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ABSTRACT Chloroquine-resistant (CQR) vivax malaria has emerged as a threat to
the malaria elimination agenda. The objective of this study was to assess if a combi-
nation of chloroquine (CQ) and prochlorperazine was able to reverse CQ resistance
of the Plasmodium vivax AMRU-1 strain from Papua New Guinea in infected Aotus
monkeys. For this purpose, in two independent experimental drug efficacy trials, a
total of 18 Aotus monkeys infected with blood obtained from donor animals were
randomly assigned to treatment and control groups and orally administered CQ at
10 mg/kg or prochlorperazine at 20 mg/kg, alone or in combination, for five consec-
utive days. Reversal of CQR was achieved in animals that received the drug combi-
nation, whereas neither drug alone produced cures. This same drug combination re-
verses CQR in P. falciparum and could be an alternative for treatment in humans
with chloroquine-resistant P. vivax infections.

KEYWORDS Plasmodium vivax, chloroquine resistance, resistance reversals, Aotus
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ach year, approximately 216 million new cases of malaria and more than 400,000

deaths occur worldwide (1). Malaria is caused by infection with a protozoan parasite
of the genus Plasmodium, of which five species, including Plasmodium falciparum, P.
vivax, P. ovale, P. malariae, and P. knowlesi, are transmitted to humans by the bites of
infected female Anopheles mosquitoes. It is estimated that between 2010 and 2016 the
incidence rate of malaria decreased 18% globally; nonetheless, during 2014 to 2016,
significant increases were noted, especially in the region of the Americas, where P. vivax
infections represent 64% of all cases detected (1). Even if P. falciparum infections are
eliminated, it is predicted that P. vivax will remain an important cause of morbidity and
mortality outside Africa (2, 3).

The emergence of chloroquine-resistant (CQR) P. vivax is a newly emerging problem
of antimalarial drug resistance (4). Since the first description of resistant P. vivax in
Papua New Guinea (5), other resistant isolates have been confirmed in Oceania, Asia,
and South America (6-10). CQR P. vivax has been treated with artemisinin combination
therapies (ACTs) with success (11), and tafenoquine (WR238605), a promising prima-
quine analog that has been demonstrated to be a potent blood schizonticide for the
treatment of chloroquine-resistant P. vivax infections in Aotus monkeys (12), has been
submitted for approval by regulatory agencies as a single-dose radical cure treatment
(prevention of relapses) in patients 16 years of age and older (13, 14).

The mechanism of CQ resistance in P. vivax is not clearly defined. In P. falciparum, it
is known that mutations in the chloroquine resistance transporter pfcrt are the primary
determinant of CQ resistance, with mutations in the multidrug resistance gene (pfmdr1)
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TABLE 1 Detailed activity of prochlorperazine (PCP) and chloroquine (CQ) against infections of the chloroquine-resistant AMRU-1 strain of
Plasmodium vivax in Aotus monkeys

Response of parasitemia to No. of days from final drug
Expt no. and group no. Drug regimen drug to:
(mean = SD days from Monkey Daily dose No. of days
final drug to clearance) ID Drug? (mg/kg) None Suppressed Cleared Clearance Recrudescence negative
Expt 1
Group 1 (22 = 19) 12914 cQ 10 X 8 55
12911 X 43 52 11
12906 X 14 49
Group 2 (11 = 17) 12894 cQ 10 X 1 63
12900 PCP 20 X 1 63
12940 X 31 35
Control (14 = 0) 12910 Vehicle X 14 49
12943 X 14 49
Expt 2
Group 1 (13 = 11) 12865 cQ 10 X 24 76
12866 X 19 30 11
12904 X 12 20 8
Group 2 (7 = 0) 12882 PCP 20 X 7 93
12870 X 7 30 23
12876 X 7 14 7
Group 3 (2 = 0) 12875 cQ 10 X 2 98
12903 PCP 20 X 2 98
12880 X 2 78
Control 12869 Vehicle X 7

aCQ, chloroquine; PCP, prochlorperazine.

playing a secondary role. Although P. vivax has homologs of pfcrt and pfmdri, muta-
tions in either gene have not been confirmed to confer CQR in vivax malaria. One of the
hallmarks of CQR in P. falciparum is the reversal of resistance in vitro by verapamil,
desipramine, and a series of other drugs (15-18). The reversal of CQR in falciparum
malaria also has been confirmed in vivo with desipramine and prochlorperazine (PCP)
in the Aotus model (15, 19). In this study, we aimed to determine if coadministration of
CQ and PCP could reverse CQR in P. vivax in vivo.

(This research was presented at the Vivax Malaria Research: 2002 and Beyond
Meeting, 3 to 8 February 2002, Bangkok, Thailand [20].)

RESULTS

For these studies, we used the CQR AMRU-1 strain of P. vivax (named after the Army
Malaria Research Unit in Australia) (5), which was previously shown to infect Aotus
monkeys and to be refractory to treatment with CQ at doses that clear and cure
CQ-sensitive P. falciparum and P. vivax infections (12, 21, 22). We conducted two
experiments and had experimental groups with CQ treatment alone (10 mg/kg/day),
PCP alone (20/mg/kg/day), and CQ-PCP combinations (CQ at 10 mg/kg/day and PCP at
20 mg/kg/day), as well as untreated controls (Table 1). All treatments were given orally
(per os) once a day for 5 days. The drug doses used in this study were based upon those
in previous studies of PCP reversal of CQ resistance in Aotus monkeys infected with P.
falciparum (22).

P. vivax AMRU-1 infected Aotus monkeys treated with CQ alone demonstrated
marked resistance to CQ, with parasitemia in 5 of 6 animals not responding to 5 days
of treatment (Fig. 1a and Fig. 2a). Only one Aotus monkey infected with CQR AMRU-1
had suppression of parasitemia during CQ treatment, yet the infection recrudesced 3
days after clearance. These results confirm that the AMRU-1 strain of P. vivax is CQR in
vivo in Aotus monkeys.

Treatment of P. vivax-infected Aotus monkeys with PCP alone (20 mg/kg/day) did
not significantly affect parasitemia during treatment, although parasitemia began to
decrease on day 9 (4 days after treatment ended) in all 3 animals treated with 20
mg/kg/day of PCP alone (Fig. 1b). Interestingly, the untreated control animal (Fig. 1d)
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FIG 1 Parasitemia courses of Aotus monkeys infected with the chloroquine-resistant AMRU-1 strain of P. vivax treated with
chloroquine (CQ) at 10 mg/kg (a), prochlorperazine (PCP) at 20 mg/kg (b), or CQ and PCP in combination (c). Parasitemia in
an untreated control (d). Negative parasitemia data are plotted at 0.001. Rx, day of drug dosing.

in the same experiment also showed a decrease in parasitemia by day 10 of the study.
In the second experiment (Fig. 2), the untreated controls maintained high levels of
parasitemia through day 10. The untreated controls and the animals treated with CQ or
PCP alone were treated with mefloquine as rescue therapy on day 10, as stipulated in
the Institutional Animal Care and Use Committee (IACUC) protocol.

Five of 6 animals treated with the combination of CQ and PCP exhibited a marked
decrease in parasitemia (Fig. 1c and 2b). The first decreases in parasitemia were
observed on days 3 and 4 of the study, and parasitemia declined rapidly thereafter until
clearance was observed on day 6 or 7. In the animals that cleared infection following
treatment with CQ-PCP, no recrudescence was observed for up to days 65 to 98 of the
study, and they were considered cured (Table 1). The treatment with CQ-PCP combi-
nations thus produced cures, whereas treatment with CQ or PCP alone was ineffective
against CQR P. vivax.

DISCUSSION

Reversal of CQ resistance in vivo using resistance reversers was demonstrated for the
first time in 1988 by Bitonti et al. when CQ was administered in combination with
desipramine to Aotus monkeys infected with CQR P. falciparum (16). Additional studies
have shown that it is possible to achieve in vivo reversal of CQ resistance by the
coadministration of prochlorperazine and chloroquine, as evidenced by infection cure
(22). Historic use of inexpensive antihistamine drugs, such as chlorpheniramine and
promethazine, for the treatment or prevention of CQ-associated pruritus or as anti-
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FIG 2 Parasitemia courses of Aotus monkeys infected with the chloroquine-resistant AMRU-1 strain of P.
vivax treated with chloroquine at 10 mg/kg alone (a) or in combination with prochlorperazine (PCP; 20
mg/kg) (b) and controls (c). Negative parasitemia data are plotted at 0.001. Rx, day of drug dosing.

emetics suggest that the combination is safe and effective when used at standard
dosages (18). Recent clinical trials have already demonstrated successful cure rates of
81 to 96% in patients with CQ-resistant uncomplicated malaria (23). Although not
widely adopted for use, the potential remains for a combination of CQ with a resistance
reversal drug to increase therapeutic responses in areas with CQR falciparum malaria.
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Notwithstanding that CQR vivax malaria was first reported in 1989 (5), and these
resistant infections have become quite prevalent in Indonesia (24), there remains a lack
of understanding of the mechanism of CQR in P. vivax. Putative resistance genes pvcrt-0
and pvmdr1 have been investigated, yet the data are not yet convincing that either
plays a central role in CQR in P. vivax. In P. falciparum, the in vitro reversal of resistance
with verapamil phenotype was used to map the pfcrt locus and to identify the
mutations that confer CQR in P. falciparum. In this study, we aimed to assess if the
phenotypic reversal of CQR by PCP in vivo with P. falciparum (22) could be achieved
with CQR P. vivax. Our data clearly show evidence for reversal of CQR in P. vivax by PCP
combined with CQ. Although 1 of 6 animals treated with the combination did not
respond as expected, we did not measure the blood levels of CQ or PCP, and thus the
lack of response could be due to inadequate drug exposure.

The results of this study demonstrate for the first time a phenotypic similarity
between CQR in P. falciparum and P. vivax, namely, the ability of PCP coadministration
to overcome CQR in an in vivo model of disease. As noted from previous studies in the
Aotus model, PCP is the most potent drug demonstrated to reverse CQR in P. falciparum
in vivo, and PCP produces a similar effect in vitro (22). Interestingly, an ex vivo
phenotypic study with CQR P. vivax was not able to demonstrate a reduction in CQ 50%
inhibitory concentrations (IC5,s) with several CQ reversal agents, including verapamil;
unfortunately, this study did not include PCP, so we do not know if synergy happens
in vitro as well (25).

The data presented in this study demonstrate that a combination of CQ and PCP
reverses CQ resistance of the P. vivax AMRU-1 strain in infected Aotus monkeys. Neither
drug effects cure when used alone. This drug combination could be an alternative for
treatment in humans with CQ-resistant P. vivax infections, and the resistance reversal
phenotype may assist with efforts to identify the molecular basis for CQR in P. vivax.

MATERIALS AND METHODS

Animals. Twenty male and female Aotus lemurinus lemurinus karyotype VIII and IX monkeys (26),
consisting of 18 experimental and two P. vivax-infected blood donors, were maintained in the animal
facility of the Gorgas Memorial Institute in Panama City, Panama. The animals were housed and cared for
as described previously (19, 27). The weight of the monkeys when inoculated with parasites ranged from
749 to 1,002 g.

Parasites. The CQ-resistant P. vivax AMRU-1 strain was originally isolated from an Australian soldier
infected in Papua New Guinea in 1989 (5) and was successfully adapted by serial passage to Panamanian
Aotus I. lemurinus monkeys, which served as a suitable model for drug evaluation studies (12, 21).

Parasitemia determination and follow up. Giemsa thick blood smears were prepared from all
animals by a prick in the marginal ear vein and were examined daily beginning the day after inoculation,
until parasitemia was cleared and for at least 7 days thereafter. Blood films were then examined twice
a week up to 100 days after treatment when, if negative, infection was considered cured. Parasitemia was
enumerated by the Earle-Perez technique and expressed as number of parasites/microliter (28). Para-
sitemia outcomes were defined as described previously (29-31): suppressed, if parasitemia persisted but
reduced to less than one-fiftieth of control; cleared, if parasitemia became negative by 12 days after
patency and remained negative for 7 days (undetectable by microscopy after 5 min of examination); and
cured, if parasitemia cleared and remained negative for 100 days after end of treatment. If parasitemia
reached >150,000 parasites/ul, hematocrit (HTO %) dropped to 50% below baseline, or platelets reached
<50,000/ul prior to day 28 postinfection (p.i.), the animals were rescue treated with a single oral dose
of 20 mg/kg of mefloquine (MQ).

Drug preparation and administration. Stock solutions of CQ (WR1544BM;AR20613) and prochlor-
perazine (PCP) (WR280001AC;BN3106) in distilled water were prepared at appropriate concentrations of
drug base and maintained at 4°C during the course of treatment. CQ and PCP doses are expressed as
mg/kg of base drug. Drugs were administered over 5 days in equally divided doses once a day by gastric
intubation in a volume of 7 ml, followed by a 7-ml rinse with distilled water.

Experimental design: experiment 1. Each of eight Aotus monkeys (749 to 950 g) were randomized
by weight and sex into two groups of three monkeys each, and two controls and were inoculated
intravenously (i.v.) in the saphenous vein with 5 X 10* parasitized erythrocytes of the AMRU-1 strain of
P. vivax, obtained from the femoral vein of a donor monkey as described previously (12). When
parasitemia reached ~5 X 103 parasites/ul of blood, the animals were treated for 5 days as follows:
group 1, comprised of Aotus 12914, 12911, and 12906, received chloroquine (CQ) at 10 mg/kg; group 2,
comprised of Aotus 12894, 12900, and 12940, was treated with PCP at 20 mg/kg plus CQ at 10 mg/kg;
and the control group, consisting of Aotus 12910 and 12943, received the drug vehicle only.

Experimental design: experiment 2. Each of 10 Aotus monkeys (753 to 1,002 g) were randomized
by weight and sex into three groups of three monkeys each and one control and were inoculated i.v. in
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the saphenous vein with 5 X 10° parasitized erythrocytes of the AMRU-1 strain of P. vivax, as above.
When parasitemia reached ~5 X 103 parasites/ul of blood, the animals were treated for 5 days as
follows: group 1, comprised of Aotus 12865, 12866, and 12904, received CQ at 10 mg/kg; group 2,
comprised of Aotus 12882, 12870, and 12876, was treated with PCP at 20 mg/kg; group 3, consisting of
Aotus 12875, 12903, and 12880, received PCP at 20 mg/kg plus CQ at 10 mg/kg; and the control group,
consisting of Aotus 12869, received the drug vehicle only.
Ethical statement. The experimental protocol “Reversal of chloroquine resistance with the coad-
ministration of prochlorperazine and chloroquine against infections of chloroquine resistant (CQR)
AMRU-1 strain of Plasmodium vivax in Aotus lemurinus lemurinus monkeys” was approved and registered
at the Instituto Conmemorativo Gorgas de Estudios de la Salud (ICGES) - Institutional Animal Care and
Use Committee (CIUCAL) under accession number 1999/01. It was conducted in accordance with the
Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals (32), and the laws and
regulations of the Republic of Panama. The general animal use protocol for the contract “Evaluation of
Drug and Vaccine Candidates in the Human Malaria/Aotus Monkey Model” (award DAMD17-96-C-6051),
was approved by the U.S. Army Medical Research and Materiel Command (Fort Detrick, Maryland, USA).
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