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With the exception of primaquine, tafenoquine, and atovaquone, there are very few antimalarials that target liver stage parasites. In

this study, a transgenic Plasmodium berghei parasite (1052Cl1; Pb.GFP-Luc,

) that expresses luciferase was used to assess the anti-liver

con

stage parasite activity of ICI 56,780, a 7-(2-phenoxyethoxy)-4(1H)-quinolone (PEQ), as well as two 3-phenyl-4(1H)-quinolones (P4Q),
P4Q-146 and P4Q-158, by using bioluminescent imaging (BLI). Results showed that all of the compounds were active against liver
stage parasites; however, ICI 56,780 and P4Q-158 were the most active, with low nanomolar activity in vitro and causal prophylactic
activity in vivo. This potent activity makes these compounds ideal candidates for advancement as novel antimalarials.

M alaria kills more than one million people throughout the
world annually, and with the increase in drug-resistant par-
asites, insecticide-resistant vectors, and the lack of a vaccine, new
drugs are needed to treat this devastating disease (1). Infection in
the mammalian host is initiated when a female Anopheles mos-
quito ingests a blood meal and injects sporozoites into the verte-
brate host. The sporozoites migrate to the liver, invade hepato-
cytes, and undergo further development resulting in the release of
merozoites into the bloodstream (2, 3). In the case of Plasmodium
vivax, sporozoites form hypnozoites that can lie dormant in the
liver for months or years before causing a relapse (4). The mech-
anism responsible for the formation and subsequent activation of
hypnozoites is not clearly understood. Some suggest that the ex-
tended duration of infection may be evolutionarily advantageous,
allowing for enhanced opportunities to transmit to new hosts (5).
Relapses caused by hypnozoites of P. vivax make this species dif-
ficult to eradicate (5).

Currently, primaquine and atovaquone are the only commer-
cially available antimalarials that target liver stage parasites. Prim-
aquine and tafenoquine, both 8-aminoquinolines, are the only
drugs shown to kill hypnozoites (6-8). However, due to the short
half-life of primaquine in plasma, a lengthy treatment regimen of
14 days is required, which can make patient compliance difficult.
Additionally, widespread use in areas of endemicity is limited be-
cause individuals with glucose-6-phosphate dehydrogenase
(G6PD) deficiency are unable to take primaquine due to a high
risk of severe hemolytic anemia (9, 10). Therefore, it has become
necessary to develop novel compounds that target the liver stages
of parasite development and are safe for use in individuals from
regions of endemicity (8).

Endochin, a 4(1H)-quinolone compound, was identified in the
1940s as a potential antimalarial. Salzer et al. (11) found that en-
dochin had liver and blood stage activity in avian malaria models;
however, due to the lack of appropriate preclinical models, addi-
tional studies were not conducted (11). The compounds related to
endochin also have activity against Plasmodium cynomolgi liver
stages (12), and more recently, studies have shown these com-
pounds to be potent in vitro and in vivo against Plasmodium fal-
ciparum and rodent malaria blood stage parasites (13-18) (R. M.
Cross, D. L. Flanigan, A. N. LaCrue, T. S. Mutka, F. E. Saenz, K. O.
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Udenze, L. L. White, J. N. Burrows, S. A. Charman, D. E. Kyle, and
R. Manetsch, unpublished data).

Over the years, assessment of the effects of drugs on liver stage
development in vivo has involved laborious and often expensive
techniques, such as quantitative real-time PCR (qRT-PCR), flow
cytometry, and intravital imaging (19-22). These procedures re-
quire that animals be sacrificed for tissue collection or imaging
and do not allow for real-time monitoring of parasite develop-
ment following drug treatment. The indirect and most common
method of studying liver stage activity requires assessment of the
prepatent period (the time elapsed until parasites appear in the
peripheral blood following sporozoite infection); however, this
technique does not distinguish between liver and blood stage ac-
tivity of compounds (23, 24).

Recent studies have shown that bioluminescent imaging (BLI),
anoninvasive technique that works by capturing the light emitted
from the reaction of luciferase and its substrate, can be used to
study the development of malaria parasites, as well as the effects of
commercially available antimalarials in vivo (25-27). This tech-
nique is beneficial because it allows for real-time monitoring of a
single individual over time. Here, we describe the use of BLI to
evaluate quinolone compounds for their ability to kill liver stage
parasites. A transgenic Plasmodium berghei parasite line, PhbGFP-
Luc,,,,, which expresses luciferase, was used to assess the effects of
these novel quinolones on liver stage development. Results show
that depending on the concentration, most of the novel quino-
lones prevent or delay development of liver stage parasites and
subsequent blood stage infection. Ultimately, these compounds
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FIG 1 Structures of ICI 56,780, P4Q-146, and P4Q-158.

A

could be potential candidates for prophylaxis or single-exposure
radical cure treatment.

MATERIALS AND METHODS

Drugs and chemicals. The drugs atovaquone (ATOV), chloroquine
(CQ), and primaquine (PQ) used in these studies were obtained from
Sigma (St. Louis, MO). The novel compounds ICI 56,780 (14, 28), P4Q-
146, and P4Q-158 were synthesized and purified by the Manetsch labora-
tory at the University of South Florida, Department of Chemistry (Cross
etal., unpublished). Structures of the compounds are shown in Fig. 1. For
the in vitro studies, compounds were dissolved in dimethyl sulfoxide
(DMSO). For the in vivo studies, drugs given per os (p.o.) were reconsti-
tuted in polyethylene glycol 400 (PEG400) and administered with an oral
gavage cannula at doses of 10, 50, and 100 mg/kg of body weight. Com-
pounds administered subcutaneously (s.c.) were dissolved in 10%
DMSO-0.5% Tween and given at 50 mg/kg. All orally administered com-
pounds were sonicated for 1 h and then allowed to sit at room temperature
overnight before use. b-Luciferin (Caliper Life Sciences, Hanover, MD), a
substrate for luciferase, was dissolved in 1X phosphate-buffered saline
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FIG 2 In vitro BLI analysis of the activity of ICI 56,780, P4Q-146, and P4Q-158 against Plasmodium berghei liver stage parasites. HepG2 cells (75,000 per well)
were infected with Pb1052 Cl1 sporozoites (5,000 per well). The infected cells were treated with a series of eight 3-fold dilutions of each compound in triplicate.

Concentrations started at 50 ng/ml for both P4Q-146 and P4Q-158, 1 ng/ml for ICI 56,780, and 20 ng/ml for atovaquone. At 44 h postexposure, plates were

analyzed using the Xenogen IVIS spectrum. (A) All of the compounds with the exception of chloroquine (CQ) were active against Plasmodium berghei parasites

in vitro. ICsqs for ICI 56,780, P4Q-146, and P4Q-158 were 0.08, 2.82, and 3.07 nM, respectively. As expected, atovaquone (ATOV; positive drug control) was
active against the liver stage parasites with an ICs, of 1.42 nM. Infected but untreated cells were used as a positive control (P), and noninfected HepG2 cells were
used as a negative control (N). (B to E) Sigmoidal plots used to obtain IC,,s from the Xenogen IVIS spectrum and luminometer data for atovaquone (B), ICI

56,780 (C), P4Q-146 (D), and P4Q-158 (E) are shown.
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TABLE 1 Comparison of IC5ys from Xenogen IVIS and TopCount
luminometer”

Xenogen TopCount

Treatment ICy, (nM) R? IC5, (nM) R?
None (untreated) NA NA NA NA
Atovaquone 1.42 £0.02 0.997 1.66 £ 0.02 0.996
ICI 56,780 0.08 £ 0.07 0.971 0.17 = 0.04 0.981
P4Q-146 2.82 = 0.03 0.992 2.88 = 0.06 0.964
P4Q-158 3.07 £ 0.04 0.978 3.58 * 0.06 0.918
CcQ =625 NA =625 NA

“ Our studies show that the Xenogen and TopCount results are reproducible and that
the two methods show similar trends in compound activity. Data are given as means *
standard errors. NA, not applicable.

(PBS) (Gibco, Grand Island, NY) and injected intraperitoneally (i.p.) at
100 mg/kg.

Animals and parasites. All mice used in these experiments were fe-
male BALB/c mice (the average weight was approximately 18 g) obtained
from Harlan (Frederick, MD). The transgenic P. berghei line 1052 Cl1
(Pb1052 Cl1) used in the liver stage studies was obtained from C. J. Janse
at Leiden University. This line was generated from the reference clone of
ANKA strain c115cyl and was designed to express a green fluorescent
protein (GFP) fusion protein and firefly luciferase (29, 30). Pb1052 Cl1
has two copies of GFP-luc integrated into its genome. One copy is under
the control of a constitutively expressed eeflac promoter, and the other is
under the control of an amal promoter (29, 30). This study was con-
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4(1H)-Quinolones against Liver Stage P. berghei

ducted in compliance with the Guide for the Care and Use of Laboratory
Animals of the National Research Council for the National Academies.
The protocol was approved by the University of South Florida Institu-
tional Animal Care and Use Committee.

Mosquito infections and sporozoite isolation. Mice were infected
following an i.p. injection of 1 X 10° parasites from cryopreservation as
previously described (31). When a parasitemia of >3.0% was observed,
the mice were anesthetized using a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg) i.p. and placed on a carton containing 100 naive
female 4- to 5-day-old Anopheles stephensi. Mosquitoes were allowed to
feed for 20 min, after which they were maintained on 10% sucrose ad
libitum at 26°C. On day 21 postexposure (PE), infected salivary glands
were dissected and sporozoites were isolated and counted as previously
described (32-34). Mice then were injected intravenously (i.v.) in the tail
vein with 1 X 10* purified sporozoites.

Assessment of liver stage development in vitro. HepG2 cells (75,000
per well) were seeded into collagen-coated, black 96-well plates with op-
tically clear bottoms (Beckton Dickson, Franklin Lakes, NJ) for viewing
on the IVIS spectrum system (Caliper Life Sciences, Hanover, MD) and
white 96-well plates for analysis with the TopCount microplate luminom-
eter (Packard, Meriden, CT). Cells were maintained at 37°C in 5% CO, in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum, 1.0% penicillin-streptomycin (Sigma), and 1.0% L-
glutamine. Mosquito salivary glands were dissected as described above,
and 5,000 sporozoites were added per well. Plates were incubated at 37°C
for 3 h and then washed three times with PBS. Serial dilutions of experi-
mental compounds were prepared as previously described (35), added to

ATOV PQ

40 4108

Untreated

ICI 56,780 (50 p.o. mg/kg)
ICI 56,780 (50 s.c. mg/kg)
ATOV (3 p.o. mg/kg)

PQ (50 p.o. mg/kg)

FIG 3 Analysis of in vivo liver stage activity of ICI 56,780 using bioluminescent imaging (BLI). Mice were treated the day before, the day of, and the day following
infection with 10,000 Pb1052 Cl1 sporozoites. (A) At 44 h (44HR) postinfection, mice treated per os and subcutaneously with ICI 56,780 (50 mg/kg) did not
develop aliver stage infection and remained free of blood stage infection until the final day of imaging (day 13 PI). As expected, the untreated mice showed heavy
infections in the liver. (B) Survival curve analysis shows by comparison with the untreated control that ICI 56,780 is a causal prophylactic.
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FIG 4 Analysis of extracted livers via BLI. Livers from mice treated with ICI 56,780, P4Q-158, and primaquine were dissected to confirm that the luminescence
signal was coming from the liver. Livers extracted from mice treated with ICI 56,780 did not have a signal, whereas one of the mice treated with P4Q-158 (50
mg/kg p.o.) did have a signal. As expected, mice treated with primaquine were parasitemia free.

parasite-infected HepG2 cells in triplicate, and incubated at 37°C for 44 h.
Following the incubation, cells were washed once with PBS and then lysed
with 10 pl of cell culture lysis reagent (Promega Luciferase Assay system
kit; Promega, Madison, WI). Immediately after cell lysis, 100 pl of Lucif-
erase Assay substrate was added, and then the parasite lysates were ana-
lyzed.

Drug treatment. There were seven mice per treatment group. Exper-
imental groups were treated with 50 mg/kg s.c. of ICI 56,780. P4Q-146
and P4Q-158 were administered at 50 mg/kg s.c. and 10, 50, and 100
mg/kg p.o. Mice were treated the day before infection (day —1), the day of
infection (day 0), and the day after infection (day +1). Untreated, non-
infected, and infected mice (infection controls) as well as PQ-treated (50
mg/kg) and ATOV-treated (3 mg/kg) mice (drug controls) were also in-
cluded. This experiment was conducted in duplicate.

Assessment of liver and blood stage in vivo development. In vivo
imaging was performed 44 h postexposure to assess liver stage devel-
opment and on days 6, 9, and 13 PE to monitor blood stage develop-
ment using methods described previously (26). Briefly, the luciferase
activities of whole animals and dissected livers were assessed using
IVIS Spectrum (Caliper Life Sciences, Hanover, MD). Prior to analy-
sis, the abdomens of all mice were shaved. Animals (n = 7) were
injected i.p. with p-luciferin (100 mg/kg), anesthetized with isoflu-
rane, and imaged 5 min postinjection. While animals were continu-
ously exposed to isoflurane, images were acquired with a 23-cm field of
view (FOV), medium binning factor, and an exposure time of 20 to 120
s. To assess luciferase activity in dissected livers, two of the seven mice
for each treatment group were given a second i.p. injection of p-lucife-
rin. Livers were dissected 2 to 3 min postinjection and placed in a petri
dish, and images were acquired using a 10-cm FOV with the same
binning and exposure times as above. Images were analyzed using the
Living Image 3.0 software (Caliper Life Sciences, Hanover, MD).

For blood stage assessment, BLI and Giemsa-stained blood smears
were performed on the five remaining mice per group on days 3, 9, and 13
PE. Only Giemsa-stained smears were prepared on days 21 and 30 (final
day of experiment) PE.

Statistical analysis. All statistical analyses were carried out using
GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA). All values were
expressed as means and standard deviations (SD). A P value of =0.05 was
considered statistically significant. Data were analyzed using one-way

420 aac.asm.org

analysis of variance (ANOVA) with Dunnett’s post hoc test when compar-
ing treated group means to those of an untreated control.

RESULTS

In vitro liver assay. An in vitro liver stage assay was conducted to
determine if three novel quinolone antimalarial compounds, ICI
56,780, P4Q-146, and P4Q-158, possess liver stage activity against
P. berghei parasites. HepG2 cells (75,000 cells/well) were infected
with 5,000 sporozoites per well, treated in duplicate with serial
dilutions of experimental compounds, and visualized 44 h PE. ICI
56,780, P4Q-146, and P4Q-158 were active against liver stage par-
asites in vitro with 50% inhibitory concentrations (IC5,s) of 0.08
nM, 2.82 nM, and 3.07 nM, respectively (Fig. 2A). As expected,
ATOV (positive drug control) was active against liver stage para-
sites with an IC5, of 1.42 nM. In comparison, CQ (negative-con-
trol drug), which does not act on the liver stages, had an ICs, of
>1.2 pM (data not shown). Dose-response curves (Fig. 2B to E)
were used to obtain the ICs,s for all of the compounds. Table 1
shows the relationship between the total flux obtained from the
Xenogen IVIS and relative luminescence units (RLU) obtained
from the luminometer. Although the IC;,s are not identical, it is
clear that the Xenogen IVIS and the luminometer show similar
dose-response curves of drug activity, with ICI 56,780 being the
most active and CQ being the least active.

Invivoliver assays. (i) ICI 56,780. In this study, ICI 56,780 was
administered at 50 mg/kg s.c. and p.o., and liver stage develop-
ment was assessed at 44 h PE. Results show that at both drug
administration routes ICI 56,780 prevented the development of
liver stage parasites (Fig. 3A) and mice remained parasitemia free
until the end of the experiment on day 30 PE (Fig. 3B). Mice
treated with the control compounds atovaquone (3 mg/kg) and
primaquine (50 mg/kg) also remained clear of parasitemia
throughout the assay (Fig. 3B). Dissected livers showed absence of
a luminescence signal (Fig. 4). The luminescence signals in the
dissected untreated livers were lower than those observed in the
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FIG 5 Analysis of in vivo liver stage activity of P4Q-158 using bioluminescent imaging (BLI). Mice were treated the day before, the day of, and the day following
infection with 10,000 Pb1052 Cl1 sporozoites. (A) At 44 h (44HR) postexposure, mice treated with P4Q-158 at 10, 50, and 100 mg/kg had significantly lower
infection rates than the untreated mice (Dunnett’s multiple-comparison test, P < 0.05). (B) Survival curve analysis showed that mice treated with P4Q-158 had
a significantly higher survival rate than the untreated mice (Dunnett’s multiple-comparison test, P < 0.05).

intact mice; however, this is similar to what was observed in stud-
ies by Ploemen et al. (27).

(ii) P4Q-158. There was no detectable bioluminescent signal
at 44 h PE in mice treated with P4Q-158; however, by day 13
PE, 2 of 5 mice in the 10-mg/kg group and 1 of 5 mice in both
50-mg/kg groups developed a blood stage infection (Fig. 5A).
Mice treated with10 mg/kg had a survival rate of 60%, and
those treated with 50 and 100 mg/kg had the highest survival
rate, 80%, by the end of the study (day 30 PE). Compared to the
untreated mice, all of the treatment groups had a significantly
higher survival rate (Dunnett’s multiple comparison test, P <
0.05; Fig. 5B). Dissection of livers from mice treated with P4Q-
158 revealed one of the two mice had a liver infection when
treated p.o. (50 mg/kg) (Fig. 4).

(iii) P4Q-146. Mice treated with P4Q-146 had detectable par-
asitemia at 44 h PE (Fig. 6A). The most effective dose was 50 mg/kg
s.c., with 2 of 5 mice (40%) surviving until the end of the assay on
day 30 PE. However, the survival rate was not significantly differ-
ent from that of the untreated group.

January 2013 Volume 57 Number 1

DISCUSSION

To date, there is a limited arsenal of compounds that target ma-
laria liver stage parasites. Both atovaquone and primaquine are
active against liver stage parasites; however, primaquine is the
only one that targets the dormant hypnozoite stages. Due to drug
resistance and severe side effects, it has become necessary to de-
velop new antimalarials to target this key developmental stage
(36-38). Here, we have used bioluminescent imaging to evaluate
novel quinolone compounds for activity against liver stage para-
sites in vitro and in vivo. Our studies show that in vitro, P4Q-146,
P4Q-158, and ICI 56,780 all have potent liver stage activity; how-
ever, in vivo, only P4Q-158 and ICI 56,780 showed activity against
the liver stages. For all of these compounds, it is still unknown
whether or not they target the dormant hypnozoite stages.

ICI 56,780. Previous studies have shown that ICI 56,780 is
effective against P. cynomolgi and P. berghei liver stage parasites in
vivo (12, 28). However, because this compound is also a potent
blood schizonticide, the authors could not exclude a possible sup-
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FEELE

FIG 6 Analysis of in vivo liver stage activity of P4Q-146 using bioluminescent imaging (BLI). Mice were treated the day before, the day of, and the day following
infection with 10,000 P61052 CI1 sporozoites. (A) At 44 h (44HR) postexposure, a majority of the mice treated with P4Q-146 had liver stage infections. (B)
Survival curve analysis showed that mice treated with 50 mg/kg s.c. of P4Q-146 had the highest survival rate, 40%; however, this was not significantly different

from the survival rate of the untreated mice.

pressive prophylactic activity of ICI 56,780 against the blood
stages (28). Therefore, to confirm the in vivo liver stage activity of
this compound, we used BLI. We found that not only is ICI 56,780
active against liver stage parasites in vitro, but it is also effective as
a causal prophylactic in vivo when administered at 50 mg/kg p.o.
or s.c. These data suggest ICI 56,780 kills growing liver stages in
addition to its known radical curative activity against hypnozoites
of P. cynomolgi (12).

P4Q-146 and P4Q-158. Due to the remarkable antimalarial
activity of 4(1H)-quinolones against erythrocytic and exoerythro-
cytic stages, the endochin series has recently been revived by sev-
eral research teams (13, 14, 16-18). Using previously developed
reaction conditions (39), our team synthesized and tested >100
3-phenyl-substituted P4Qs, of which P4Q-146 and P4Q-158 have
been shown to have potent activity against P. falciparum blood
stage parasites in vitro (14; Cross et al., unpublished). Here, we
have shown that they are also very active against P. berghei liver
stage parasites in vitro. When tested in vivo, P4Q-158 was highly
potent against liver stage parasites, while P4Q-146 was unable to
effectively prevent the development of liver stage parasites in vivo.
The decreased in vivo activity of P4Q-146 over P4Q-158 may be

422 aac.asm.org

due to a combination of potency differences against the parasite
and suboptimal physicochemical properties of the test com-
pound. In comparison to P4Q-158, P4Q-146 suffers from micro-
somal degradations and a shorter half-life decreasing the exposure
(Cross et al., unpublished). Nevertheless, this set of experiments
demonstrate the value and complementarity of the in vitro and in
vivo assay conditions that allow for the assessment of anti-liver
stage activity of potent test compounds as well as compounds with
poor physicochemical properties and reduced bioavailabilities.

Summary. Currently, the mechanism of action for ICI 56,780,
P4Q-146, and P4Q-158 is unknown, but they are likely to target
mitochondrial respiration. However, we can speculate that be-
cause of the structural differences, they do not work by the same
mechanism as the 8-aminoquinoline primaquine. This would be
ideal because the problems associated with hemolytic toxicity in
G6PD deficiency patients should not be a concern.

Due to the limited arsenal of anti-liver stage compounds, it
has become necessary to find novel antimalarials to target this
key developmental stage. In these studies, we have shown that
two novel quinolones have liver stage activity in vitro and in
vivo against P. berghei parasites. Compounds with this type of
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activity could be beneficial for controlling the spread of disease
in areas of malaria endemicity and for preventing disease in
travelers to regions of endemicity. Further improvement of the
physiochemical properties and bioavailability of quinolones
could lead to a new generation of compounds for the radical
cure of malaria.
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