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Abstract
Malaria is a devastating parasitic disease that afflicts one-third of the world’s population.
Commonly used malaria drugs address few targets and their efficacy is being undermined by
parasite resistance. Most therapeutics target blood stage malaria, while only few compounds are
active against malaria’s liver stage, the first stage of the Plasmodium parasite’s life cycle within
the human host. The identification of inhibitors active against liver stage malaria would benefit
both the development of chemical probes to elucidate the poorly understood biology of this phase
of the parasite’s life cycle and potentially provide agents for preventing and eliminating the
disease. Here, we report on the development of a live cell parasite traversal assay in 384-well
format amenable to high-throughput screening that exploits the wounding of liver cells by the
parasite. This method identifies small molecules that may inhibit the parasites actin-myosin motor
system. The traversal assay, in addition to established methods, was used to evaluate the activity
of halofuginone, a synthetic halogenated derivative of the natural alkaloid febrifugine, against
liver stage Plasmodium berghei parasites. Halofuginone was found to inhibit P. berghei sporozoite
load in HepG2 cells with an IC50 of 17 nM. While the compound does not affect parasite traversal
through human liver cells, an inhibition time course assay indicates that it affects essential
processes in both early and late stage parasite development.
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Introduction
Malaria’s burden of mortality and morbidity continues to rise in several developing
countries in Africa, South America and Asia.[1] The current suite of antimalarial agents
targets only a handful of metabolic processes, primarily in the parasite’s blood stage, and
drugs that inhibit other essential parasite pathways are needed to address prophylaxis and
eradication.[2]

Parasites from the genus Plasmodium cause malaria[3] and they enter humans with the bite
of an infected Anopheles mosquito. Sporozoites, the developmental form of the parasite
transferred to the human host, travel from the dermis through the blood stream to the liver.
On their route to the liver, motile sporozoites traverse, or migrate through several cells
before infecting hepatocytes.[3] When parasite traversal is complete the sporozoites
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propagate, yielding tens of thousands of merozoites, the developmental form that infects red
blood cells, within a few days.[3] The liver stage is asymptomatic, but once released from
the liver the merozoites begin the cyclic blood stage that causes malaria’s characteristic
symptoms. Some Plasmodium species, such as P. vivax and P. ovale, also have a dormant
stage in the human liver termed hypnozoites that is difficult to target.[4] Activation of
hypnozoites leads to relapses, which contribute significantly to malaria’s burden.

Drug development has traditionally focused on the blood stage of the parasite,[5] while only
few chemical and genetic tools exist to investigate liver stage processes. Unlike liver stage
malaria parasites, blood stage parasites can be maintained in cell culture, which greatly
facilitates work with this Plasmodium form. To study liver stage parasites, viable
Plasmodium sporozoites must be acquired through the dissection of live infected
mosquitoes. Once these sporozoites infect liver cells, they develop into a form that can no
longer invade liver cells. Few compounds with activity against liver stage sporozoites have
been identified and many blood stage inhibitors, like artemisinin, are inactive against liver
stage infection.

Primaquine remains the clinically used drug to clear P. vivax hypnozoites[2b] despite its
many liabilities and a relatively low potency (IC50 ~10 μM) in vitro.[6] Additionally,
primaquine can cause hemolytic anemia in people with glucose-6-phosphate dehydrogenase
deficiency (G6PD), which is the most common enzyme deficiency in malarious regions of
Africa, South America and Asia (reviewed in[7]). Another malaria drug, atovaquone, is a
nanomolar inhibitor of liver stage malaria but is not effective against the dormant hepatic
stage of P. vivax.[4]

Systematic searches for liver stage inhibitors could focus on compounds that prevent
sporozoite traversal through cells, invasion of hepatocytes, or compounds that inhibit the
development of sporozoites in their final host cell.[8] To date, methods have been developed
to evaluate parasite propagation in 96-well and 384-well microtiter plates,[8-9] but there is no
technique for the efficient analysis of parasite traversal applicable to a high-throughput
screening platform. Here, we report the development of a miniaturized assay platform to
profile inhibitors of Plasmodium sporozoite liver cell traversal in a 384-well microtiter plate
format. Additionally, we have identified halofuginone (Fig. 1) as a potent inhibitor of
sporozoite propagation within liver cells. Halofuginone is a synthetic derivative of
febrifugine, a natural product isolated from the Chinese herb Dichroa febrifuga.[10] Both
compounds have been widely recognized for their exceptional activity against blood stage
malaria parasites and their unique mode of action that appears distinct form other
antimalarials, however, neither compound has been evaluated for activity against liver stage
parasites.[11] In this work we discovered that halofuginone has low nanomolar potency,
similar to atovaquone, at reducing P. berghei sporozoite load in HepG2 cells. Halofuginone,
like primaquine and atovaquone, does not affect sporozoite traversal. While the molecular
target of halofuginone inhibition remains to be determined, it is likely common to both
blood and liver stage parasites.

Results and Discussion
A limited number of compounds have been identified as inhibitors of the liver stage of the
Plasmodium parasite. Current antimalarial drug discovery is focused on the parasite’s blood
stages, and most mainstay malaria drugs, such as artemisinin and chloroquine,[2b] are
inactive against the Plasmodium liver stages (Table 1), which represents the preferred life
cycle stage for malaria prevention and prophylaxis. Differential gene expression and
proteomic analysis during various life stages of the parasite indicates that some processes
are essential only during specific life stages while others are important for every form of the
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parasite.[12] Unfortunately, the high percentage of genes with unknown function (~50%)
makes it difficult to predict which genes are selective drug targets.[13] Halofuginone is one
of the most potent known inhibitors of the malaria parasite’s blood stage,[11] however,
activity against other Plasmodium life stages has not been investigated. Here, we utilized an
in vitro infection system to evaluate if the compound targets a process that is essential for
the Plasmodium parasite’s liver stage.

Halofuginone inhibits liver stage malaria
HepG2 cells, a human hepatoma cell line, were infected with P. berghei ANKA sporozoites
(mouse strain) in the absence and presence of halofuginone (1 μM). The infection proceeded
for 45 hrs and then cells were fixed, stained with an anti-P. berghei antibody,[14] and imaged
on a fluorescence microscope. Visual inspection of the cells as well as quantitative analysis
using high content imaging analysis software (Velos version 5.3.1.1, Molecular Devices)
reveals that the parasite count is significantly lower in halofuginone-treated cells when
compared to the DMSO control (Fig. S1). To rule out that halofuginone inhibited HepG2
growth, liver cell viability was assessed by microscopic imaging of the monolayer in bright
field and quantified by a cell viability assay (CellTiter-Glo, Promega), which measures ATP.
Both methods to evaluate cytotoxicity indicate that halofuginone (≤ 1 μM) does not inhibit
liver cell viability.

The inhibition of halofuginone was measured as a function of drug concentration. Dose-
response curves were generated by quantifying the number of parasites with antibody
staining at 45 hrs post infection in the presence of varying concentrations of the compound
(Fig. 2B). The total number of parasites and potential morphological changes as a function
of drug concentration was then determined by quantitative high content image analysis using
Velos software. The parasite numbers determined by the software analysis were consistent
with the numbers obtained by manually counting parasites. While halofuginone did inhibit
P. berghei parasite load with an IC50 of 17 ± 8 nM, (validating it as one of the most potent
inhibitors of liver stage Plasmodium reported), compound treatment did not affect parasite
size as determined by measuring the signal area in the presence and absence of halofuginone
(Fig. S2).

As another means to evaluate parasite load in liver cells, HepG2 cells were infected with a
luciferase-expressing P. berghei sporozoite strain.[15] Using this transgenic parasite strain
the luciferase signal is directly proportional to the parasite load. A dose-response curve of
the relative P. berghei luciferase signal in the presence of varying concentrations of
halofuginone yielded an IC50 of 7.8 ± 3 nM (Fig. 2C), which is in good agreement with the
IC50 determined by microscopy after parasite staining.

Halofuginone inhibits blood stage P. falciparum Dd2 with an IC50 that is 24-fold lower than
its IC50 for liver stage P. berghei. It is possible that the metabolically active liver cells are
reducing the effective concentration of the drug, or perhaps halofuginone’s target is less
critical to the liver stage when compared to the blood stage. Both assays to quantitate
parasite load indicate that halofuginone is significantly more potent than primaquine, but is
2 to 6-fold less effective than atovaquone (Table 1), the clinically used antimalarials that
target liver stage Plasmodium.[7a]

There are limited reports on structure-activity analysis of halofuginone inhibition of malaria.
However, it is known that the piperidine ring (see Fig. 1) is important for antimalarial
activity[16] but the substituent can be replaced with a pyrrolidine ring without a decrease in
efficacy.[17] In this work, two N-acylated halofuginone derivatives (Fig. 1) were tested for
the ability to reduce P. berghei sporozoite load in HepG2 cells. Figure 3 shows that these
halofuginone derivatives were inactive at 1 μM in the assay, indicating that the basic
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nitrogen on halofuginone is essential for its mode of inhibition of the liver stage malaria
parasite or that the steric hindrance introduced by these modifications prevents the molecule
from binding its target. These halofuginone derivatives were also inactive against the blood
stages of P. falciparum (Table 1). The agreement between both the blood and liver stage
malaria assays with the halofuginone analogs suggests that halofuginone inhibits a common
target or pathway in both stages of the parasite.

Plasmodium sporozoite traversal assay
Sporozoites have to traverse or migrate through several cells before they finally infect a
hepatocyte and start propagating.[18] These traversal events ensure that the motile
sporozoites progress from the blood stream to the liver[19] and are important for the parasites
to cross the liver sinusoid barrier.[20] Traversal is maintained until the parasites encounter
highly sulfated heparan proteoglycans in the liver that activate the sporozoites for
invasion.[21]

To our knowledge, there is no high-throughput screening method to rapidly evaluate
inhibitors of sporozoite traversal. When a sporozoite traverses liver cells, it disrupts the host
cell membrane, which then quickly reseals. Cell traversal can be measured by fluorescence
microscopy with a cell-wounding assay. In this assay, rhodamine-labeled dextran is
supplemented to the liver cell medium prior to sporozoite addition. Dextran can not diffuse
through cell membranes, however, when the plasma membrane is disrupted by the traversing
parasite the dye-labeled dextran enters the cytosol and gets trapped in the liver cells after
resealing (Fig. 4A). Generally, analysis of this assay is time consuming, and involves
trypsinization of the cells followed by fluorescence-activated cell sorting (FACS) for
quantification.[22] Here, we used a fluorescently labeled dextran dye (Rhodamine Green)
and optimized an assay that enables the sensitive detection of traversed cells in a 384-well
microtiter plate using a fluorometer. The fluorescence signal in this assay is directly
proportional to the number of sporozoites used to infect the HepG2 cells (Fig. S3) and is
inhibited by cytochalasin D (Fig. 4B), an actin polymerization inhibitor that is known to
prevent sporozoite traversal.[23] Heating the sporozoites for 30 min at 65°C also led to a
reduction in the fluorescence signal and served as an independent control. Background
fluorescence in this assay is observed due to autofluorescence of the HepG2 cells. When the
data is normalized to the hepatocyte autofluorescence there is a 2.5 - 3.5-fold change in the
fluorescence signal of cells that have been traversed by Plasmodium sporozoites (4,000
sporozoites added).

To confirm the results obtained with the fluorescence plate reader, the dextran-containing
cells were visualized with a fluorescence microscope (Fig. 4C). Visual inspection of the
cells indicates that the fluorescent dye entered liver cells that were disrupted by the
sporozoites in the DMSO control, but not in cells incubated with cytochalasin D-treated or
heat-inactivated sporozoites. This is the first live cell traversal assay that has been optimized
for 384-well format and it presents a promising method for identifying inhibitors of parasite
traversal.

Halofuginone inhibits early and late liver stage parasite processes
Using the Plasmodium traversal assay it was found that halofuginone does not inhibit
parasite traversal (percent change in fluorescence was not statistically different). Details
concerning parasite traversal are active areas of investigation, but it is known that the
Plasmodium parasite utilizes an actin-myosin motor system for motility. Clearly this process
is not targeted by halofuginone and therefore the compound must inhibit another essential
process that is important to parasite development in both liver and red blood cells.
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It has been shown that halofuginone inhibits specifically the differentiation of naïve T-cells
into TH17-cells by induction of the amino acid starvation response (AAR).[24] It is possible
that a similar effect on the host could reduce Plasmodium infection of hepatocytes or that the
drug acts on genes that are homologous to the host halofuginone-inducible genes. To test if a
host halofuginone target exists, HepG2 cells were incubated with 1 μM halofuginone for 2
hours at 37 °C. After 2 hours the cells were washed 4 times with media before infection with
P. berghei sporozoites. This treatment resulted in a 60% reduction in the P. berghei
luciferase signal relative to the DMSO-treated control cells (45 hours post sporozoite
addition). A similar magnitude of inhibition was also seen when cells were washed 8 times
with media before infection with P. berghei sporozoites. Other liver stage Plasmodium
inhibitors, like primaquine, are not effective at reducing parasite load if they are removed
from the assay before sporozoite addition. This suggests that halofuginone has affinity to a
host factor. Conceivably the compound’s ability to influence the amino acid starvation
response is affecting liver stage Plasmodium development. It is also possible that
halofuginone is trapped in a vesicle and its slow release after sporozoite addition is reducing
the parasite load in liver cells.

A time course assay of varying halofuginone addition to P. berghei sporozoite-treated liver
cells was conducted next. The time course experiments show that halofuginone addition at 2,
6, 12, and 24 hours post sporozoite addition reduces the parasite load in HepG2 cells (Fig.
5). Thus halofuginone inhibits both early and late stage parasite development.
Halofuginone’s target, which has remained elusive despite it’s progression to cancer clinical
trials[10], is essential to several stages of P. berghei development within liver cells in
addition to blood stage parasite development. Importantly, influencing this target has the
ability to clear liver stage Plasmodium parasites after the infection has been established. The
identification of the underlying mode of action and the molecular target of halofuginone is
currently under investigation in our group.

Conclusion
In summary, we optimized a live cell fluorescence assay to examine inhibitors of
Plasmodium parasite traversal through liver cells in a high-throughput screening platform.
This assay will facilitate systematic investigations for compounds that affect Plasmodium
sporozoite traversal. Additionally, halofuginone was found to be a potent inhibitor of liver
stage sporozoite development within liver cells, but does not interfere with parasite traversal
of host cells. Although cancer clinical trials have revealed some side effects associated with
the drug,[10] animal studies have shown halofuginone exhibits few observable side effects in
the antimalarial dose range.[25] The high potency of inhibition of parasite development
suggests that halofuginone efficiently targets a process essential to the parasite. This
inhibition likely involves a target that is involved in both the liver and blood stages of the
malaria parasite. While the precise nature of these targets remain to be determined, they
remain candidates for future drug design with the hope to address the need for liver stage
malaria inhibitors.

Experimental Section
Plasmodium sporozoite infection of liver cells

HepG2 cells (ATCC) were maintained in DMEM (Invitrogen), 10% FBS (Sigma) and 1%
antibiotic-antimycotic (Invitrogen) in a standard tissue culture incubator (37°C, 5% CO2).
Plasmodium-infected Anopheles stephensi mosquitoes were purchased from the New York
University Langone Medical Center Insectary. Live P. berghei ANKA-infected mosquitoes
were dissected to isolate sporozoites. Plasmodium sporozoites were then used to infect a
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monolayer of HepG2 cells in a 384-well plate by following a previously published
procedure.[15]

Quantification of P. berghei sporozoite load in HepG2 cells
Parasite inhibition was assessed by immunofluorescence and luminescence. Liver stage
Plasmodium assays were performed in the presence of varying concentrations of
halofuginone (0 - 1 μM) and halofuginone analogs (1 μM). Halofuginone and halofuginone
analogs were synthesized in house. The final concentration of DMSO was 0.3%. After 45
hours post-infection cells were washed 3 times with phosphate buffered saline (PBS) and
then fixed with formaldehyde. The primary antibody was 2E6 against P. berghei heat-shock
protein 70[14] and the secondary antibody was conjugated to Alexa Fluor 488 (Invitrogen).
During the incubation with the secondary antibody the cells were also treated with Alexa
Fluor 568 phalloidin (Invitrogen) to stain actin in the HepG2 cells. Parasites and cells were
visualized with an ImageXpress Velos (Molecular Devices). Quantification of parasite
numbers and size, and of liver cells was completed with Velos 5.3.1.1 software. Alexa Fluor
488 was measured with Ex 488 nm/Em 510-540 nm and Alexa Fluor 568 was measured
with Ex 532 nm/Em 560-610 nm. Data analysis was carried out using GraphPad Prism
software. Representative dose-response curves are shown where each point represents the
average parasite count from triplicate measurements and error bars show the standard
deviation. The curve was generated on three separate days and the reported IC50 is the
average ± the standard deviation of the three independent measurements.

Liver stage Plasmodium assays were also completed using a luciferase-expressing
sporozoite strain of P. berghei ANKA to infect HepG2 cells similar to a published
procedure.[15] Parasite load was determined 45 hours post-infection with ONE-Glo
(Promega) according to the manufacturer’s instructions. HepG2 viability in the presence of
halofuginone was determined using CellTiter-Glo (Promega). Luminescence was quantified
using an EnVision plate reader (Perkin-Elmer). Representative dose-response curves are
shown where each point represents the average luminescence reading from triplicate
measurements that were normalized to the DMSO control. Error bars show the standard
deviation of the mean. The relative parasite load in HepG2 cells is proportional to the
relative luminescence units. The curve was generated on three separate days and the
reported IC50 is the average ± the standard deviation of the three independent measurements.

Probing stage specificity of halofuginone inhibition
P. falciparum 3D7 and Dd2 blood stage assays were performed following a previously
published procedure.[26] The experiments were repeated 2-3 times to ensure reproducibility.

P. berghei sporozoites traverse, invade, and then develop within HepG2 cells. Traversal and
invasion occurs within 2 hours post-infection and then parasite development continues for
another ~55 hours.[27] Time course experiments were completed by adding halofuginone (1
μM) 2 hours before or 2, 6, 12 and 24 hours after sporozoite addition to HepG2 cells to
probe which process the compound inhibits. To evaluate the possibility that halofuginone
inhibits infection by modulating a host factor, HepG2 cells were incubated with 1 μM
halofuginone for 2 hours at 37 °C. After 2 hours the cells were washed 4 - 8 times with
media before addition of P. berghei sporozoites. The maximum predicted concentration of
halofuginone at the time of sporozoite addition is 7 pM. P. berghei parasite load was
measured 45 hours post-infection with ONE-Glo. Data are shown as the mean ± standard
deviation.
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Plasmodium sporozoite traversal assay
A parasite traversal assay was optimized in a 384-well plate to facilitate high-throughput
analysis of liver stage Plasmodium inhibitors. A monolayer of 12,000 HepG2 cells in 25 μL
in a black 384-well plate (Corning) was washed with cell medium (DMEM, 10% FBS, 1%
antibiotic-antimycotic) and then treated with 4,000 P. berghei ANKA sporozoites. At the
time of sporozoite addition 1 mg/mL of Rhodamine Green dextran (Invitrogen) was added to
each well and the plate was spun for 10 min at 1,000 rpm. The plate was incubated at 37 °C
for 1.5 hours. Cells were then washed 5 times with PBS and the fluorescence intensity was
quantitated with an EnVision fluorescence plate reader (Perkin-Elmer). The assay was
performed in the presence of increasing sporozoites (0 - 8,000) as a control. The negative
control was DMSO and the positive controls were cytochalasin D, a known inhibitor of
parasite traversal,[23] and sporozoites that were heat-inactivated for 30 min at 65 °C. Cells
were also visualized after the assays with a confocal fluorescence microscope (Nikon
Imaging Center, HMS) to evaluate the monolayer with phase contrast and to measure
Rhodamine Green dextran inside the cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Battling a silent killer

Before malaria symptoms appear several parasites have silently invaded and propagated
within the liver. We have developed cell-based assays amenable to high-throughput
screening to evaluate compounds for the ability to reduce parasite load in liver cells and
to inhibit parasite traversal. These assays helped to identify halofuginone (shown) as a
low nanomolar inhibitor of liver stage malaria parasites.
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Figure 1.
Structure of halofuginone (1) and N-acetyl (2) and N-Boc (3) derivatives of halofuginone.
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Figure 2.
Halofuginone inhibition of P. berghei parasite load in liver cells. Visualization of P. berghei
sporozoite load in HepG2 cells by staining with an antimalarial antibody (A). Cells were
infected in the presence of DMSO or 1 μM halofuginone and fixed 36 – 48 hours after
sporozoite addition. Dose-response curves of parasite load assessed by quantification of
parasite numbers with antibody staining (B) and by relative luminescence signal after
infection with a transgenic luciferase reporter strain of P. berghei sporozoites (C) yield IC50
values of 17 ± 8 nM and 7.8 ± 3 nM, respectively. Data are shown as the mean ± the
standard deviation.
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Figure 3.
Evaluation of halofuginone derivatives. Halofuginone (1 μM) inhibits P. berghei sporozoite
load in HepG2 cells but N-acylated halofuginone derivatives (1 μM) are inactive. P. berghei
parasite load in HepG2 cells was assessed by the relative luminescence signal 45 hours post-
infection with a transgenic luciferase parasite reporter strain. Luminescence values were
normalized to the DMSO control and reported as the average percent parasite load ± the
standard deviation.
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Figure 4.
Model of sporozoite traversal through cells (A). Within 2 hrs HepG2 cells that have been
traversed by P. berghei sporozoites (in green) fill with Rhodamine Green dextran that was
added to the cell medium (cells in pink). The relative numbers of traversed HepG2 cells can
be measured using a fluorescence plate reader (B). Data are shown as the average
fluorescence reading of 4 measurements on the same 384-well plate and error bars show the
standard deviation. Sporozoites were incubated with cytochalasin D before addition to the
cells as a control. Visualization of samples with a fluorescence microscope confirms that the
fluorescently labeled dextran has entered a population of HepG2 cells (C).
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Figure 5.
Time course assay of halofuginone inhibition. Halofuginone (1 μM) was added to HepG2
cells at the indicated times after P. berghei sporozoite addition (−2, 2, 6 12, and 24 hours).
Parasite load in HepG2 cells was assessed by the relative luminescence signal 45 hours post-
infection. Luminescence values were normalized to the DMSO control and reported as the
average percent parasite load ± the standard deviation.
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Table 1

Activity of compounds against blood and liver stage Plasmodium parasites.

Compound[[a]]
Blood stage

P. falciparum 3D7
IC50 (nM)

Liver stage
P. berghei
IC50 (nM)

Primaquine 794[[a]] 7500

Atovaquone 0.66[[b]] 3

Artemisinin 46[[c]] NO[[d]]

1 0.7 17

2 NO NO

3 NO NO

[a]
Determined with P. falciparum Dd2.

[b]
Baniecki et al (2006) Antimicrob. Agent Chemother. 51 716-723.

[c]
Walsh et al (2007) Bio. Med. Chem. Lett. 17 3599-3602.

[d]
NO, not observed.
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