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Abstract
A new flow cytometry method that uses an optimized DNA and RNA staining strategy to monitor
the growth and development of the Plasmodium falciparum strain W2mef has been used in a pilot
study and has identified Bay 43-9006 1, SU 11274 2, and TMC 125 5 as compounds that exhibit
potent (<1 μM) overall and ring stage in vitro antimalarial activity.
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The World Health Organization’s World Malaria Report has focused attention on addressing
the challenge of identifying and developing new treatments for drug resistant malaria.1
According to the report, some 3.2 billion people live in areas at risk of malaria transmission
in 107 countries and territories. At least one million deaths occur every year due to malaria,
and about 60% of the cases of malaria worldwide occur in sub-Saharan Africa. Treating the
vast number of patients infected with malaria has resulted in wide-spread resistance to
current antimalarial drugs and a limited number of effective drug therapies.2 Not only is the
current antimalarial drug arsenal in a fragile state, there is also a very limited understanding
of how existing antimalarial drugs work against Plasmodium species parasites. However,
there are presently intense efforts ongoing to discover more structurally diverse antimalarials
beyond the currently available four classes of compounds: antifolates, aminoquinolines,
artemisinin derivatives, and the hydroxynaphthoquinone atovaquone. It is anticipated that
these efforts will lead to antimalarial drug candidates that should not be primed for the rapid
emergence of resistance. In conjunction, it has also become important to develop better
methods to evaluate parasite drug susceptibility through in vitro studies. Efforts in this
regard are intended to enable robust high throughput screening of large compound libraries
of small molecules, to discover new antimalarial cellular targets, and to better understand the
molecular mechanisms by which antimalarials work. Here, in a small pilot study, we
demonstrate the effectiveness of our modified flow cytometry technique for screening small
molecule compound libraries for overall antimalarial activity, highlight its usefulness to
determine life cycle stage drug susceptibility of Plasmodium falciparum (P. falciparum) in
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vitro asynchronous cultures, and reveal the discovery of three new structurally diverse
potent antimalarial compounds.

The two most common methods used to evaluate P. falciparum in vitro cultures in
antimalarial drug susceptibility assays have been light microscopy of blood smears or
tracking the incorporation of 3H-hypoxanthine.3 Both these techniques have well known
drawbacks and limitations therefore, there has been a recent trend to switch from
hypoxanthine uptake assays to fluorescent labeling assays such as SYBR Green I and
DAPI.4–6 Our recently developed flow cytometry method that uses an optimized Hoechst
33342 (HO)-thiazole orange (TO) staining strategy for monitoring P. falciparum growth
provides new potential for evaluating the activity of antimalarial drugs against the blood
stage development program of P. falciparum.7 The method enables clear differentiation of
parasitized erythrocytes (pRBC) from uninfected red blood cells (RBC) based upon the
presence of DNA as indicated by the level of HO staining. The significant advantage of the
new technique allows the identification of malarial developmental stages in pRBC and thus
the drug susceptibility of these stages by simultaneously measuring DNA and RNA levels
without damaging the red blood cells or killing the malaria parasites. Furthermore, the
method can accurately obtain this information using asynchronous malaria parasite cultures
simplifying the assay and increasing the speed with which screenings can be performed. The
guiding premise behind the ability to identify the life cycle stages is the following: ring stage
parasites (early G1 phase) contain primarily DNA and should stain with HO, but are in a
resting state which expresses little or no detectable RNA. Early trophozoites (late G1 phase)
begin to accumulate RNA as they express proteins to allow for erythrocyte digestion, which
is inferred by increased TO staining. As parasite DNA replication proceeds (S phase) late
trophozoites and schizonts (≥4 nuclei) increase both DNA and RNA contents which is
characterized by both increased HO and TO specific fluorescence. When the parasite
reaches its spore-like, pre-lytic segmenter stage, DNA synthesis has ceased (G2 phase) and
the parasitized erythrocyte has reached maximum levels of HO staining.

Given this new potential to monitor the growth and development of the P. falciparum
malaria parasite, we evaluated 27 structurally diverse compounds with various previously
defined therapeutic potential for their overall and life cycle stage antimalarial activity.8
Although this pilot study was quite small, there are numerous similar acting derivatives of
these compounds available and it was our intention that they would be examined
subsequently for antimalarial activity in a high throughput manner as our new screening
methodology develops its full potential. Presently, the assay can accommodate the study of
60 compounds per run in a 96-well microtiter plate format. The assay is in the process of
being optimized for a 384 plate format which can accommodate over 300 compounds at
once. In addition, for completeness and further validation, we also examined the three
currently used antimalarials: artemisinin, mefloquine, and chloroquine for overall and life
cycle stage antimalarial activity. The new compounds (1–27) included in our study are
shown in Figure 1 and represent several chemotypes and include kinase inhibitors (1–4),9,10

non-nucleoside reverse transcriptase inhibitors (5–6),11 a prodrug of milnacipran (7),12

1,2,3,4-Tetrahydro-isoquinolines (8–10), 1,2,3,4-Tetrahydro-naphthalene (11), mechanistic
probes for analgesic and anti-analgesic activity (12–18),13 and scaffolds useful for the
preparation of anti-viral and anti-cancer drugs (19–27).14

The antimalarial activity of the compounds studied was determined using highly resistant P.
falciparum W2mef asynchronous cultures in continuous exposure 48 h experiments.15 Our
flow cytometry method determines the overall growth inhibition demonstrated by each
compound by measuring the number of DNA positive cells (HO) using an univariate
analysis.16 At the same time, we measured growth inhibition of the 3 main life cycle stages
by measuring the levels of HO (DNA) and TO (RNA) staining using bivariate analysis to
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identify and quantify rings, trophozoites, and schizonts in the presence of each drug and
drug concentration. 16 Complex bivariate data patterns are analyzed by manual cluster
gating. The IC50 values determined for overall and stage growth inhibition of P. falciparum
for the currently available antimalarials: chloroquine, mefloquine, and artemisinin are shown
in Table 1. The overall growth inhibition data generated by our flow cytometry method are
consistent with the same data disclosed in the general literature from assays that track the
incorporation of 3H-hypoxanthine.17–19

The flow cytometry IC50 values determined for the life cycle stages show a trend for all
three of the known antimalarial compounds to be slightly more active against the trophozoite
stages (approximately twofold) and the schizont stages (approximately 2–3-fold) as
compared to the ring stage. Consistent with several previous reports is our finding that the
trophozoite stage is approximately twofold more sensitive to chloroquine relative to
rings.20,21 The IC50 data determined by our flow cytometry method found the schizont stage
to be more sensitive to chloroquine than the trophozoite stage. Although the difference is
less than a factor of two, the values are in slight contrast to data detailed in some previous
reports. Most malarial pharmacologists have concluded to date that chloroquine action must
be fairly trophozoite specific because of the drug’s effect on hemozoin crystal formation.
However, it must be emphasized that few studies have quantified the stage specificity of
chloroquine action, and not all studies support that notion. A recent study evaluating
chloroquine toxicity using spinning disk confocal microscopy demonstrates the trophozoite
stage to be approximately twofold more sensitive, but relatively small differences between
sensitivity of the three stages.22 These studies suggest that the small discrepancy (schizonts
slightly more sensitive to chloroquine than trophozoites) found in our study using flow
cytometry may be due to the use of asynchronous cultures and type and time of exposure of
our compounds to this highly resistant P. falciparum strain. These experimental issues will
be examined in more detail in subsequent studies.

In Figure 1 shown in parentheses next to the compound number is the percent growth
inhibition of P. falciparum when continuously exposed to 10 μM concentration of each
compound for 48 h. The selective MEK kinase inhibitor 3,23 the Polo like kinase 1 inhibitor
4,24 and all the scaffolds useful for the preparation of known anti-virals and anti-cancer
drugs were not active at 10 μM against the malaria parasite. Most of the compounds of the
imidazole series that have been previously tested for analgesic activity showed little or no
activity except the N-methyl-4-substituted imidazole 13. The derivative 13 along with
compounds 1, 2, 5, and 6 that showed approximately 50% overall growth inhibitory activity
against the malaria parasite at 10 μM was further evaluated. Their IC50 values for overall
growth inhibition and life cycle stages were determined and are shown in Table 2. The data
generated for the imidazole 13 are quite unique, and show approximately 1 μM selective
activity against rings, twofold less activity against schizonts, and 15-fold less activity
against trophozoites. Although the antimalarial mechanisms of action of this compound are
undetermined at this time, the identification of its unique stage activity profile illustrates the
point that our new flow cytometry assay may be beneficial in helping discover and
characterize novel antimalarials.25

The compounds 1, 2, and 5 all show potent (i.e., IC50 < 1 μM) overall growth inhibitory
activity and the strongest activity against the ring stage (Table 2). Their level of ring stage
growth inhibition is approximately equal to that determined for chloroquine (Table 1), but
an order of magnitude less active when compared to artemisinin. However, it is important to
emphasize that the three compounds 1, 2, and 5 show a different life cycle activity profile
than the three known antimalarials: artemisinin, mefloquine, and chloroquine. Compounds
1, 2, and 5 are most active against the ring stage and less active against trophozoites whereas
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the known antimalarials artemisinin, mefloquine, and chloroquine are more active against
trophozoites and less active against rings.

It is evident in the current malaria literature that the antimalarials in common use have a
limited range of cellular targets. Furthermore, how these drugs act mechanistically is not
well understood. Antimalarial compounds, such as chloroquine and mefloquine, act on a
pathway that interrupts the parasite’s effective removal of free heme which is a byproduct of
hemoglobin digestion. Hemoglobin degradation appears to be a cooperative process
involving multiple proteases to include cysteine, aspartic, and metalloproteases.26–28

Because of the development of wide-spread resistance, there is growing trend to develop
new antimalarials that inhibit parasite specific cellular targets that do not involve
hemoglobin degradation. A few of these targets are the following: cyclin-dependent protein
kinases;29 dihydrofolate reductase-thymidylate synthase;30 lactate dehydrogenase;31 DOXP-
reductoisomerase; 32 and fatty acid synthesis.33

The cytometry based platform described herein has identified three new potent antimalarial
compounds 1, 2, and 5 with strong growth inhibition against highly resistant ring stage P.
falciparum. The mechanisms by which these compounds inhibit the growth of P. falciparum
remain to be clearly determined. Empirically, if we consider the difference in structures of
compounds 1, 2, and 5 to the structures of known antimalarials, and that they were
specifically designed to inhibit particular mammalian or viral enzymes that have not been
identified in malaria parasites, it is reasonable to assume that they are inhibiting malaria
parasite growth by novel mechanisms.

In humans, it is known that Bay 43-9006 1 targets the Raf/MEK/ERK pathway, several
tyrosine receptor kinases, and the serine–threonine kinase B-Raf.9,34 To date, tyrosine
kinases have not been identified in the malaria parasite, and the parasite does not have a
homologous MAP/ERK kinase cascade as found in other eukaryotes. 35 However, there are
a few published studies of compounds that inhibit tyrosine kinases that have in vitro activity
against P. falciparum species. For example, extracts of the Sudanese plant Combretum
hartmannianum which demonstrate strong inhibition of p56(lck) tyrosine kinase have been
reported to be significantly active against the chloroquine-sensitive P. falciparum NF54
strain.36 Nevertheless, activity in P. falciparum protein kinase research is expanding
tremendously.37 The potent antimalarial activity determined for Bay 43-9006 1 should serve
to initiate a search for similar kinase parasite growth inhibitors. At this time, the most
productive direction of this search for similar kinase parasite growth inhibitors would be to
focus on screening some derivatives of 1 and other compounds that have selectivity against
tyrosine kinases that include: FGFR-1; wt BRAF and V599E mutant BRAF; as well as
members of the split kinase family: VEGFR-2, VEGFR-3, PDGFR-β, c-KIT, and FIT3.

SU 11274 2 was originally developed as an anti-cancer drug that acts as a human ATP
competitive inhibitor of the catalytic activity of MET.10 Recently, it has been reported that
hepatocyte growth factor/MET kinase (HGF/MET) signaling protects P. falciparum infected
host cells from apoptosis.38 It has been shown that inhibition of HGF/MET signaling
induces a specific increase in apoptosis of infected cells leading to great reduction of
infection. This may suggest that there is a possibility that 2 demonstrates antimalarial
activity via its inhibition of the catalytic activity of MET. The design and synthesis of c-
MET inhibitors are a very active area of anti-cancer research, and potent and selective
inhibitors have been developed.39 This finding provides initiative to screen other ATP
competitive inhibitors as well as allosteric inhibitors of MET particularly because apoptosis
in malarial parasites and unicellular organisms is currently thought to be significantly
different from the respective processes in the human host.40
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Compounds TMC 125 5 and R278474 6 were designed as nonnucleoside reverse
transcriptase inhibitors, and have been shown to be highly active against wild type and
mutant HIV.11 Our screening results have demonstrated potent antimalarial activity for
TMC 125 5 and moderate activity for R278474 6. It has been reported that other anti-HIV
drugs (protease inhibitors) have shown potent activity against P. falciparum.41 Recently, it
has been disclosed that P. falciparum contain a gene that encodes a catalytic reverse
transcriptase component of telomerase (PfTERT).42 PfTERT is unique in being three times
larger than TERTs characterized in other species. It is also expressed in asexual blood stage
parasites that have begun DNA synthesis and localizes into a discrete nuclear compartment
associated with the nucleolus. Our results suggest screening other reverse transcriptase
inhibitors for antimalarial activity with the hope of discovering other compounds with
similar convergent activity. This takes on added significance given that 5 is active against
wild type and mutant HIV and a highly resistant form of P. falciparum, and that malaria and
HIV infection co-exist in sub-Saharan Africa.

The flow cytometry application used here represents a new opportunity for effectively
determining the drug susceptibility of P. falciparum in vitro cultures. The method is a rapid,
relatively inexpensive, accurate, and safe strategy. Technically, this methodology is less
cumbersome, can be used in high throughput screening, and efficiently uses asynchronous
cultures to obtain antimalarial stage specific data. In addition, we have determined that the
method enables preliminary screening for possible toxic effects of compounds on uninfected
red blood cells. It was established during the course of our drug analyses that all the
compounds tested did not effect changes in red blood cell shape43 and internal complexity.44

Greater than 98.5% of uninfected erythrocytes remained intact with no evidence of cell
membrane toxicity. 45 No other method allows for simultaneous determinations of
compound effects on red blood cells and drug susceptibility of P. falciparum in vitro
cultures. Other methods that are used to assess life cycle stage in vitro drug susceptibility
require parasite culture synchronization and thus independent stage assessment. Future
applications of this new technique will pursue continued antimalarial drug and drug
combination screening as well as adaptation for high throughput screening.

In regard to the utility of this flow cytometry technique for determining life cycle stage drug
susceptibility, it is important to mention the future goals of antimalarial drug strategies.46

Artemisinin and its derivatives, recommended by the World Health Organization to treat
malaria, have been found to cause ring stage parasites to enter a dormant phase for a period
of 10 days. It has been proposed that partner drugs to an artemisinin derivative must have
activity against dormant forms or a long enough half life to remain active in the blood when
dormant ring stage parasites begin to emerge and grow. Our studies have enabled the
discovery of compounds that have potent ring stage antimalarial activity, and certainly
provide a possible avenue for addressing this immediate concern. Further evaluation of the
possible mechanisms and pharmacology of antimalarial action of the most potent
compounds 1, 2, and 5 and new compound high throughput screening are ongoing.
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Figure 1.
Compound library screened for antimalarial activity. Parentheses show percent overall
inhibition of parasite growth at 10 μM.
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