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Circumstantial evidence in human malaria suggests that elimination of parasites by drug treatment meets
higher success rates in individuals having some background immunity. In this study, using the rodent malaria
model Plasmodium chabaudi, we show that drug-resistant parasites can be cleared by drugs when the host is
partially immune.

Malaria due to Plasmodium falciparum is still a major cause
of mortality and morbidity in the tropical and subtropical areas
of the globe, where around 200 million persons are at constant
risk of infection, with some parts of Africa being the worst
affected (12). Although antimalarial vaccines are being pro-
duced and tested (2, 5), the control of malaria relies heavily on
chemotherapy, as many of the available antimalarial drugs are
effective, cheap, and easy to distribute. However, in recent
years, drug-resistant parasites have emerged and are now wide-
spread. This trend presents a serious challenge to the control
of malaria (16, 22) despite our increasing understanding of the
genetic and molecular basis of resistance.

In this context, any strategies that maximize the effectiveness
of drugs or suboptimal vaccines may lead to significant
progress. Among the factors upon which the efficacy of anti-
malarial chemotherapy is thought to depend (22) is the pa-
tient’s immune status. This is a subject of some importance
because evidence of interactions may influence our use of
chemotherapy in areas of drug resistance and our assessment
of the value of suboptimal vaccines.

Using the rodent malaria-causing organism Plasmodium
chabaudi, which is a good laboratory model for understanding
the biology of drug-resistant P. falciparum infections (6), we
have studied the relationship between immunity of the host
and the capacities of chloroquine and mefloquine to clear
resistant parasites. We show that resistant parasites which sur-
vive drug treatment in naı̈ve hosts are cleared more efficiently
by the same drug dose administered to partially immune hosts.

MATERIALS AND METHODS

Experimental design. The procedure involved, first, making mice partially
immune to a drug-resistant or drug-sensitive clone of P. chabaudi, then reinfect-
ing them with the same clone, and finally treating them with the drugs under
investigation. All combinations of three treatments were tested: (i) sensitive or
resistant parasite clones, (ii) drug-treated or non-drug-treated parasites, and (iii)
immunized or nonimmunized animals. The immunized group was challenged
with the parasite homologous to that used for immunization, e.g., a group
challenged with sensitive parasites was immunized with sensitive parasites. Two
separate experiments were performed: experiment 1 investigated responses of

parasites to chloroquine, and experiment 2 investigated responses of parasites to
mefloquine.

Parasites and mice. Three P. chabaudi clones which were either resistant or
sensitive to chloroquine or mefloquine (Table 1) were used. They were all
derived from a single drug-sensitive parasite clone, AS. This was obtained orig-
inally from its natural host in the Central African Republic and subsequently
passaged through laboratory mice and mosquitoes (3). A pyrimethamine-resis-
tant clone, ASpyr, was derived from AS following selection with pyrimethamine
(21). A stable chloroquine-resistant clone, AS15CQ, was derived from ASpyr by
long-term selection with increasing concentrations of chloroquine (14). Finally, a
stable mefloquine-resistant clone, AS15MF, was derived from AS15CQ by short-
term selection under increasing doses of mefloquine (15). While other mutations
may have occurred during their routine maintenance in the laboratory, these
clones are considered to be effectively congenic, except for the genes involved in
drug resistance.

The mice used were inbred CBA females aged between 4 and 6 weeks at the
time of infection.

Immunization. In order to induce partial immunity, mice were inoculated
intraperitoneally with 104 live parasites. Five or 6 days later, when the infection
was becoming patent, parasites were cleared with 200 mg of mefloquine per kg
of body weight given orally over a period of 4 days; this was curative for all clones
including AS15MF (data not shown). Control naı̈ve mice were inoculated with
citrate saline (0.85% NaCl, 1.5% trisodium citrate) and treated with the drug in
the same way.

Experimental infection and treatment. Each experiment consisted of eight
treatment groups (Table 2). Two to 3 weeks after immunization, all mice were
challenged intraperitoneally with 106 live parasites on day zero. (It was assumed
that all residual mefloquine used in the immunization procedure had been
eliminated at this point, since mefloquine has a short half-life in mice, of ap-
proximately 18 h [16].) Three hours later an oral dose (5 mg/kg) of chloroquine
(experiment 1), of mefloquine (experiment 2), or of diluent (untreated groups)
was administered. This dose was repeated every 24 h for 6 or 4 consecutive days
for experiment 1 or 2, respectively. Parasitemias were monitored by microscopic
examination of Giemsa-stained thin blood smears every 2 days from day 5 or 6
for up to 30 days. Counts of parasites were made in approximately 5,000 red
blood cells to obtain the percentage of parasitemias.

Statistical methods. For statistical evaluation of the effects of drug treatment
and immunity upon the growth of resistant and sensitive clones, the log of the
area under the parasitemia curve from days 0 to 12 postinfection was calculated
for each mouse. Analyses of variance were performed on these data using models
that included main effects for parasite clone (resistant versus sensitive), immunity
(naı̈ve versus partially immune), and drug treatment (untreated versus drug
treated). Their two-way interactions were included in the model where significant
(at a P level of �0.05). Within each experiment, analyses were performed
separately for drug-treated and untreated groups because these groups had
different residual variances.

RESULTS

Results for experiments 1 and 2 are shown in Fig. 1 and 2,
respectively. Figures 1A and 2A show the log parasitemia pro-

* Corresponding author. Mailing address: Institute of Cell, Animal
and Population Biology, University of Edinburgh, West Mains Rd.,
Edinburgh EH9 3JT, United Kingdom. Phone: (44) 131 6507706. Fax:
(44) 131 6506564. E-mail: m.mackinnon@ed.ac.uk.

2897



files for each group of mice from day 5 or 6 postinfection to day
21 or 22. Figures 1B and 2B show indexes of the total number
of parasites produced when drugs were present in the blood-
stream (log of the area under the parasitemia curve, from days
0 to 12). The results from experiments 1 and 2 (treatments with
chloroquine and mefloquine, respectively) were similar and are
therefore described together below.

Untreated mice, days 0 to 12 postinfection. As expected,
parasitemias in untreated partially immune mice were much
lower than in untreated naı̈ve mice during the first 12 days of
infection (P � 0.001 and P � 0.01 for experiments 1 and 2,
respectively), showing that partial immunity was successful in
reducing parasite growth in the absence of drugs (Fig. 1B and
2B). Drug-resistant parasites showed slightly lower total para-
sitemias than did drug-sensitive clones, but these differences
were not significant in either experiment (P � 0.10 and P �
0.19). There was no significant interaction between clone and
immunity in untreated mice (P � 0.35 and P � 0.47).

Treated mice, days 0 to 12 postinfection. In nonimmune
mice, the drug-resistant clones produced much higher total
parasitemias under drug treatment than did drug-sensitive
clones (P � 0.001 for both experiments), as expected (Fig. 1B
and 2B). However, in partially immune mice, the parasitemias
of the drug-resistant clones under the same drug treatment
were much reduced and similar to those of the drug-sensitive

clones (P � 0.37 and P � 0.96) (Fig. 1B and 2B). The resistant
clones also produced significantly lower parasitemias in im-
mune mice than in naı̈ve animals (P � 0.001 in both experi-
ments).

While partial immunity reduced the growth of the drug-
resistant clone in the absence of drugs, there was a further
reduction when both drugs and partial immunity were present
in both experiments (P � 0.05 and P � 0.001).

After day 12 postinfection. In untreated mice, peak para-
sitemias occurred within 8 days and were usually cleared by day
12 postinfection. After drug treatment, however, some exper-
imental groups showed recrudescence of parasites (Fig. 1A and
2A). These recrudescences were most pronounced with sensi-
tive parasites which had not reached high parasitemias prior to
day 12. We do not understand why sensitive parasites recru-
desced slightly in immune mice under treatment, whereas re-
sistant clones did not. A likely possibility is that prior immunity
requires boosting by the presence of significant parasite num-
bers early in the challenging infection in order to be effective
and that poor growth of sensitive clones under drug treatment
is insufficient to restimulate this immune response. Resistant
parasites showed either no recrudescence (immune mice) or
typically small (and delayed in experiment 2) recrudescences in
naı̈ve mice.

DISCUSSION

The results of our experiments, specifically the observation
that partial immunity can render drug-resistant parasites sen-
sitive, indicate that the interaction between drugs and immu-
nity reported previously (1, 13, 18, 22) also applies to drug-
resistant parasites.

It has long been suggested that partially immune patients
(e.g., those individuals exposed to malaria since birth) respond
better to chemotherapy than nonimmune individuals (22, 23).
There is clinical evidence from field studies, albeit circumstan-
tial, that appears to support this view (7, 17, 19, 20, 22, 23, 24).
In addition, experimental animal models also appear to sup-
port these observations (4, 8, 10), thus suggesting that immu-
nity increases drug efficacy. However, our present study ap-
pears to be the first to show that drug-resistant parasites may
behave as sensitive ones in the presence of partial immunity.

How might the interaction between drug resistance and im-
munity be mediated? First, the effects observed in this study
may result from a direct effect of immunity on parasite num-
bers. The combination of drugs and immunity may be sufficient
to limit parasite population growth to virtually zero, whereas
drugs or immunity alone may be insufficient to keep growth in
check when the parasite is equipped with a drug resistance
mechanism. Second, it is possible that there is a direct inter-
action between the parasite’s drug resistance apparatus and
the host’s immune clearance mechanisms or the parasite’s re-
sponse to these.

The findings reported here may have important implications
for vaccine development and antimalarial drug use policy. Our
results suggest that suboptimal vaccines may have value when
combined with antimalarial chemotherapy to clear resistant
parasites and thus to control disease levels, a factor that is
especially relevant in areas where the human population is only
semi-immune to malaria. In addition, such vaccines may be

TABLE 1. Characteristics of parasite clones used in the
experiments

Expt no. Parasite clone Sensitivity to drug Reference

1 ASpyr Chloroquine sensitive 21
AS15CQ Chloroquine resistant 14

2 AS15CQ Mefloquine sensitive 14
AS15MF Mefloquine resistant 15

TABLE 2. Treatment groups

Expt no. Immunizing
parasite

Challenge
parasite Group no. Drug treatment

1 None ASpyr 1 None
5 Chloroquine

None AS15CQ 2 None
6 Chloroquine

ASpyr ASpyr 3 None
7 Chloroquine

AS15CQ AS15CQ 4 None
8 Chloroquine

2 None AS15CQ 1 None
5 Mefloquine

None AS15MF 2 None
6 Mefloquine

AS15CQ AS15CQ 3 None
7 Mefloquine

AS15MF AS15MF 4 None
8 Mefloquine
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particularly advantageous for the protection of nonimmune
visitors to areas where drug-resistant parasites are prevalent.
However, our results also suggest that parasites assessed to be
drug resistant on the basis of genotyping or in vitro testing may
prove to be drug sensitive in patients with some level of im-
munity. Thus, the clinical responses of such patients may be
more effective than those predicted on the basis of parasite
typing. In contrast, in areas of malaria endemicity where par-
tial immunity is widespread (such as sub-Saharan Africa), as-

sessment of drug failure rates in vivo may lead to underesti-
mation of the prevalence of drug-resistant parasites; this may
encourage a misplaced confidence in antimalarial treatment
among nonimmune visitors. Finally, the combination of immu-
nity and drugs will strongly influence the rates of recrudes-
cence following drug treatment, subclinical infections, and
transmission. As these are key factors that determine the rate
of spread of drug resistance (9, 11), they need to be taken into
account when managing drug resistance.

FIG. 1. Results of experiments of P. chabaudi infections with resistant parasites (R) or sensitive parasites (S) in naı̈ve and immunized mice
following treatment (Treated) or no treatment (Untreated) with chloroquine. Numbers 1 to 8 represent the experimental groups shown in Table
2. (A) Parasitemias (log10 transformed) from days 5 to 21 postinfection. (B) Total parasitemias (log10 transformed) integrated over days 0 to 12
postinfection.
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