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Currently, the World Health Organization recommends addition of a 0.25-mg base/kg single dose of primaquine (PQ) to arte-
misinin combination therapies (ACTs) for Plasmodium falciparum malaria as a gametocytocidal agent for reducing transmis-
sion. Here, we investigated the potential interactions of PQ with the long-lasting components of the ACT drugs for eliminating
the asexual blood stages and gametocytes of in vitro-cultured P. falciparum strains. Using the SYBR green I assay for asexual
parasites and a flow cytometry-based assay for gametocytes, we determined the interactions of PQ with the schizonticides chlo-
roquine, mefloquine, piperaquine, lumefantrine, and naphthoquine. With the sums of fractional inhibitory concentrations and
isobolograms, we were able to determine mostly synergistic interactions for the various PQ and schizonticide combinations on
the blood stages of P. falciparum laboratory strains. The synergism in inhibiting asexual stages and gametocytes was highly evi-
dent with PQ-naphthoquine, whereas synergism was moderate for the PQ-piperaquine, PQ-chloroquine, and PQ-mefloquine
combinations. We have detected potentially antagonistic interactions between PQ and lumefantrine under certain drug combi-
nation ratios, suggesting that precautions might be needed when PQ is added as the gametocytocide to the artemether-lumefan-

trine ACT (Coartem).

Asexual multiplication of the malaria parasites in human blood
is associated with the morbidity and mortality due to the dis-
ease. The gametocyte, the sexual stage of the parasites, is the oblig-
atory link perpetuating the parasite’s life cycle into the Anopheles
vectors. While most antimalarial drugs target the asexual intra-
erythrocytic stages of the malaria parasites, it has been increasingly
recognized that drugs with actions on the gametocyte stages are
critical for severing this transmission link (1, 2). In particular,
interruption of malaria transmission is a major challenge for
malaria elimination (3). Among the currently used antimalarial
drugs, primaquine (PQ) is the only one with gametocytocidal ac-
tivity on late-stage gametocytes (4). This drug has been used since
the 1950s primarily in combination with chloroquine (CQ) as a
radical cure for preventing relapses due to Plasmodium vivax.
Presently, it is used in combination with CQ or artemisinin com-
bination therapies (ACTs) for radical cure of relapsing malaria
parasites due to P. vivax and Plasmodium ovale.In 2012, the World
Health Organization (WHO) recommended the addition of a sin-
gle dose of 0.74 mg/kg PQ as a gametocytocidal agent to reduce P.
falciparum transmission in low-transmission settings, particularly
in areas under the threat of artemisinin resistance (5). Later in the
same year, the WHO Malaria Advisory Committee modified their
recommendation to a single 0.25-mg/kg PQ dose to alleviate con-
cerns of serious toxicity in patients with glucose-6-phosphate de-
hydrogenase deficiency and in consideration of the benefits of
disseminating PQ as a transmission blocking drug to a high pro-
portion of patients within a population. In vivo studies conducted
in Southeast Asia and Africa showed that PQ added to ACTs for
treating P. falciparum malaria exhibited effective gametocyte
clearance in patients (6-9). Even when added to non-artemis-
inin-based regimens, PQ (>0.4 mg/kg) was able to drastically
reduce the proportions of people with detectable gameto-
cytemia (10-14).

The ACT policies have been adopted in almost all regions of the
world where malaria is endemic, with the exception of parts of
South America where CQ is still efficacious (15). ACT contains a
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potent artemisinin component, which rapidly reduces the asexual
stage population with its fast therapeutic response, plus a longer
acting partner drug, which eliminates the remaining asexual stage
parasites left in circulation (16). Additionally, some of these drugs
also have activities against early-stage gametocytes, thus limiting
transmission of the parasites into the mosquitoes (17-20). Some
of the ACTs used in different countries include those recom-
mended by the WHO such as artemether-lumefantrine, artesu-
nate-amodiaquine, dihydroartemisinin-piperaquine, and artesu-
nate-mefloquine, as well as artemisinin-naphthoquine. In theory,
PQadded to ACTs would target gametocytes formed from asexual
parasites that have not been cleared by ACTs and mature gameto-
cytes already present upon ACT treatment, thereby reducing the
density and duration of transmissible gametocytes and concomi-
tantly the duration of infectiousness to mosquitoes. PQ is added
on the first day of ACT treatment when persisting concentrations
of the longer-acting partner drugs are high; thus, drug-drug inter-
actions are expected. Therefore, this study aimed to determine the
interactions between PQ and commonly used ACT partner drugs
on both P. falciparum asexual blood stages and gametocytes using
two in vitro assays.
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MATERIALS AND METHODS

Materials and chemicals. Routine media, solvents, and chemicals were
purchased from Fisher Scientific (Newark, DE, USA) or Sigma-Aldrich
(St. Louis, MO, USA). The antimalarial drugs PQ, CQ, and mefloquine
(MQ) were purchased from Sigma-Aldrich. Piperaquine (PPQ) was from
Chongqing Kangle Pharmaceutical Co. (Chongging, China), while lume-
fantrine (LMF) and naphthoquine (NQN) were from Kunming Pharma-
ceutical Co. (Kunming, Yunnan, China). SYBR green I PCR master mix
was purchased from Invitrogen (Eugene, OR, USA).

Parasite cultures. P. falciparum laboratory strains 3D7, HB3, and Dd2
were obtained from MR4 (Manassas, VA, USA). A green fluorescent pro-
tein (GFP)-expressing transgenic line (3D7%MPIIGEPY \was constructed
with GFP expression directed under the a-tubulin IT promoter (17). This
line has been used to establish a flow cytometry (FCM)-based drug assay
for P. falciparum gametocytes. P. falciparum parasites were maintained in
O™ human red blood cells (RBCs) using the method of Trager and Jensen
with some modifications (21). O* RBCs were purchased from Biological
Specialty Co. (Colmar, PA, USA), and O™ human serum was from Inter-
state Blood Bank, Inc. (Memphis, TN, USA). Briefly, asexual stage para-
sites were grown in complete medium (CM) composed of RPMI 1640
(Gibco Life Technologies, Grand Island, NY, USA) with 25 mM NaHCO;,
25 mM HEPES (pH 7.4), 11 mM glucose, 0.367 mM hypoxanthine, and 5
pg/liter gentamicin as incomplete medium supplemented with 0.5% Al-
buMAX (Gibco Life Technologies) for asexual stage parasites or 0.25%
AlbuMAX plus 5% human serum for gametocyte induction and cultures.
The parasites were routinely maintained in a humidified 5% CO, incuba-
tor at 37°C. Asexual stage cultures were synchronized at the ring stage by
5% D-sorbitol treatment (22). Gametocyte induction was performed by
using spent medium as described previously (17).

Asexual stage growth inhibition assay. The 50% inhibitory concen-
trations (ICs,s) were measured using a modified SYBR green I drug assay
(23, 24) where synchronized ring stage parasites were exposed to serial
dilutions of drugs at a final volume of 200 I with 0.5% parasitemia and
1% hematocrit in 96-well flat-bottom plates. Wells without drugs were
used as positive controls, while wells with only RBCs were used to subtract
background. The plates were kept at 37°C in a humidified 5% CO, incu-
bator for 72 h. After 72 h, the plates were wrapped and stored at —20°C for
at least 16 h. To measure growth inhibition, the plates were thawed at
37°C, and 100 pl of lysis buffer (20 mM Tris-HCI [pH 7.5], 5 mM EDTA,
0.08% Triton X-100, 0.008% saponin in phosphate-buffered saline [PBS],
0.2 pl SYBR green I) was added to each well and mixed thoroughly. The
resulting mixture was incubated at 37°C for 1 h, and fluorescence intensity
(FI) measurements were obtained using a FLUOstar Optima microplate
fluorometer set to an excitation wavelength () of 485 nm and emission
wavelength (\.,,,) of 520 nm. The background signal from RBCs was sub-
tracted, and percent growth was calculated against the positive controls.
Drug concentrations and percent growth were then imported into Sigma-
Plot version 12.0, where the curves were plotted in a log scale on the x axis,
and the IC;s were determined from sigmoidal curve fits.

Gametocyte drug sensitivity assay. The gametocyte viability of en-
riched-stage IV 3D7% *“"/SFP gametocytes was quantified using FCM by
measuring the FI of the GFP signal driven by the gametocyte-specific
a-tubulin IT promoter (17). Stage IV 3D7**“*/SFP gametocytes were
purified on a Percoll gradient and mixed with erythrocytes in CM to
0.04% gametocytemia and 2% hematocrit. Equal volumes of these puri-
fied gametocytes were added to serial dilutions of 100 wl of drugs in
96-well plates. The plates were then kept in a humidified 5% CO, incuba-
tor for 48 h. The gametocyte viability was measured with a Guava easyCyte
5HT (N, 0f 488 nm and A, of 525 nm/30 nm) flow cytometer wherein FI
in the green channel was collected from at least 30,000 total events. Guava
easyCyte SHT FCS 2.0 files were imported into FlowJo version 10 wherein
GFP™ cells were gated to obtain the mean FI (FI,.). The FI ., was
normalized to the total number of events collected by [(FL, .., X number
of gated GFP™ cells/total number of events collected]. The normalized FI
was converted to percent viability against the negative controls. Drug
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concentrations and percent viability were then imported into SigmaPlot,
where the curves were plotted in a log scale on the x axis, and the ICy,s
were determined from sigmoidal curve fits.

Drug combinations and isobolograms. PQ and each schizonticide (X
represents CQ, MQ, LMF, PPQ, and NQN) were combined in various
fixed molar ratios. For asexual stage parasites, PQ and X were combined in
fixed ratios of 8:0.15, 4:0.3, 2:0.6, and 1:1.25 (in micromolar concentra-
tions) according to Bray et al. (25). Ratios of 1:3, 1:1, and 3:1 (in hundreds
of micromolar concentrations) were used for gametocytes. Drug combi-
nation studies were performed with at least two biological replicates, each
containing duplicate technical repeats. Asexual stage parasite cultures at
0.5% parasitemia and 2% hematocrit or gametocytes at 0.04% gameto-
cytemia and 2% hematocrit were added to equal volumes of fixed ratios of
the drug combinations, PQ-X, plated as 100 pl of 2-fold serial dilutions in
a 96-well flat-bottom plate. The asexual stage parasites were treated the
same way as in the SYBR green I drug assay and as the gametocytes for an
FCM-based drug sensitivity assay. To ensure that the experimental vari-
ables are consistent, all five drug combinations (PQ-CQ, PQ-MQ, PQ-
NQN, PQ-PPQ, and PQ-LMF) were prepared during each technical re-
peat. The apparent IC, s from percent growth and percent viability were
calculated for both PQ and X in each combination as if each drug was
added alone. Fractional inhibitory concentrations (FICs) for PQ and X
were calculated from ratios of the apparent ICj, to the true ICs,. FICpq
versus FICy values at the different molar ratios were plotted to generate
the isobolograms. Sums of the FICs (SFIC = FIC,, + FICy) for each
concentration ratio were used to determine the type of interaction for
each PQ-X combination, where a sum of <1 or a concave curve was
considered synergism, >1 or a convex curve was considered antagonism,
and ~1 or along the diagonal line was considered an additive interaction.
All statistical analysis was done in SigmaPlot version 12.0.

RESULTS

Growth inhibition of antimalarial drugs on P. falciparum asex-
ual stages. In order to determine the types of interactions between
the two drugs in our drug combination assay, we determined the
ICsgs of each antimalarial drug (CQ, MQ, NQN, PPQ, LMF, and
PQ) individually in the three laboratory strains, 3D7, HB3, and
Dd2 (Table 1). The CQ ICs,s in the CQ-sensitive (CQS) strains
HB3 and 3D7 were 15.7 and 29.7 nM, respectively (analysis of
variance [ANOVA], P > 0.05). The CQ ICs, in the CQ-resistant
(CQR) strain Dd2 was 154.4 nM, ~5- to 10-fold higher than those
of the CQS strains (ANOVA, P < 0.05). All three strains displayed
various degrees of sensitivity to the other tested antimalarials,
MQ, NQN, PPQ, and LMF (1.1 to 102.0 nM). PQ is apparently a
weak schizonticide with ICys of micromolar concentrations for
all three strains (Table 1). For each antimalarial drug with the
exception of CQ, the IC;,s were not significantly different between
each strain (ANOVA, P > 0.05).

Drug-drug interactions in asexual stages. To assess the types
of interactions between PQ and each schizonticide (CQ, MQ,
NQN, PPQ, and LMF), PQ and each of the drugs were combined
at molar ratios that encompass the in vitro IC5, of each antimalar-
ial drug. With use of the SYBR green I assay, the apparent ICs, for
each drug in the PQ-X combination along with the true IC;, was
determined and used to calculate the FICs and plot the isobolo-
grams (Fig. 1A to C). SFICs were calculated to determine whether
PQ and X had synergistic, antagonistic, or additive interactions
(Table 2). All PQ-X combinations were synergistic in the 3D7
strain (Fig. 1A) and the Dd2 strain (Fig. 1B) (average of all SFICs
of <1). Of note, the effect of PQ-LMF in 3D7 shifted toward
antagonism as [PQ] was decreased and [LMF] was increased (Fig.
1A). In the HB3 strain, PQ-CQ and PQ-MQ were antagonistic,
whereas PQ-PPQ and PQ-NQN were synergistic (Fig. 1A). Simi-
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TABLE 1 In vitro sensitivities of asexual stage parasites (strains HB3, 3D7, and Dd2) and 3D

7o-tubI/GEP gtage IV gametocyte to six antimalarials

Mean (SEM) IC,, of™

Drug HB3 (nM) 3D7 (nM) Dd2 (nM) 3D7*PIVGER (W M)
cQb 15.7 (* 4.8) 29.7 (£ 6.0) 154.4 (* 13.2) 30.7 (= 4.0)

MQ 12.9 (* 4.9) 11.8 (= 1.9) 22.1 (= 3.1) 23.6 (= 3.5)

NQN 13.6 (£ 7.1) 9.8 (= 4.8) 19.8 (= 0.4) 6.18 (= 1.1)

PPQ 15.2 (= 3.5) 18.6 (= 2.9) 24.2 (+ 1.4) 271.8 (% 86.9)
LMF 60.5 (* 18.6) 29.5 (* 14.7) 63.9 (= 0.79) 559.0 (= 8.6)

PQ 1,930.1 (= 440.0) 1,016.5 (* 254.2) 2,551.4 (= 948.0) 18.9 (£ 2.0)

@ The ICss of asexual stage parasites were measured using the SYBR green I assay, while the IC5,s of gametocytes were determined using the flow cytometry-based method.

b Significant differences in ICss between CQS and CQR parasites (ANOVA, P < 0.05).

lar to the effects in 3D7, PQ-LMF was additive in HB3 and had a
trend toward antagonism at low [PQ] and high [LMF] (Fig. 1A).

Effects of antimalarial drugs on P. falciparum gametocytes.
Using an FCM-based drug assay, we measured the IC, of stage IV
gametocytes in the 3D7*"™PSFP Jine to six antimalarial drugs
(Table 1). The IC;s of the drugs on gametocytes ranged from low
to high micromolar concentrations (2.4 to 813.2 uM). NQN was
the most effective against late-stage gametocytes with the IC;, at
6.2 uM. PQ, MQ, and CQ had almost similar gametocytocidal
activities at 18.9, 30.7, and 23.6 wM, respectively (ANOVA, P >
0.05). PPQ and LMF were significantly less effective with ICss at
271.8 and 559.0 WM, respectively (ANOVA, P < 0.05).

Drug-drug interactions in late-stage gametocytes. Using the
FCM-based drug assay for gametocytes, we investigated the inter-
actions of PQ with each schizonticide in 3D7% """/ gameto-
cytes using drug combinations at three molar ratios (26). FICs and
SFICs were calculated and plotted in the isobolograms to assess
the types of drug-drug interactions (Table 3; Fig. 1D). In the three
molar ratios tested, synergism was readily apparent with PQ-
NQN and PQ-CQ (Fig. 1D). PQ-MQ was additive, while PQ-PPQ
was predominantly additive, but the interaction became synergis-
tic when [PQ] was decreased and [PPQ] was increased (Fig. 1D).
The only antagonistic effect on gametocytes was observed with the
PQ-LMF combination (Fig. 1D).

DISCUSSION

ACTs are the frontline treatment for falciparum malaria in most
countries where malaria is endemic (15). The goal of the combi-
nation therapy is to circumvent the development and spread of
resistance to both groups of drugs. The aim of adding the game-
tocytocidal agent PQ to an existing ACT is to limit the chances of
transmission of resistant parasite strains (27). Here, we investi-

FIC PQ
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gated the interactions between PQ and the longer-acting schizon-
ticide in commonly used ACTs in both asexual parasites and late-
stage gametocytes. Compared to the other antimalarials tested,
PQ is clearly a weak blood stage schizonticide (17, 19, 25, 28, 29).
However, besides its tissue schizonticide activity targeting relaps-
ing malaria parasites, it has evident gametocytocidal activity and
shortens gametocyte carriage times in vivo (6-8, 11, 12, 30). The
mechanism of the antimalarial action of PQ is unknown, but it
might be through perturbation of mitochondrial activity (31, 32).
Further, the in vivo antimalarial activity of PQ might potentially
be due to PQ metabolites (33).

The interactions between PQ and other antimalarials have
been tested on a limited number of parasite strains, and all assays
were performed on asexual stages. Ohrt et al. partnered PQ with
azithromycin and showed a synergistic trend in strains W2 and
C2B (34). Akoachere et al. tested PQ in combination with meth-
ylene blue and observed an antagonistic effect on the asexual
stages of the CQR K1 strain (26). Bray et al. showed a synergistic
effect when PQ was combined with CQ on CQR K1 and an addi-
tive effect on CQS D10 (26). More recently, Gorka et al. found a
cytostatic additive effect of PQ with CQ on CQR Dd2 and an
antagonistic effect on CQS HB3 (28). In this study, we systemati-
cally evaluated five combinations of PQ with the longer-acting
schizonticides in ACTs on three parasite strains, 3D7, HB3 and
Dd2, representing both CQS and CQR phenotypes. We focused
on a range of concentrations of PQ and the schizonticides that
encompassed the in vitro ICs of the asexual parasites to the in-
dividual drugs and ratios where the PQ concentration is high
when the X concentration is low. If we assume the dosing times of
both PQ and X to be the same time on day 1 and consider the
pharmacokinetics for these drugs, the maximum plasma drug
concentration (C,,,,) and the time it takes to reach that maximum

D
15 3D7 a-tublliGFP
1.0 &
05
0.0
0.0 0.2 0.4 06 08 1.0 0.0 05 1.0
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FIG 1 Isobolograms of in vitro sensitivities of asexual stages of three P. falciparum strains as well as the 3D7*“*//GFP stage TV gametocytes to the PQ-X drug
combination at fixed drug concentration ratios. Fractional inhibitory concentrations (FICs) of PQ against various X (CQ,black; MQ, red; PPQ, green; NQN,
yellow; LMF, blue) in asexual cultures of strains HB3 (A), 3D7 (B), and Dd2 (C) and gametocytes of 3D7*“*"/SF? (D), Error bars indicate standard errors of the

mean.
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TABLE 2 Summary of interactions between PQ and five schizonticides on the asexual stages of three P. falciparum strains”

Interaction with:

Strain CQ MQ PPQ NQN LMF

3D7 Synergistic Synergistic Synergistic Synergistic Synergistic’
HB3 Antagonistic Antagonistic Synergistic Synergistic Additive”
Dd2 Synergistic Synergistic Synergistic Synergistic Synergistic

“ Interactions were based on sums of fractional inhibitory concentrations (SFICs).
b Only at [PQ] high: [LMF] ., Was the interaction shifting toward antagonism.

concentration (t,,,), our [PQJjoy-[X]pign combinations best fit
the possible in vivo scenarios for CQ, MQ, and LMF, while our
[PQJhigh~[X]iow concentrations are applicable to NQN and PPQ
(see Table S1 in the supplemental material). Strong synergism was
observed between PQ and all tested schizonticides in the CQR
Dd2 strain. Furthermore, the synergisms observed were true of all
the ratios of the schizonticide to PQ tested ([PQ]pigh-[X]iow to
[PQJiow~[X]hign)> which should correspond to PQ dosing at any
time during schizonticide treatment (the interactions were not
dependent on high or low plasma concentrations of one or the
other drug). Of note, Dd2 was reported as hypersensitive to PQ
when treated with very high bolus doses in a 50% lethal dose
(LDs) assay format (28). Bolus drug exposures measure cytotoxic
effects that are missed in growth inhibition assays due to the lat-
ter’s use of lower drug concentrations that require longer periods
of continuous exposure which can mask the cytotoxic effects of
drugs. Coincidentally, our highest [PQ] in our PQ-X combina-
tions on asexual stage parasites encompasses both PQ’s IC;, and
LD, in Dd2, which might be responsible for our resulting syner-
gistic interactions with all PQ-X combinations on Dd2 asexual
stages.

Synergistic interactions were also apparent in the CQS 3D7
strain in all of the PQ-X ratios tested, except for the PQ-LMF
combination which was synergistic at [PQ],;q,-[LMF],,,, but an-
tagonistic at [PQ],,-[LMF]};g,. Intriguingly, such PQ-LMF in-
teractions were also observed in the HB3 strain. This deviation
from a completely synergistic curve for the PQ-LMF combination
in HB3 and 3D7, or “anomalous” isoboles (showing a combina-
tion of two types of interactions), may be attributed to the chosen
concentrations and paired molar ratios of the two compounds
being combined. Ideally, the testing of drug-drug interactions in a
combination assay requires titrating serial dilutions to find ratios
of concentrations that will produce one specific effect (35, 36).
This was not performed in our case because we were more inter-
ested in how a specific range of PQ-X combinations affects para-
site growth. In this regard, the anomalous isoboles may be inter-
preted as the two limits of a drug dosing spectrum for 3D7 and

TABLE 3 Summary of interactions between PQ and five schizonticides
on stage IV 3D7*"PI/GFP gametocytes”

Drug Interaction with PQ
CQ Synergistic

MQ Additive

NQN Synergistic

PPQ Additive”

LMF Additive*

“ Interactions were based on sums of fractional inhibitory concentrations (SFICs).
b Synergistic at [PQ]w-[X] high
© Antagonistic at [PQJ oy~ [X]pigh-
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HB3, where [PQ]},;gn-[LMF],,,, produces synergism or additivity,
whereas [PQ],o,,-[LMF]};;, is antagonistic. With a possible inter-
ference of PQ with LMF in clearing asexual parasitemia, the opti-
mum PQ dosing for asexual parasitemia can be on the same day as
the schizonticide dosage (PQ reaches C,,,, in 2.8 h, while LMF
takes 80 h to reach C,,,) or beyond 5 X LMF half-life (t,,,) (see
Table S1 in the supplemental material). Similar to dosing for CQR
Dd2, PQ may be dosed at the same time as the other schizonticides
in CQS 3D7 since synergistic interactions were observed in all
other PQ-X ratios.

In addition to the opposing effects at some extreme molar ra-
tios of the drug combinations tested, the drug-drug interactions
might be modulated by molecular determinants of the drug sen-
sitivities in the parasites. Although the molecular targets for many
of the tested drugs are not known (37), the pfcrt K76 T mutation is
the main CQR determinant (38), while pfmdrl mutations confer
resistance to multiple drugs (39). Moreover, increased pfmdrl
copy numbers are associated with MQ resistance and that to a
number of aminoalcohol drugs, including LMF (40-42). The
three strains tested do possess quite different genotypes in pfert
and pfmdrl. 3D7 and HB3 harbor wild-type pfcrt K76 and pfmdri
N86, while 3D7 and Dd2 carry pfmdrl N1042. In addition, Dd2
has four copies of pfindrl compared to one copy in 3D7 and HB3.
These different genetic backgrounds may be partially responsible
for the observed divergent PQ-X interactions. In clinical studies,
artemether-LMF treatments have been found to select for wild-
type pfert K76 (43, 44), pfmdrl N86 (43, 45), and N1042 (45)
alleles, as well as increased pfmdrl copy numbers (40, 46). Our
finding of the PQ-CQ synergistic interaction in the CQR Dd2
strain was different from the additive effect observed earlier in the
same strain (28), but similar to another observation in the CQR
K1 strain (25). As speculated earlier, the inconsistent results for
PQ-CQ interactions in different parasite strains may be due to
other unknown factors rather than to the pfcrt mutations (28).

Unlike some of the earlier gametocyte drug sensitivity assays
where gametocyte stage-specific effects were not clearly distin-
guished (47-49), we determined PQ-X interactions using syn-
chronized stage IV gametocytes (17). Late-stage gametocytes, with
drastically increased resistance to most schizonticides as well as to
artemisinin family drugs (17), are particularly targeted by PQ for
transmission interruption. All schizonticides tested had ICss in
the lower micromolar range on stage IV gametocytes. Utilizing an
intracellular ATP-dependent assay, Lelievre et al. presented simi-
lar ICs,s for mixed-stage IV to V gametocytes for some of these
schizonticides (29). Consistent with an earlier finding (20), NQN
appeared to be the most effective gametocytocidal agent for late-
stage gametocytes. Collectively, most currently used schizonti-
cides have weak activity on late-stage gametocytes (20, 50-52). In
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particular, PPQ and LMF, based on our in vitro assay results, are
quite ineffective as gametocytocidal agents.

Similar to the drug combination design in the asexual stage
parasites, we used concentration ratios that encompass the in vitro
ICs, of each drug alone and the in vivo C,,,, in humans for the
gametocytes, with the notable exception of PPQ and LMF for the
former. The very high in vitro IC5ys of PPQ and LMF are drasti-
cally greater than their measured C,,,, values in human plasma
(see Table S1 in the supplemental material), and, hence, the in
vitro concentrations were not considered physiologically relevant
nor deemed necessary in these two drugs’ fixed molar ratios.
Among the various PQ-X combinations tested, PQ-NQN showed
excellent synergism on 3D7*"“*/S*¥ gametocytes. Considering
that the same combination was quite effective in inhibiting growth
of the three asexual stage strains tested, as well as the low NQN
ICs,s for each strain, our in vitro results prompt us to promulgate
the overall effectivity of PQ-NQN in clearing the blood stages of
the parasite. Although PPQ’s high gametocytocidal IC, was dis-
couraging, PQ-PPQ showed good antimalarial activity on the ga-
metocytes, recapitulating the synergism on the asexual stages of
the three strains. In this scenario, PQ dosed with PPQ may allevi-
ate each drug’s weak gametocytocidal activity, and the two might
become an overall effective combination treatment for the para-
site blood stages but only if PPQ is dosed when the plasma PQ
concentration is low, which can be achieved in vivo with a PQ dose
on day 1 and subsequent PPQ dose at least 15 h after PQ (consid-
ering the PQ f,,,) (see Table SI in the supplemental material).
PQ-CQ and PQ-MQ were slightly less effective in comparison to
PQ-PPQ. However, these two combinations appear to have
almost the same synergistic/additive effects on the asexual and
sexual stages, making them potential effective blood stage drug
combinations in areas where these two drugs are still utilized in
malaria treatment, with the curious exception of strain HB3. In-
triguingly, PQ-LMF was antagonistic in the 3D7%"*/S? game-
tocytes and only at [PQ],,,-[LMF]y;.,, while the opposite ratio
spectrum of [PQ]y;g,-[LMF],,,, was additive. Since these condi-
tions are similar to those of the asexual stages, the same PQ and
LMEF dosing is probably also relevant to the gametocytes. Overall,
PQ might still be effective in synergy with LMF for clearing sur-
viving asexual stage parasites during ACT (e.g., Coartem). Fur-
thermore, since the PQ-schizonticide interactions on gametocytes
were based on the 3D7% S line only, future studies are
needed to compare the potential differences between strains.

The drug combination in treatment regimens is not a novel
concept and is an especially useful way to target one or more
biochemical and/or molecular pathways of a disease. It has long
been employed to reduce the likelihood of resistance in the treat-
ment of tuberculosis, leprosy, and HIV infection and is strongly
recommended by the WHO for treatment of malaria (53, 54). For
malaria, the principle of combination therapy is the use of schi-
zonticides with independent modes of action and different bio-
chemical targets to circumvent and slow down selection for resis-
tance (16, 53-56). Here, we tested how the 8-aminoquinoline PQ
as a gametocytocidal drug interacts with the longer-acting ACT
drugs on both asexual and sexual stages. For the latter, this is the
first study of drug combinations in vitro on P. falciparum gameto-
cytes. Whereas in most cases we identified synergism/additive ef-
fects between these drug combinations, there appeared to be some
strain-specific differences that modulate the responses to the drug
combinations, which warrants further studies on how P. falcipa-
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rum strains from different geographical regions react to the drug
combinations. Furthermore, the caveats due to the PQ versus the
X dosing schedule and the pharmacokinetics/pharmacodynamics
in vivo, which might not reflect the synergism we observed in vitro,
must be addressed by further field studies (57). Taken as a whole,
most of our PQ-X combinations, in both asexual and sexual
stages, showed synergistic interactions in vitro, which supports the
WHO recommendation of adding PQ as a gametocytocidal agent
to ACTs, as well as the proposed PQ use in mass drug administra-
tion programs (2, 58, 59).
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