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Antimalarial combination therapies play a crucial role in preventing the emergence of drug-resistant Plasmodium parasites. Al-
though artemisinin-based combination therapies (ACTs) comprise the majority of these formulations, inhibitors of the mito-
chondrial cytochrome bc, complex (cyt bc,;) are among the few compounds that are effective for both acute antimalarial treat-
ment and prophylaxis. There are two known sites for inhibition within cyt bc,: atovaquone (ATV) blocks the quinol oxidase (Q,)
site of cyt bc;, while some members of the endochin-like quinolone (ELQ) family, including preclinical candidate ELQ-300, in-
hibit the quinone reductase (Q;) site and retain full potency against ATV-resistant Plasmodium falciparum strains with Q, site
mutations. Here, we provide the first in vivo comparison of ATV, ELQ-300, and combination therapy consisting of ATV plus
ELQ-300 (ATV:ELQ-300), using P. yoelii murine models of malaria. In our monotherapy assessments, we found that ATV func-
tioned as a single-dose curative compound in suppressive tests whereas ELQ-300 demonstrated a unique cumulative dosing ef-
fect that successfully blocked recrudescence even in a high-parasitemia acute infection model. ATV:ELQ-300 therapy was highly
synergistic, and the combination was curative with a single combined dose of 1 mg/kg of body weight. Compared to the ATV:
proguanil (Malarone) formulation, ATV:ELQ-300 was more efficacious in multiday, acute infection models and was equally ef-
fective at blocking the emergence of ATV-resistant parasites. Ultimately, our data suggest that dual-site inhibition of cyt bc, is a

valuable strategy for antimalarial combination therapy and that Q; site inhibitors such as ELQ-300 represent valuable partner

drugs for the clinically successful Q, site inhibitor ATV.

,VI alaria is a devastating tropical disease which disproportion-
ately affects children and pregnant women and is responsi-
ble for more than 400,000 deaths each year (1). Although many
antimalarial drugs exist, treatment is complicated by the rapid
emergence of drug resistance among the Plasmodium parasites
that cause disease. Mutations in the Plasmodium falciparum chlo-
roquine resistance transporter (PfCRT) heralded resistance to
chloroquine in the late 1950s, and since that time, resistance has
developed against compounds in every major antimalarial class
(2, 3). Even artemisinin-based combination therapies (ACTs),
which are the current mainstay of treatment in regions of malaria
endemicity, are slowly losing activity in Southeast Asia (4).

Although the parasitology community continues to develop
novel antimalarial compounds, combinations of existing thera-
pies have also been embraced as a way to prevent or overcome
drug resistance. The majority of drugs in current phase III clinical
trials are ACTSs, which typically partner a fast-acting artemisinin
derivative with a long-duration antimalarial such as piperaquine
or mefloquine (5). In contrast, many antibacterial and anticancer
combination therapies prioritize the use of synergistic com-
pounds targeting multiple steps of the same biochemical pathway
in an effort to minimize drug resistance (6, 7). In malaria, a prom-
ising target for such an approach is the cytochrome bc; complex
(cyt be,), which has recently been identified as a target for single-
dose blood and vector-stage antimalarial therapy and is capable of
initiating rapid parasite clearance in vivo (8).

Cyt bc, is the known site of action of several potent inhibitors of P.
falciparum, including atovaquone (ATV) (9) and the endochin-like
quinolones (ELQs) (10). Biologically, cyt be, plays a vital role in de
novo pyrimidine biosynthesis for P. falciparum by facilitating the
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activity of type I dihydroorotate dehydrogenase (DHODH) (11).
Because malaria parasites lack a functional pyrimidine salvage
pathway, inhibition of cyt bc; (and, by extension, DHODH) is
cidal and provides both treatment and prophylactic protection
against malaria (12). Currently, ATV is the only cyt b, inhibitor in
clinical use and is a key component of the antimalarial combina-
tion therapy Malarone, which consists of ATV and proguanil hy-
drochloride (13).

Although cyt bc, can be effectively inhibited at either its quinol
oxidase (Q,) or quinone reductase (Q;) site, ATV is a selective Q,
site inhibitor (14), and ATV resistance is associated with point
mutations at this site, including the clinically relevant Y268S sub-
stitution that reduces sensitivity to ATV by more than 1,000-fold
(15, 16). Our group has recently shown that current preclinical
candidate ELQ-300 potently inhibits the Q; site of cyt bc, rather
than the Q, site exploited by ATV (17). Because of this site speci-
ficity, ELQ-300 is fully active against ATV-resistant P. falciparum
parasites containing Y268S mutations (18). Similarly, ELQ-300-
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resistant P. falciparum parasites are fully sensitive to ATV in vitro
(17). Because all known clinical cases of ATV resistance are attrib-
utable to point mutations within the cytochrome b gene, this sug-
gests that ATV and ELQ-300 would be mutually protective against
the generation of drug resistance and would therefore represent an
optimal choice for antimalarial combination therapy.

Combination therapy consisting of ATV plus ELQ-300 (ATV:
ELQ-300) is also positioned to overcome several well-established
shortcomings of the ATV:proguanil formulation utilized in Ma-
larone. In circulation, proguanil is rapidly metabolized to cy-
cloguanil, while ATV has a significantly longer half-life (19). Al-
though cycloguanil is an effective dihydrofolate reductase
(DHFR) inhibitor, there have been reports of Malarone resis-
tance involving simultaneous mutations in DHFR and cyto-
chrome b (20, 21), and only unmetabolized proguanil works
synergistically with ATV to collapse the mitochondrial mem-
brane potential (11, 22, 23). Consequently and more concern-
ingly, the Y268S mutation associated with high-grade ATV re-
sistance also eliminates ATV:proguanil synergy at the level of
the mitochondria (24). Therefore, despite the clinical success
of Malarone as a prophylactic agent, there are significant con-
cerns that resistance would compromise its use in acute infec-
tions or mass drug administration efforts (25).

In contrast, ELQ-300 and ATV have similar (~70 h) predicted
half-lives in humans (18), eliminating the potential for ATV
monotherapy and resultant ATV resistance (ATV") mutations.
Because both ATV and ELQ-300 act on a single protein, the de-
velopment of simultaneous Q, and Q; site mutations would be
exceedingly rare, and the fact that the mitochondrial genome is
carried in only female gametocytes would prevent any dual-site
resistance secondary to genetic recombination at the sexual stage.
Even if rare ATV'/ELQ-300" mutants were to arise, recent work
suggests that these parasites would likely be incapable of transmis-
sion by mosquitoes; the McFadden group has recently shown that
multiple ATV" mutations (including Y268C and Y268N) are asso-
ciated with arrested oocyst development within the mosquito
midgut and with a failure to produce the infectious sporozoites
necessary for transmission to mammalian hosts (26). Ultimately,
we believe that ATV and ELQ-300 could be ideal partner drugs
with alow propensity for drug resistance and with the remarkable
potency characteristic of cyt bc; inhibitors. In this article, we char-
acterize the single-dose and multidose efficacy of ATV, ELQ-300,
and combinations of ATV:ELQ-300 and ATV:proguanil in P. yoe-
lii murine models. In addition, the propensity for the develop-
ment of drug resistance in the various treatment arms is described.

MATERIALS AND METHODS

In vitro synergy of ATV and ELQ-300. The in vitro activity of ELQ-300
and ATV was assessed by isobolar analysis using a fixed-ratio strategy (27).
In each case, the 50% inhibitory concentration (IC,,) data were generated
using a published SYBR green I fluorescence-based method (28) and frac-
tional inhibitory concentrations (FICs) were then calculated using the
following equations: FIC (A) = IC,, of drug A in combination/ICs, of
drug A alone; FIC (B) = IC,, of drug B in combination/IC, of drug B
alone; FIC index = FIC (A) + FIC (B). Experiments were performed in
duplicate, and isobolograms were constructed by plotting FIC means plus
standard errors of the means (SEM) for each combination of ATV and
ELQ-300. A straight diagonal line (FIC index = 1) indicates an additive
effect of the two drugs, a concave curve (FIC index < 1) indicates synergy
of the combination, and a convex curve (FIC index > 1) indicates antag-
onism.
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Compounds and formulation. ELQ-300 was synthesized and purified
using previously published methods (10). ATV was obtained from Sigma
and recrystallized from DMF (N,N-dimethyl formamide) and methanol
before use. All drug stocks were prepared as stock solutions (10 mg/kg of
body weight) in polyethylene glycol (PEG) 400 and were serially diluted
such that the desired concentration could be delivered in 100-pl aliquots.
For combination therapies, each drug was stored separately, and animals
received doses via sequential gavage. Reported doses represent total drug
present (e.g., a 20 mg/kg ATV:ELQ-300 dose would represent either 10
mg/kg ATV plus 10 mg/kg ELQ-300 in the 1:1 formulation or 15 mg/kg
ATV plus 5 mg/kg ELQ-300 in the 3:1 formulation).

Peters suppressive test. Six-week-old, female CF-1 mice were ob-
tained from Charles River and infected with 2.5 X 10° blood-stage P. yoelii
(Kenya strain; MR4 MRA-428) parasites via tail vein injection (n = 4
animals/group). Drug stocks were administered to animals once daily for
1 or 4 days, beginning 24 h postinfection. For the ATV, ATV:ELQ-300,
and ATV:proguanil groups, tested doses were 0.001, 0.01, 0.1, 1, and 10
mg/kg. Single-dose studies performed with ELQ-300 included an addi-
tional 20 mg/kg dosing group, and multidose ELQ-300 studies included
additional doses at 0.003, 0.03, and 0.3 mg/kg. In all groups, the total dose
was delivered via two 100- .l boluses. After treatment, daily blood samples
were collected from the tail vein, beginning on postinfection day 5, and
parasitemia was determined microscopically using Giemsa stain and NIS-
Elements cell-counting software (Nikon, Melville, NY). Animals were
treated in accordance with TACUC guidelines and were sacrificed when
parasitemia exceeded 30%. The 50% effective dose (ED5,) value was cal-
culated as the dose that effectively reduced day 5 parasitemia by 50%
relative to control animals. Animals were considered cured if no para-
sitemia was detectable at postinfection day 30.

Acute infection model. Mice were infected as described above, and
blood was monitored daily via the use of thin smears until the parasitemia
level reached 15% to 20%. At that time, drugs were administered via oral
gavage as solutions in PEG-400, and the level of parasitemia was monitored
daily via the use of thin smears and plotted as a function of time posttreat-
ment. Smears were collected daily for the first 60 days postinfection and then
weekly/intermittently for at least 4 additional months. For animals that recru-
desced posttreatment, resistance was assessed by retreating animals with a
second 20 mg/kg drug dose (at 10% to 25% parasitemia) and comparing
parasite responses to initial kinetics, lag time, and clearance time. Resistant
parasites were collected via cardiac puncture and frozen in 30% glycerol, and
the cytochrome b gene was sequenced as described below.

Cytochrome b sequencing. DNA was isolated from parasites in the
middle-to-late trophozoite stage. Parasites were saponin lysed with 0.02%
saponin—phosphate-buffered saline (PBS). Pellets were resuspended to a
volume of 200 wl with PBS plus 20 mM EDTA, and DNA was isolated
using a QIAamp DNA Blood minikit (Qiagen) following the blood pro-
tocol. PCR was performed using Herculase IT Fusion enzyme (Agilent
Technologies). The sequence of Primer1 was 5'-CCAGACGCTTTAAAT
GGATG-3'; the sequence of Primer2 was 5'-GTTTGCTTGGGAGCTGT
AATC-3". PCR cleanup was performed using an SV gel and PCR cleanup
kit (Promega). Direct sequencing was performed by Genewiz.

In vivo assessment of ATV" and ELQ-300" mutants. Mice (Charles
River; 6 weeks old, female, CF-1) were infected with 2.5 X 10° P. yoelii
wild-type (Kenya strain; MR4 MRA-428), P. yoelii-ATV'By, 45> OF P. yoe-
lii ELQ-300",,, -parasitized red blood cells (RBCs) by tail vein injection,
and 4-day Peters suppressive tests were conducted as described above
(n = 4 animals/group). On postinfection day 5, samples were collected
from the tail vein and parasitemia was determined by flow cytometry after
blood sample incubation with SYBR green I, allophycocyanin (APC)-
labeled anti-CD45, and dihydroethidium (29). The 50% effective dose
(EDs,) was defined as the dose required to reduce the parasite burden by
50% relative to control levels on postinfection day 5. Giemsa-stained
blood smears were used to determine the presence or absence of parasites
if flow cytometry indicated parasitemia less than 0.3%, and parasite-free
mice were maintained and monitored semiweekly. Animals were consid-
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FIG 1 Structures of test compounds (A) and isobolar analysis of ATV and ELQ-300 in vitro (B). ATV and ELQ-300 are moderately synergistic in vitro, with a
mean FIC index of 0.65. Data represent mean FICs of ATV and ELQ-300 as assessed in D6 P. falciparum parasites. Data were derived from two independent
experiments; error bars, SEM. The dashed line represents a comparative FIC index of 1.

ered cured if they remained parasite free by microscopy until postinfec-
tion day 30. The Portland VA Medical Center Institutional Animal Care
and Use Committee approved all protocols involving animals used in this
study.

RESULTS

In vitro synergy of ATV and ELQ-300. In order to determine if
ATV and ELQ-300 (Fig. 1A) acted synergistically in vitro, we tested
these compounds against wild-type (D6) P. falciparum parasites,
using a fixed-ratio, isobolar strategy (27). As illustrated in Fig. 1B,
parasites were more sensitive to the combination of ATV:ELQ-
300 than to higher concentrations of either drug alone, with a
mean FIC index of 0.65.

Peters suppressive test. We next used in vivo suppressive mod-
els to test the activity of ATV, ELQ-300, and ATV:ELQ-300 com-
binations in both 4-day and 1-day dosing tests (Table 1). For these
studies, mice were infected with P. yoelii parasites and received the
first oral drug dose 24 h postinfection. In the 4-day test, we found
that ATV:ELQ-300 combination therapy increased the potency
and efficacy of treatment relative to ATV monotherapy, with ED5,
values of 0.02 mg/kg and 0.01 mg/kg for the 1:1 and 3:1 formula-
tions, respectively. In both ATV:ELQ-300 groups, four daily doses

TABLE 1 Comparative in vivo activities of ELQ-300, ATV, and
combination therapies in the murine Peters suppressive test”

4-day dosing 1-day dosing

(mg/kg) (mg/kg)
Treatment ED,, NRD EDs, NRD
ELQ-300 0.02 0.3 0.03 >20
ATV 0.1 10 0.08 10
(1:1) ATV:300 0.02 1 0.1 10
(3:1) ATV:300 0.01 1 0.14 1
(5:2) ATV:PG 0.14 1 0.5 *

“ Coformulation of ATV with either ELQ-300 or proguanil increased in vivo efficacy in
both 4-day and 1-day studies. ATV, ATV:ELQ-300, and ATV:proguanil were all capable
of clearing parasites with a single oral dose. ED5, 50% effective dose (the dose required
to suppress day 5 parasitemias by 50% relative to untreated controls); NRD,
nonrecrudescence or curative dose (dose required to clear parasites from bloodstream
for 30 days following infection); ATV, atovaquone; PG, proguanil; 300, ELQ-300. *, 3 of
4 were animals cured with 1 mg/kg ATV:PG. n = 4 animals/group.
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of 1 mg/kg were fully curative. Comparison values for ATV and
ELQ-300 were consistent with previous reports.

In the 1-day test, we also found evidence for increased activity of
the combination therapy regimen relative to single-compound treat-
ment. In this model, the 3:1 ratio was most effective and cured mice
with a single dose of 1 mg/kg, while the 1:1 combination was curative
at a higher, 10 mg/kg dose. Although ELQ-300 monotherapy did not
prevent recrudescence in this test at any dose up to its solubility limit
(20 mg/kg), ATV demonstrated unanticipated single-dose curative
activity at a dose of 10 mg/kg. More surprisingly, the 1-day EDs, and
nonrecrudescence values for ATV closely matched those of the 4-day
treatment study, suggesting that the maximum effect of this com-
pound was obtained following a single oral dose.

In order to determine how ATV:ELQ-300 combination ther-
apy compared to the current standard of care, we next evaluated
an ATV:proguanil coformulation at the 5:2 ratio that is used in
Malarone (Fig. 1A). In both 1-day and 4-day suppressive tests,
ATV:proguanil was less potent than ATV:ELQ-300 combination
therapy (Table 1), although it demonstrated single-dose curative
activity similar to that of the 3:1 ATV:ELQ-300 formulation, with
a nonrecrudescence dose of 1 mg/kg. Like ATV monotherapy,
there was little observed benefit of multiday dosing in this model.

Acute infection model. In order to determine if ATV:ELQ-300
combination therapy was capable of clearing established infec-
tions, we next tested these compounds in an acute infection model
(Fig. 2 and 3). The experimental setup was identical to that used in
the suppressive tests, but treatment was delayed until the initial
parasitemia level ranged from 15% to 20%. Animals received ei-
ther a single oral drug dose at the maximum soluble concentration
(20 mg/kg) or sequential 10 mg/kg doses delivered daily for 4 days.
Parasite clearance was monitored via daily blood smear. Although
none of the tested compounds were reliably curative in the single-
dose groups, we found that all formulations containing ELQ-300
effectively prevented recrudescence in the 4-day dosing studies
(Fig. 2D and 3D and E). In contrast, animals treated with ATV or
ATV:proguanil recrudesced, and, as in the suppressive tests, there
was little discernible difference between single-day and multiday
dosing results for these compounds (Fig. 2A and Cand 3C and F).

Resistance propensity. Due to the high parasite burden at the
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FIG 2 Efficacy of ATV and ELQ-300 in murine acute infection models. In both 1-day (A) and 4-day (C) treatment models, ATV therapy was associated with
rapid parasite clearance but with high resistance propensity. In contrast, while ELQ-300-treated animals recrudesced in 1-day models (B), 4-day treatment
universally prevented recrudescence (D). Gray bars/circles indicate drug administration. Arrows indicate animals sacrificed for blood collection and parasite gene

sequencing. Each trace represents a single animal. n = 4 animals/group.

time of drug treatment, our acute infection model also served as a
measure of in vivo resistance propensity. In order to determine the
susceptibility of recrudescent parasites to the treatment com-
pounds, all animals were rechallenged with a 20 mg/kg drug dose
when recrudescent parasitemia reached 15% to 25%. If there was
any delay in parasite clearance compared to that seen with the
initial drug exposure, animals were sacrificed and parasites were
collected for cytochrome b sequencing. We found that three ATV-
treated animals harbored resistant infections (Fig. 2A and C), each
with Y268C mutations corresponding to the Q, site of cyt bc; (16)
(Fig. 4A and C). Similarly, one ELQ-300-treated animal failed to re-
spond to rechallenge (Fig. 2B) and sequencing revealed an I22L mu-
tation at the cyt be, Q; site (Fig. 4B and C), which was consistent with
known ELQ-300" mutations in P. falciparum (17). No resistant par-
asites were identified in animals receiving either ATV:proguanil or
ATV:ELQ-300 combination therapy (Fig. 3A and F). To determine
the long-term potential for recrudescence, animals were intermit-
tently monitored by blood smear for at least 6 months following ini-
tial infection; with the exception of the animals harboring resistant
parasites (described above), the rechallenge dose effectively pre-
vented recrudescence across all treatment groups.

Although ATV" and ELQ-300" strains have been well charac-
terized in P. falciparum in vitro, we next wanted to assess the de-
gree of in vivo resistance conferred by these P. yoelii mutants. We
used the ELQ-300" and ATV'B strains to infect naive mice and
then performed 4-day suppressive tests as described above. Al-
though both the ATV" and ELQ-300" strains were highly resistant
to their respective compounds, we found that ATV" parasites re-
mained fully sensitive to ELQ-300 and vice versa (Table 2).
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DISCUSSION

The therapeutic combination of ATV and ELQ-300 is the first
example of dual-site, antimalarial inhibition of a single protein
target. In P. yoelii murine models, this coformulation was more
effective than ATV alone in both 1-day and 4-day suppressive
tests, and the 3:1 ratio of ATV:ELQ-300 was especially useful as a
single-dose, blood-stage therapeutic. In comparison to ATV and
proguanil, which are the active components of Malarone, the
ATV:ELQ-300 formulation demonstrated superior multidose ac-
tivity in an acute infection model and was equally effective at pre-
venting the emergence of drug-resistant parasites.

One of our most intriguing results was that ATV monotherapy
effectively cured P. yoelii-infected animals in our 1-day suppres-
sive tests. Although ATV has been studied in rodents since the

TABLE 2 Susceptibility of ATV and ELQ-300" mutants isolated from
the acute treatment model to ELQ-300 and ATV in 4-day suppressive
tests”

Atovaquone ELQ-300
(mg/kg/day) (mg/kg/day)
P. yoelii strain EDs, NRD EDs, NRD
Wild type 0.03 1.0 0.02 1.0
ATV s >10 >10 0.02 1.0
ELQ-300"},,; 0.03 1.0 1.0 >10

@ In both cases, mutations conferred high-grade resistance to the parent compound, but
parasites remained fully sensitive to inhibition at the alternate site of cyt bc;. The
concentration of 10 mg/kg represents the solubility limit of ELQ-300 in 100 pl of the
PEG-400 vehicle. n = 4 animals/group.
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FIG 3 Comparison of ATV:ELQ-300 and ATV:proguanil combination therapies in murine acute infection models. In 1-day studies, ATV:ELQ-300 combination
therapy (A and B) delayed recrudescence compared to the results seen with ATV or ELQ-300 comparison groups, and one animal in the 3:1 ATV:ELQ-300 group
(B) was fully cured with a single 20 mg/kg oral dose. In 4-day tests, ATV:ELQ-300 combination therapy delivered as either a 1:1 (D) or a 3:1 (E) coformulation
effectively prevented recrudescence. No resistant parasites were detected in any ATV:ELQ-300 treatment group. In contrast, while ATV:proguanil treatment
effectively prevented resistance, it did not delay the onset of recrudescence in either the 1-day treatment group (C) or the 4-day treatment group (F) compared
to ATV monotherapy. Gray bars/circles represent drug administration. Arrows indicate animals sacrificed for blood collection and parasite gene sequencing.

Each trace represents a single animal. n = 4 animals/group.

time of its discovery in the late 1980s, the only hint of this single-
dose activity in the literature comes from the landmark paper by
Hudson et al., where it was shown that 1-day and 7-day ATV
dosing models had similar EDs,, values in P. yoelii suppressive tests
(30). Our data build on that work to show that ATV is also single-
dose curative in the suppressive model and that this property is
retained by ATV-containing combination therapies, including
ATV:proguanil and ATV:ELQ-300. Although none of our tested
therapies was an effective single-dose cure in the acute infection
model, recrudescent animals rechallenged with a second 20 mg/kg
dose of ELQ-300, ATV:proguanil, or the ATV:ELQ-300 combina-
tion therapy were permanently cleared of parasites, suggesting
that these formulations may be effective with a reduced or weekly
dosing schedule, even in acute infections. While recent clinical
studies have explored the potential for weekly prophylactic dosing
with Malarone (31), none have yet evaluated nondaily therapy in
an acute setting. If effective, such regimens could dramatically
reduce treatment cost and make cyt bc, inhibitors more accessible
for use in areas of malaria endemicity.

While the single-dose efficacy of ATV may simply be a reflec-
tion of its exceptional intrinsic potency, which exceeds that of
ELQ-300 by approximately 10-fold, these findings could also be
explained by the mechanics of the cyt bc; complex. In yeast and
bacterial model systems, numerous bypass reactions partially
compensate for Q; site blockade by passing electrons to alternative
carriers such as oxygen (32). Because similar pathways play a more
minor role in Q,, site inhibition, it is possible that Q,, site blockade
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more rapidly disrupts mitochondrial electron transport and hence
pyrimidine biosynthesis. In contrast, the superior multiday effi-
cacy of ELQ-300 may be attributable to the lower resistance pro-
pensity associated with this compound (17). Because we se-
quenced cytochrome b only in highly ATV-resistant parasites, it is
possible that our cases of ATV recrudescence actually represented
the emergence of parasites with low-grade ATV resistance similar
to those previously reported both in vitro and in vivo (16, 33).

One lingering issue is whether there is any inherent clinical risk
in utilizing partner drugs with the same biological target. Al-
though this is a novel strategy for malaria, it has been used suc-
cessfully in anticancer therapies (6). With respect to resistance,
although our group has in fact identified resistant P. falciparum
strains with near-complete resistance to all cyt bc; inhibitors
in vitro (34), such mutations have never been detected in animal
models or humans. These resistant isolates also remain susceptible
to ATV:proguanil and ELQ-300:proguanil therapy in vitro, sug-
gesting that ATV:ELQ-300:proguanil triple therapy could be a
second-line strategy in the unlikely event of ATV:ELQ-300 resis-
tance. In light of the recent finding that ATV" mutations prevent
parasite transmission at the mosquito stage (26), we are also eval-
uating the transmissibility of ELQ-300" parasites to determine if
impaired replication within the mosquito midgut is a generaliz-
able feature of cytochrome b mutations.

Obviously, another limitation of this work is the presumption
that our observed effects on P. yoelii parasites may be generalized
to P. falciparum and, by extension, to human disease. ELQ-300 has
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A

Query 241 SHPDNAIIVNTYVTPLQIVPEWYFLPFYAMLKTIPSKNAGLVIVVASLQLLFLLAEQRNL 300

SHPDNAIIVNTYVTPLQIVPEWYFLPF+AMLKTIPSKNAGLVIVVASLQLLFLLAEQRNL

Subject 241 SHPDNAIIVNTYVTPLQIVPEWYFLPFCAMLKTIPSKNAGLVIVVASLQLLFLLAEQRNL 300

B

Query 1

MNYNSINLVKTHLINYPCPLNINFLWNYGFLLGIIFFIQILTGVFLASRYSPEISYAYYS 60

MNYNSINLVKTHLINYPCPLN+NFLWNYGFLLGIFFIQILTGVFLASRYSPEISYAYYS

Subject 1

Cc

MNYNSINLVKTHLINYPCPLNLNFLWNYGFLLGIIFFIQILTGVFLASRYSPEISYAYYS 60

Matrix

SEOO0REREE

(1)-CooH

FIG 4 Sequence alignments of cytochrome b in ELQ-300" and ATV" P. yoelii parasites. Three strains collected from ATV-treated animals in the 1-day acute treatment
model (ATV" strain A, ATV" strain B, and ATV" strain C) contained Y268C mutations at the cyt bc, Q, site (A), while parasites isolated following ELQ-300 exposure
contained an [22L mutation at the cyt bc; Q; site (B). Sequences of parasites from ATV:ELQ-300 and ATV:proguanil-treated animals matched the wild-type sequence.
The schematic in panel C shows relevant Q, and Q; site residues as well as the Y268C and 122L mutations characteristic of ATV and ELQ-300 resistance.

been studied in SCID mouse models, where its efficacy against P.
falciparum closely matched that seen in our P. yoelii studies (18).
Furthermore, the resistant mutants isolated from our P. yoelii
acute infection model consistently demonstrated the presence of
ATV" and ELQ-300" resistance mutations identified in P. falcipa-
rum, including the clinically relevant ATV"y, 5 mutation noted
in human patients. In contrast to in vitro studies, where ELQ-300
resistance requires precise drug titration (17) and ATV resistance
fails to replicate the clinically relevant mutations noted in human
disease (33), our model generated key resistance mutations in a
span of days, suggesting that our acute infection model is both a
highly accurate and time-efficient tool for the evaluation of anti-
malarial drug resistance. Ultimately, our work demonstrates that
ATV:ELQ-300 is a promising combination drug therapy that
combines the single-dose efficacy of ATV with the low resistance
propensity of ELQ-300, while maintaining the remarkable po-
tency and multistage activity that make cyt bc; inhibitors an ideal
choice for both prophylactic and acute antimalarial therapy.
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