kg (A) or 12 mg/kg (B) were administered alone and in combination with AS. (C to E) Single doses of Amq
at 18 mg/kg (C), 24 mg/kg (D), or 42 mg/kg (E) were administered in combination with AS. The data are represented as means � SEM
(or individual mice when group survival varied) and were analyzed by two-way ANOVA. (F) Time of recrudescence data summarized for
all five trials and analyzed using an unpaired t test. ***, P � 0.001; **, P � 0.01; *, P � 0.05.
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infections (36–39). This emphasizes the need for both novel antimalarials and more
effective implementation of current antimalarials.

Our study aimed to address the latter by focusing on the role that treatment
duration has on the cytocidal activity of the artemisinin derivative artesunate in a
mouse model of malaria with a 24-hour asexual life cycle. The 3-day dosing regimen of
ACTs and the very short plasma half-life of artesunate result in approximately a
single-life-cycle exposure of the parasite to artesunate. In terms of antimicrobial
therapy, this single-life-cycle exposure of P. falciparum is an anomaly. With a 24-hour
doubling time, Mycobacterium tuberculosis is treated with 6 months of combination
therapy (40). With a 30-min doubling time, Streptococcus pneumoniae infections are
treated with a recommended minimum 5-day course of therapy (41). We hypothesized
that the same total dose of artesunate would achieve greater reduction in the P. berghei
biomass when administered over 3 asexual life cycles versus a single asexual life cycle.

We adapted the luciferase reporter P. berghei for use in evaluating the cytocidal
activities of artesunate, amodiaquine, and piperaquine over a 3-log-unit range of
parasite density. In mice, dihydroartemisinin, the metabolite of artesunate, has a
half-life of 25 min, while piperaquine has a significantly longer half-life of 18 days (42,
43). Amodiaquine has a half-life of 2.8 h in mice, but it is rapidly metabolized to
desethylamodiaquine, which has a half-life in humans of 10 days (44, 45). By using this
cytocidal murine model of malaria, we determined that extending the interval of 3
doses of artesunate from spanning one asexual cycle to spanning three asexual cycles
resulted in a significantly greater reduction in parasite density from the same total
amount of drug. This was evident from the 2- to 3-day delay in time to return to initial
parasitemia in both the luciferase assay and quantitative PCR (qPCR). Comparing the
strikingly different efficacies of the same total dose of artesunate administered at a
single time point or spread out evenly across 7 days further highlights the importance
of artesunate treatment duration. Our results support the findings of a previous study
demonstrating that increased survival was achieved when the same total dose of
artesunate was administered in 3 or 4 daily doses versus a single dose in a P. vinckei
model (46). Furthermore, a previous study on pharmacodynamic modeling in P. berghei
found that three doses of 30 mg/kg dihydroartemisinin would produce a 12-fold-lower
nadir than a single dose of 100 mg/kg (25). However, to our knowledge, our study is the
first to demonstrate the importance of the specific timing of 3 artesunate doses with
respect to parasite life cycle progression.

In addition to investigating the effect of monotherapy treatment duration, we
determined the effect of an increased artesunate duration in combination with sub-
curative and sub-human-equivalent doses of two widely used 4-aminoquinolines:

FIG 5 Kaplan-Meier curves without return to initial parasitemia for two artesunate treatment durations in combination with
amodiaquine. Single doses of Amq (24 mg/kg [A]; 42 mg/kg [B]) were administered at time zero with three doses of 50
mg/kg of artesunate administered at either 0, 8, and 20 h or 0, 24, and 48 h to female BALB/c mice. Upon return to initial
parasitemia (�10%), the mice were euthanized. The mice were monitored until day 30 for recrudescent parasitemia.
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amodiaquine and piperaquine. With two different doses of amodiaquine at 24 mg/kg
and 42 mg/kg, we have demonstrated that increasing the duration of artesunate
enables cures in 66% and 75% of mice, respectively. In contrast, neither 24 mg/kg nor
42 mg/kg of amodiaquine was sufficient to cure any mice when combined with a
single-asexual-cycle exposure to artesunate. Furthermore, 18 mg/kg of piperaquine in
combination with a single-asexual-cycle exposure to artesunate cured 33% of mice but
was 100% curative in combination with the increased artesunate treatment duration. By
improving noncurative dosing regimens with amodiaquine and piperaquine to curative
dosing regimens through an alteration in treatment duration, we have demonstrated
the biological significance of targeting the parasite with artesunate over multiple life
cycles. Although we have analyzed the effect of treatment duration in a P. berghei
model, the concept of a single- versus multiple-life-cycle hit of the artemisinin com-
pounds may have strategic application to P. falciparum chemotherapy. Our results
support those of a recent PK/PD modeling study of dihydroartemisinin-piperaquine
that suggested that administering the same total dose over an increased duration
would result in increased P. falciparum killing and a 3-fold reduction in treatment failure
rates in humans (47).

Early studies on the efficacy of artemisinin monotherapy for human P. falciparum
cases have shown, not surprisingly, that an increased duration of treatment and
subsequent increase in the total dose are associated with increasing 28-day cure rates.

FIG 6 Effect of increased artesunate duration in combination with piperaquine. (A) Single doses of piperaquine
(Pip) at either 9 mg/kg or 18 mg/kg were administered at time zero to female BALB/c mice. Time zero corresponds
to a parasitemia of �10%, as determined by the percentage of infected erythrocytes in Giemsa-stained blood films.
(B) A single dose of Pip (18 mg/kg) was administered at time zero, with three doses of 50 mg/kg artesunate (AS)
administered at either 0, 8, and 20 h or 0, 24, and 48 hours to female BALB/c mice. The data are represented as
means � SEM or as individual mice. (C) Lack of return to initial parasitemia is represented on the Kaplan-Meier
curve and was analyzed using the log-rank test. Upon return to initial parasitemia (�10%), the mice were
euthanized. The mice were monitored until day 30 for recrudescent parasitemia.
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Ittarat et al. reported a 69% cure rate when 600 mg artesunate was administered over
3 days (48). The same total dose of artesunate was reported by Bunnag et al. to result
in a 92.5% cure rate with a 7-day duration and an 85% cure rate with a 5-day duration.
However, it is worth noting that the 7-day duration involved placebo administered on
days 3 and 4, with only 5 actual days of drug administration (49). In a similar study,
Bunnag et al. investigated the schedule of artesunate monotherapy by comparing the
same total dose for a 5-day duration with daily or twice daily dosing. They observed
28-day cure rates of 72% for daily dosing and 76% for split daily dosing. Although a
slight increase in efficacy was observed, the authors concluded that duration, rather
than dosing schedule, may be a more important factor for antimalarial efficacy (50).
More recently, in western Cambodia, Bethell et al. compared the efficacies of a 7-day
duration of artesunate monotherapy at 2, 4, or 6 mg/kg, for an approximate total dose
of 700, 1,400, or 2,100 mg. At 28 days, the cure rates were 92%, 94%, and 84%,
respectively, with the 6-mg/kg arm halted due to several individuals developing
neutropenia (51). This study indicates that dose escalation of artesunate is insufficient
to combat treatment failures, as 2,100 mg of artesunate is not well tolerated and
doubling the total dose from 700 mg to 1,400 mg did not significantly improve the
outcome. Although the duration of artemisinin compound administration was recog-
nized as a key factor for successful treatment in monotherapy, it has been largely
overlooked in recent discussions of improving combination therapy.

As was shown in the ring stage survival assays, artemisinin-resistant parasites exhibit
stage-specific drug susceptibility (12). Similarly, other studies have demonstrated the
stage-specific drug susceptibility of wild-type P. falciparum with respect to the arte-
misinins and quinolines (13, 14). Given that ACTs remain the current first-line therapy
against P. falciparum infections, both drug sensitive and drug resistant, modifying the
duration of artemisinin derivatives deserves consideration. It has previously been
suggested that the artemisinin derivatives, despite their rapid cytocidal activity, must
be present over three P. falciparum asexual life cycles in order to effect combination
drug cure (18). If we are able to increase drug efficacy by extending treatment duration
and achieving a greater reduction in the total parasite biomass, the opportunity
remains to increase the efficacy of the ACTs and subsequently decrease selective
pressures on the partner compounds. While there are several promising leads in the
antimalarial pipeline, such as KAE609 and KAF156, these compounds have not yet
entered phase 3 clinical trials (30). Thus, the lack of novel compounds on the immediate
horizon requires a reevaluation of how to best implement ACTs, specifically the
artemisinin derivatives. Triple ACTs involving an artemisinin component plus two
partner compounds, as well as cycling the use of ACTs on a population level, have been
suggested as possible solutions (52, 53). Artemether-lumefantrine plus amodiaquine
and dihydroartemisinin-piperaquine plus mefloquine are under investigation and are
registered at ClinicalTrials.gov as NCT02453308. Based on our data, we suggest dou-
bling the dosing duration of current ACTs from 3 days to 6 days in order to expose
multiple life cycles of the P. falciparum parasite to drugs.

By adapting a luciferase reporter, P. berghei, to study the cytocidal activity of
antimalarials over at least a 30-day period, we have demonstrated the importance of
artesunate treatment duration in combination therapy. Our data suggest that, keeping
the total dose constant, greater parasite killing can be achieved by extending the
duration of treatment with artemisinin derivatives. This work may have relevance for
current dosing guidelines of WHO-recommended antimalarials and future efforts
geared toward the development of novel antimalarial treatment regimens.

MATERIALS AND METHODS
Ethics statement. All experimentation was carried out under a protocol approved by the Animal

Care and Use Committee of the Johns Hopkins University (MO15H319).
Drug preparation and dosing. Artesunate (Sigma-Aldrich) was dissolved in 5% NaHCO3. Amodi-

aquine dihydrochloride dehydrate (Sigma-Aldrich) was dissolved in nuclease-free water. Piperaquine
tetraphosphate tetrahydrate (AvaChem Scientific) was dissolved in 75 mM HCl in nuclease-free water.
Artesunate was administered via intraperitoneal injection in 200 �l; amodiaquine and piperaquine were
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administered via oral gavage in 200 �l. The human-equivalent doses of each drug in mice were
calculated using a Km factor of 12, a ratio of body weight (kilograms) to surface area (square meters) (54).
The quinolines were dosed on salt weight.

In vivo cytocidal model of murine malaria. Female BALB/c mice (Jackson Laboratory) weighing 20
g � 20% were used for all experimentation. BALB/c mice were chosen as the inbred mouse strain for our
experiments because, unlike C57BL/6 mice, BALB/c mice are much less susceptible to early death on days
7 to 10 by experimental cerebral malaria with P. berghei ANKA infection. For malaria parasite blood-stage
infections and drug responses, there are no sex differences in BALB/c mice. As male and female BALB/c
mice display differences in tissue iron levels, female mice were used for consistency throughout all the
experiments (55). Mice were infected with 500,000 erythrocytes infected with P. berghei ANKA green
fluorescent protein (GFP)-luciferase from a donor mouse. For all experiments, P. berghei parasites were
passaged through 3 or fewer mice. We obtained original stock from BEI Resources/American Type Culture
Collection (ATCC) and transmitted the parasite through Anopheles stephensi mosquitoes to generate
fresh stocks in 5 mice, for which blood was aliquoted for frozen stocks. A frozen stock was injected into
a donor mouse, which was then passaged through no more than two mice before starting from a new
fresh-frozen stock for a new set of experiments. For all experiments, parasitemia was monitored by
Giemsa-stained thin blood film and luciferase analysis until approximately 10% parasitemia was reached.
There were no significant differences in starting parasitemia between treatment groups. Mice were
grouped by initial weight with no significant differences between treatment groups (unpaired t test).
After drug treatment, the mice were followed up for 30 days with regular blood sampling for the
luciferase assay. Mice were euthanized when recrudescent parasitemia exceeded the original parasitemia
or when �20% weight loss occurred.

Luciferase assay and analysis. A dilution series was performed using P. berghei-infected blood to
establish a standard curve for the translation of luciferase signal (total flux) into number of parasites per
well. Five microliters of blood was drawn from 24 mice with parasitemia ranging from approximately 6
to 12% and added to 45 �l of lysis buffer. Twofold dilutions in lysis buffer (20 mM Tris [pH 7.5], 5 mM
EDTA, 0.008% [wt./vol] saponin, and 0.08% [vol/vol] Triton X-100) were performed 15 times. The impact
of decreasing hematocrit was found to be insignificant (data not shown). Samples were then processed
for the luciferase assay, with the number of parasites per well ranging from 300 to 600,000. A total of 0.5
�l of whole blood was analyzed per well in the luciferase assay. During the drug treatment, 5 �l of blood
was collected from the tail of each mouse at regular intervals and deposited into 45 �l of lysis buffer in
a 96-well plate (29). Samples were stored at �80°C until processed. A total of 5 �l of blood-lysis buffer
(whole-blood equivalent, 0.5 �l) was transferred to a black, opaque 96-well plate, and 95 �l of luciferase
buffer (20 mM Tricine, 100 �M EDTA, 1.07 mM K2CO3, 2.67 mM MgSO4, 17 mM dithiothreitol [DTT], 250
�M ATP, 250 �M D-luciferin) was added. Luciferase activity was measured in the Ivis Spectrum in vivo
imaging system and analyzed using Living Image v. 4.4 software. The raw luciferase activity is reported
as radiant flux in photons/second. Less than 1,000 photons/second was below the limit of detection.
Total radiant flux was compared to the number of parasites per well using GraphPad Prism 5 software
and the standard-curve equation derived in Fig. 1. Blood film parasitemia was compared to the luciferase
assay when parasitemia was detectable by microscopy. Radiant flux above 52,000 photons/second,
corresponding to 300 parasites per well or 600 parasites per �l, was the robust limit of quantification.

Increased duration of artesunate treatment. Mice were administered 50 mg/kg of artesunate at 3
separate time points to best replicate the human ACT regimen, as well as to test an extended duration
of the ACT regimen. Five days following infection, the first group of mice were given three artesunate
doses within a single asexual life cycle of P. berghei, at time zero and 8 and 20 h. The second group of
mice were given three artesunate doses within 3 asexual life cycles of P. berghei, at time zero and 24 and
48 h. We performed 4 independent trials with �12 mice in each group.

Real-time PCR quantification of infection. The level of P. berghei infection was quantified during
the in vivo experimentation on the increased duration of artesunate treatment, with 3 mice in each
treatment group. At regular intervals, 50 �l of blood was collected from the tail of each mouse. It was
deposited into 150 �l of 1-mg/ml heparin sodium salt in phosphate-buffered saline (PBS), and DNA
extraction was performed with the QIAamp DNA blood minikit. The level of infection was measured using
oligonucleotide primers for P. berghei ANKA 18S and Mus musculus �-actin (Table 2). Amplification was
performed using Bio-Rad IQ Multiplex Powermix with the Bio-Rad CFX384 real-time PCR detection
system. The standard curves for 18S and �-actin were generated using a cDNA plasmid and known
concentrations of mouse genomic DNA, respectively. The qPCR was carried out concurrently with the
luciferase assay (represented in Fig. 2A) and thin blood film analysis. Data analysis was carried out using
GraphPad Prism 5.

TABLE 2 Sequences of primers and probes used to quantify P. berghei infection

Target Primer/probe Sequence (5=-3=)
P. berghei 18S rRNA Forward AAG CAT TAA ATA AAG CGA ATA CAT CCT TA

Reverse GGA GAT TGG TTT TGA CGT TTA TGC G
Probe 6-FAM CAA TTG GTT TAC CTT TTG CTC TTT

M. musculus �-actin Forward GTA TCC CGG GTA ACC CTT CT
Reverse GCA GAA ACT GCA AAG ATC CA
Probe Cy5 TGG CCA GCT TCT CAG CCA CG
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Increasing daily doses of 50 mg/kg artesunate. We administered 50 mg/kg of artesunate to
groups of 3 mice for durations spanning 3 to 13 days (Table 1). We then monitored parasite recrudes-
cence and the number of days until initial parasitemia was reached, at which point the mice were
euthanized. A single dose of 350 mg/kg of artesunate was administered to a single group of 3 mice to
identify any differences in cytocidal activity compared to the 7-day duration of 50 mg/kg.

Increased duration of artesunate in combination with 4-aminoquinolines. First, we sought to
identify a subcurative dose of amodiaquine and piperaquine that would result in cytocidal activity when
administered alone but that would not be curative in combination with artesunate administered within
a single asexual life cycle. For this, we administered single doses of each drug at 0 h and monitored
parasitemia using the luciferase assay. Amodiaquine was administered at 6 and 12 mg/kg, and piper-
aquine was administered at 9 and 18 mg/kg, which are approximately 1/10 and 1/20 of the human-
equivalent dose. Second, we combined a single dose of the quinoline compound with both durations of
the three-dose artesunate regimens. The 4-aminoquinoline compounds have half-lives far exceeding
those of artemisinin compounds, and thus, we administered only a single dose of both amodiaquine and
piperaquine at time zero, coinciding with 10% parasitemia and the first dose of artesunate.
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