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Abstract

Efforts to move from malaria control to eradication will require new approaches to block malaria
transmission, such as the development of anti-malarial drugs with gametocytocidal activity. Here
fluorescent oxidoreduction indicator alamarBlue is used to develop a screen for gametocyte
viability. The fluorescent signal increases linearly with gametocyte number (R2=0.99) and
determination of the 1Cgg of epoxomicin demonstrated the assay was reproducible and sensitive
(ICs50 2.16£0.57 nM, Z’-factor 0.81+0.01). Six anti-malarials were also tested and at 10 pM only
primaquine and dihydroartemisinin (DHA) had gametocytocidal activity. This new assay provides

an important tool to efficiently screen compounds for gametocytocidal activity.

Keywords
alamarBlue; drug screening; gametocyte; Plasmodium falciparum

The resurgence of Plasmodium falciparum mortality seen in the wake of the spread of
chloroquine-resistant parasites in the 1990s was a grim reminder of the importance of
effective anti-malaria therapy [1]. After the introduction of artemisinin combination therapy
(ACT) as first line treatment in 2004 mortality rates again decreased. However, reports of
recrudescence and delayed clearance following ACT treatment are a concern and are being
carefully monitored [2-3]. There has also been increased support for the discovery and
development of new anti-malarials. A number of small compound and natural product
libraries have been screened by monitoring DNA or parasite replication in intraerythrocytic
parasites and several novel compounds have been identified for further development [4-7].
The assays used in the screens to date identify compounds that block asexual parasite
growth, but do not evaluate the effect of the compounds on other stages of the life cycle,
including intraerythrocytic parasites undergoing sexual differentiation into gametocytes.
During gametocyte development DNA replication is blocked and only a single gametocyte
is produced following red blood cell (RBC) invasion. Therefore, in contrast to asexual
parasites this stage is not easily monitored using DNA or cell proliferation markers.
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Once an intraerythrocytic parasite begins sexual differentiation it takes 10-12 day for the
production of a mature gametocyte capable of infecting a mosquito and spreading malaria
through the population. In addition to not undergoing DNA replication, gametocytes are less
sensitive to all the commonly used anti-malarial drugs, except primaquine, than asexual
parasites [8]. In fact, it has been reported that treatment with the anti-malarial
pyrimethamine stimulates sexual differentiation [9]. As a consequence of this difference in
drug sensitivity and the long time course of gametocytogenesis, a patient can remain
infectious to mosquitoes for more than 2 weeks after the clearance of asexual parasites.
These factors complicate elimination of the parasite and facilitate the propagation of drug-
resistant parasites. In contrast to pyrimethamine and other anti-malarials that block DNA
replication, artemisinin derivatives are effective against early gametocytes [8,10]. This
activity may contribute to the marked reduction in malaria seen after the introduction of
ACT. In a recent study by Smithuis et al. adding a single dose of primaquine to ACT has
been shown to decrease the number of patients with gametocyte-positive thick blood smears
from ~30% to ~4 % in 7 days, while in the absence of primaquine ~27% of the patients
remained gametocytemic [11]. Such findings have lead to suggestion that primaquine be
used as a method to reduce and possibly eliminate malaria hypoendemic areas. However,
hemolysis can be a side effect of primaquine and this can be severe in patients with
glucose-6-phosphate dehydrogenase (G6PD) deficiency, which is common in malaria
endemic areas. This side effect has raised concerns about mass administration of primaquine
without a rapid assay for G6PD deficiency that can be used in remote field settings [12].

The identification of new compounds with gametocytocidal activity could facilitate control
and eradication efforts. However, screening compound libraries for activity against mature
gametocytes has been limited by several factors. In in vitro culture the yield of P. falciparum
gametocytes is low in comparison to asexual parasites and the method used to analyze
development, manual quantitation of Giemsa-stained blood smears, is slow and labor
intensive.

The present study describes a method to screen compounds for gametocytocidal activity
using oxidoreduction indicator, alamarBlue, as a general measure of metabolic activity.
Only a single fluorescent reduced form is monitored which simplifies quantification and the
signal can be enhanced by increasing the incubation time because the fluorescence of
reduced alamarBlue is stable at 37°C for several days. AlamarBlue has already been used to
evaluate viability of a number of cell lines, including Trypanosoma and Leishmania [6,13].
Another benefit of this assay is that it can be used to directly evaluate any parasite line or
natural isolate, since it does not require the introduction of a reporter gene by
transformation.

Assay Optimization

AlamarBlue was first screened to ensure that it did not interfere with gametocyte
development or the gametocytocidal activity of proteasome inhibitor, epoxomicin [14].
Gametocyte (3D7 strain) cultures were set up in complete media (RPMI 1640 supplemented
with L-Glutamine, 25mM HEPES, 50 pg ml~1 hypoxanthine (KD Biomedical), 10ug mi~1
gentamicin, 0.25% NaHCOs, and 10% human serum) as described [15] and the parasites
were treated with N-acetyl glucosamine (NAG) from day 9 to day 11 to eliminate asexual
parasites [16]. On day 13, 100 ul of the gametocyte (stage 111-V) culture were incubated
with epoxomicin (0.3 — 30 nM) or carrier alone, dimethyl sulfoxide (DMSQO), in a 96-well
plate for 72 h followed by the addition of 10 ul of alamarBlue (Invitrogen, Carlsbad, CA).
After 24 h incubation with alamarBlue, a Giemsa-stained smear of each well was prepared
(day 17). Following DMSO or epoxomicin treatment neither gametocytemia, the ability to
respond to a gametogenesis signal, nor gametocyte morphology were affected by
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alamarBlue suggesting that it is not toxic and does not alter epoxomicin activity (Fig. 1A,
B).

To determine the detection limit of the assay, gametocytes (stage 111-V) cultured as
described above were enriched by Percoll (65 % (v/v)) density gradient centrifugation and a
range of cell concentrations (0 — 1 x 107 cells (45.6 % gametocytemia, stages 111-V) /100 pl)
were distributed into a 96-well plate containing 10 ul of alamarBlue. Wells containing an
equivalent number of uninfected RBCs were also tested. After overnight incubation, the
fluorescence of each well was detected at 590/35 nm following excitation at 530/25 nm with
a Synergy TM HT Multi-Detection Microplate Reader (BIO-TEC). The fluorescence signal
(Ex 530/Em 590) increased linearly with gametocyte number to 176 Arbitrary Units (AU),
before saturating above 200 AU (Fig. 1C). The data is represented by two graphs, one to
evaluate saturation above 0.9 x 108 gametocytes/2 x 10° total cells (Fig. 1C, upper panel)
and the other to evaluate linearity from 0.23 to 0.9 x 10% gametocytes/0.5 to 2 x 10° total
cells (Fig. 1C, lower graph). The linear correlation coefficients in two independent assays of
0—2 x 10% cells (45.6 % and 50 % gametocytemia) with duplicate wells were both 0.99
which was significant (p<0.0001) by linear regression analysis. After correcting for the
number of gametocytes in each well the fluorescent signal from uninfected RBCs was more
20 times lower than the signal from the same number of gametocytes. Based on these results
the cell concentration range selected for use in subsequent assays was 0.4 — 1 x 108
gametocytes/well.

Previous work using optical microscopy indicated that the maximal effect of epoxomicin
treatment, even at 100 nM concentration, was observed several days after treatment [14]. To
determine whether this would also be the optimal time point for the alamarBlue assay,
alamarBlue was added to NAG-treated, Percoll-purified gametocyte cultures (4 x 10° stage
111-V gametocytes and 6 x 10° RBCs)/100 ) or RBCs alone (6 x 10° RBCs/100 pl) at 24,
48 or 72 h after 1 pl of DMSO alone or in combination with 10 pM epoxomicin was added
and fluorescence was measured 24 h later at 48, 72 and 96 h, respectively. The fluorescent
signals from the DMSO-treated cultures remained constant; at 48, 72 and 96 h they were
124 + 14.9 AU, 137 + 5.67 AU and 110 + 1.41 AU, respectively. In contrast, the signals
from the epoxomicin treated cultures declined from 77 + 1.41 AU at 48 h to the level of the
uninfected RBCs at 96 h, 19.5 + 3.54 AU. This indicated that, as seen previously with the
optical assay, all the gametocytes died within 96 hours of treatment with 100 nM
epoxomicin and this was selected as the time point to use in subsequent assays (Fig. 1D)
[14]. Moreover the RBC signal was not altered by epoxomicin, indicating that the decreased
fluorescence observed in the epoxomicin treated-gametocyte cultures was due to gametocyte
mortality not a direct affect of epoxomicin on alamarBlue fluorescence. As an independent
marker of viability gametocytes treated 72 hr with DMSO or epoxomicin were tested for the
ability to respond to a gametogenesis stimulus by rounding up and exflagellating. The
DMSO-treated gametocytes rounded up and the males successfully exflagellated, while
there was no exflagellation or other change in the morphology of the few residual
gametocyte fragments found in the epoxomicin-treated cultures in response to the stimulus.
These findings are consistent with prior viability studies demonstrating that treatment with <
1 % DMSO does not affect gametogenesis or oocyst production [14].

Final Assay Conditions

Once the basic conditions were established for the alamarBlue assay it was directly
compared with the current standard assay, optical microscopy of Giemsa-stained smears.
The epoxomicin dose response was used for comparison. For the optical assay, 10 ul of
DMSO alone or in combination with the indicated concentration of epoxomicin were added
to NAG-treated gametocyte cultures (1.45 % gametocytemia (stage 111-V)/ 3 % hematocrit
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on day 13). Giemsa-stained smears were prepared at 72 and 96 h after incubation with
epoxomicin and the gametocytes counted manually.

The alamarBlue assay was carried out as is described here in detail. Gametocytes were
produced from asexual P. falciparum (3D7 strain) by setting up a culture in a 75 cm? flask at
0.1 % parasitemia and 6 % hematocrit in 12.5 ml on day 1. The culture was maintained
under standard culture conditions (37°C in 90% Nitrogen, 5% CO, and 5% O,), fed 12.5 ml
medium on day 3, and then fed daily with 25 ml medium from day 4 to 11. On days 9-11 50
mM NAG was included in the medium to eliminate asexual parasites. On day 12, infected
RBCs were enriched by Percoll density gradient centrifugation. Briefly, gametocytes and
uninfected RBCs were collected by centrifugation at 800 x g for 5 min, and adjusted to 10—
20% hematocrit in RPMI medium without serum (incomplete). Two-2.5 ml were layered on
top of 9 ml of 65 % (v/v) Percoll/PBS in a 15 ml tube. The tube was centrifuged at 1,870 x g
for 10 min in a swinging bucket rotor and the gametocyte layer at the medium/Percoll
interface was collected. The gametocytes were washed twice in incomplete medium and
cultivated in complete medium overnight. The following day (day 13) the medium was
changed and the gametocytemia (stage 111-V)) determined by Giemsa stain. The culture
volume was adjusted to 5 x 10° gametocytes and 0.7 — 4.2 x 108 RBC (40 — 10.5 %
gametocytemia)/100 ul and 100 pl were added to each well of 96-well-flat-bottom plate.
Reproducibility was found to be optimal if the gametocytemia was between 10 — 20% as it
resulted in more uniform distribution to the wells. One microliter epoxomicin or DMSO was
added to each well and the gametocytes were cultivated under standard conditions without
changing medium. On day 16, 10 pul of alamarBlue were added to each well and the plate
was returned to standard culture conditions for 24 h. On day 17 the plate was centrifuged at
1,870 x g for 5 min, 80 ul of supernatant was collected in a new 96-well plate, and the
fluorescence of reduced alamarBlue in the supernatant was measured at 590/35 nm
following excitation at 530/25 nm.

In both the optical and alamarBlue assays the gametocytes were killed completely with 10
and 30 nM epoxomicin and no mortality was observed at less than 0.3 nM epoxomicin. By
optical microscopy the epoxomicin 1Csq at 72 and 96 h after treatment were 3.42 and 2.87
nM and in the corresponding alamarBlue assay the 1C5g measured 96 h after treatment was
1.44 nM (Fig. 1E, F). To test reproducibility, the almarBlue assay was repeated 6 times and
the average epoxomicin 1Csq determined to be 2.16 + 0.57 nM. In two independent optical
assays, the average 1Csg was 3.60 + 0.26 and 3.47 + 0.85 nM at 72 and 96 h, respectively.
The ICsq values are similar in both assays, however, in contrast to the 8-12 hours required
to count Giemsa slides from 96 wells, it took less than 1 minute to measure the alamarBlue
assay plate and the standard deviation was lower. For further evaluation of this method as a
drug screen, the Z’-factor was calculated as described [17]. This factor evaluates both the
dynamic range and variability of the assay and a value over 0.7 is considered acceptable for
compound library analysis. The well-to-well and plate-to-plate Z’-factor values for the
alamarBlue assay were 0.87 + 0.08 and 0.81 + 0.01 for 7 and 4 independent alamarBlue
assays, respectively, indicating it should provide a reliable tool to screen compounds for
gametocytocidal activity.

Gametocytocidal activity of common anti-malarial drugs

As a further test, the alamarBlue assay was used to screen the gametocytocidal activity of a
panel of current anti-malarial drugs, pyrimethamine, chroloquine, quinine, mefloquine,
dihydroartemisinine (DHA) and primaquine. Consistent with previous reports
pyrimethamine, chloroquine, quinine or mefloquine did not show gametocytocidal activity,
while primaquine showed a reduction of 69.4 + 17.2% activity at 10 uM. DHA, the active
metabolite of artemisinin was the most effective against late stage gametocytes inducing a
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92.8 + 1.3% reduction at 10 pM and a 70.4 £ 2.5% reduction at 1 uM in two independent
experiments. Artesunate has been reported to have an 1Csq of 108 nM for gametocytes
(stage 1V-V) when assayed by Giemsa smear [8], but the effect of DHA against gametocytes
has not been published previously. Although DHA is more efficacious than the other drugs
tested, the effective dose against asexual parasites is much lower than that required to kill
gametocytes and this is reflected in the ability of gametocytes to remain infectious to
mosquitoes for a week after artemisinin treatment [10,18-19]. Together these results
demonstrate that alamarBlue can be used to efficiently screen compounds for
gametocytocidal activity. The assay is much faster and less variable than counting
gametocytes in Giemsa-stained smears. The Z’-factor of 0.81 (range 1 to —1) calculated
from the epoxomicin and anti-malarial drug data indicates that the assay is sensitive and
reproducible. Specific-gametocyte stages can be tested and the kinetics of gametocyte
mortality can be monitored by adding alamarBlue at different times after compound
addition. Importantly, unlike assays developed using parasites lines transformed with
reporter genes, such as GFP or luciferase, any parasite line including field isolates can be
assayed directly using alamarBlue. This feature is particularly valuable when testing
multiple clinical isolates for drug sensitivity. Additionally, although parasites transformed
with gametocyte-specific reporter constructs are useful for gametocyte induction assays [9],
the GFP signal can persist in dying and dead gametocytes making viability measurements
difficult. As mentioned before gametocytes do not replicate, therefore markers for cell
replication, such as cell-permeant and impermeant DNA and RNA stains [20] are not very
sensitive and can cross-react with the residual hemozoin bodies that accumulate in the
culture during the 14-16 days of gametocyte development. In summary the alamarBlue
gametocytocidal assay developed here provides a simple, reproducible and economical
screen to identify new compounds with the potential to be future malaria transmission-
blocking drugs.

Abbreviations

ACT artemisinin combination therapy
AU arbitrary units

CQ chloroquine

DHA dihydroartemisinin
DMSO dimethyl sulfoxide
DHA dihydroartemisinine
MQ mefloquine

PriQ primaquine

Pyr pyrimethamine

Qn quinine

RBC red blood cell
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Fig. 1.

AlamarBlue assay development. (A) Giemsa-stained smear of DMSO control cultures with
(+) and without (—) alamarBlue. (B) Gametocytemia of cultures in the presence of
epoxomicin (0.3 — 30 nM) or DMSO as the carrier control (0 nM) with (m) and without (o)
alamarBlue. NAG-treated gametocyte cultures were incubated with DMSO or epoxomicin
for 72 h prior to the addition of alamarBlue. Giemsa-stained smears were prepared 24 h after
alamarBlue addition. (C) Gametocyte-dependent alamarBlue fluorescence. NAG-Percoll-
treated ametocyte cultures, 0 — 1 x 107 total cells (45.6 % gametocytemia, stage 111-V)
(Geyt/RBC) (¢) or 0 -1 x 107 RBCs (RBC only) (¢) were incubated in 96-well plates with
alamarBlue. Fluorescence was measured 24 h after alamarBlue addition and the average
signal and standard deviation from duplicate wells in a representative experiment are shown.
The data from 0 and 2 to 10 x 106 total cells is shown in the upper graph and the data from 0
to 2 x 106 total cells is shown in the lower graph. (D) Timing of alamarBlue addition. NAG-
Percoll-treated gametocyte cultures (4 x 10° gametocytes, stage I11-V/ and 6 x 10° RBCs) or
6 x 10° RBCs were incubated in 96-well plates with DMSO or 100 nM epoxomicin.
Medium alone without cells was included as a negative control. AlamarBlue was added at
24, 48 or 72 h after epoxomicin addition, and fluorescence was measured 24 h later.
Medium alone, open bar; RBC with DMSO, cross-hatched bar; RBC with epoxomicin,
dotted bar; gametocyte culture with DMSO, grey bar; gametocyte culture with epoxomicin,
black bar (E) Inhibition curves of epoxomicin by optical microscopy. NAG-treated
gametocyte cultures (stage I11-V) were incubated in a 24-well plate with DMSO or
epoxomicin. Giemsa-stained smears were prepared at 72 and 96 h after epoxomicin addition.
(F) Epoxomicin inhibition curves using the alamarBlue assay. NAG-Percoll-treated
gametocyte cultures (stage I11-V) were incubated in a 96-well plate with DMSO or
epoxomicin. AlamarBlue was added at 72 h after epoxomicin addition and fluorescence was
measured 24 h later. Statistical analysis was done with GraphPad Prism 5 software
(GraphPad Software, Inc.).
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Fig. 2.

Anti-malarial gametocytocidal activity. AlamarBlue was added to NAG-Percoll-treated
gametocyte cultures (stage I11-V) 72 h after compound addition and fluorescence was
measured 24 h later, Pyr, pyrimethamine; Qn, quinine; MQ, mefloquine; CQ, chloroquine;
DHA, dihydroartemisinine; PriQ, primaquine. 10 uM, black bar; 1 uM, grey bar; 0.1 uM,
open bar.
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