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In vitro inhibition of the growth of Plasmodium
falciparum byAotus serum*
G. H. CAMPBELL,' J. E. K. MREm.A,'I T. R. O'LEARY,2 R. C. JOST,2 & K. H. RIECKMANN3

An in vitro assayfor measuring growth and reinvasion inhibition ofPlasmodium falci-
parum was developedfrom a microculture system. Inhibition ofgrowth was observed after
parasites had been incubated with Aotus serum obtainedfrom monkeys that had become
immune to mnalaria afterrepeated exposure to P. falciparunL Immune AoEus serum (IAS), at
concentrations as low as 1.25%, showed a marked inhibitory effect upon parasites cultured
in 10% normal human serum (NHS). Growth was also inhibited when 5% ofnormal Aotus
serum (NAS) was added to medium containing 10% ofNIS. The inhibitory activity of
NAS, but not ofIAS, could be removed by lowering serum concentrations below 2.5%o or
by exposing the serum to 56 'Cfor 30 minutes. Further investigations with relatively syn-
chronous microcultures showed that 3H-hypoxanthine, a nucleic acidprecursor, was incor-
porated preferentially into the more mature parasites of P. falciparun. Additional studies
with the microculture system should elucidate the effects of imnmune serum on different
asexual erythrocyte stages and, in general, facilitate the study ofimmune effector mechan-
isms in falciparum malaria.

The availability ofan in vitro test to measure clinical
immunity in human malaria would facilitate the
development of a malaria vaccine and improve our
understanding of immune mechanisms in malaria. Al-
though the merozoite inhibition test (MIT) has been
used to assess the degree to which merozoites of
Plasmodiurm knowlesi are prevented from invading
erythrocytes (1), the results do not always correlate
with the survival of rhesus monkeys after parasite
challenge (2, 3). Previous attempts to use this test for
assessing clinical immunity in human falciparum
infections (4, S) were hampered by suboptimal cul-
ture conditions and the need to obtain parasites from
an in vivo source. Now, with the advent of
continuous culture systems for P.falciparum (6, 7),
parasites are readily available for the development of
in vitro assays of immunity. With the new culture
techniques, parasites can be exposed to test sera for
more than one cycle of parasite growth and, hence,
the sensitivity or specificity of in virro assays may be
improved.

This report describes a mnicroculture technique that
can be used as an assay for grovth and reinvasion

* From the Division of Tropical and Geographic Medicine,
University of New Mexico School of Mledicine, Albuquergue, NM
87131, USA. This *ork was supported by the Agency for Inter-
national Development, US Department of State, Contrac'JNo.
AID/ta-C-1259.

Research Scientist.
Biologist.
Division Head.

inhibition (GARI) of P.falciparurn. In developing this
technique, the growth of parasites was determined in
normal human serum and in Aotus serum obtained
from normal and immune monkeys.

MATERIALS AND METHODS

Source ofparasites
Parasites of the Vietnam Oak Knoll (FVO) strain of

Plasmodiumfaiciparum used in these studies were ob-
tained from continuous culture. Using the candle-jar
method (8), parasites were cultured in 35-mm Petri
dishes containing a 2.5070 suspension of human group
O erythrocytes in RPMI 1640 medium. Each millilitre
of medium was supplemented with 2.0 mg of sodium
bicarbonate, 5.94 mg of HEPES buffer, 33 pg of
gentamicin, and 10% normal human group B serum.
The percentage of infected cells was reduced from
5-8%o to 0.5r every 3 daysbyusingerythrocytes stored
at 4-C for up to 4 weeks.

Source of Aotus serum
Serum specimens were obtained from Aotus

trivirgatuts griseimeinbra monkeys of karyotypes II,
111, or IV after repeated exposure to parasites of the
FVO strain of P.falciparum. Following cure of their
initial infection, the monkeys had developed a marked
immunity to malaria as shown by their failure to
develop patent parasitaemia despite the intravenous
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inoculation of 108 parasites. Immune Aotuis serum
(IAS) was collected 15 days after the third challenge
and at least 5 months after drug administration. In
addition, normal Aotus serum (NAS) was collected
from monkeys that had had no previous exposure to
P.faIciparum. Serum samples were stored at -20°C
until they were tested for growth-inhibitory activity.

Determination ofgrowth and reinvasion inhibition
(GARI) in the microculture system

The parasites used in the nicroculture system were
obtained from one or more Petri dishes just before
they were to be subcultured. The percentage of in-
fected cells was reduced from 5-8% to 0.5% by
adding a 2.5% suspension of human group 0 eryth-
rocytes in RPMI 1640 medium containing I010 NHS.
Aliquots of this suspension were centrifuged at 50 g
for 5 minutes and the supernatant medium was then
replaced by an equal volume of medium containing
various concentrations of normal or immune serum to
be tested in the assay (test serum). Sixty microlitres of
the parasitized cell suspension containing medium
and test serum were placed in each of 12 wells of a
plastic microculture tray. The trays were covered with
a lid, placed in a dessicator cabinet, and incubated at
37 °C by the candle-jar method. The medium was re-
moved from the settled cells each day and, starting on
the second day of incubation, thin smears were made
from the sediment of each of 3 replicate wells con-
taning a specific test serum. The remaining wells were
filled with 60 ul of medium containing test sera that
had been stored at 4aC since the start of the exper-
iment. Slides were stained with 50 g/litre (5 No) Giemsa
stain, the number of infected cells was counted in
1000 erythrocytes, and results were expressed as the
mean value obtained from 3 replicate wells. Parasites
were classified according to the stage of their develop-
ment by recording the percentage of ring forms,
trophozoites (containing one or two chromatin dots
and pigment), and schizonts (containing 3 or more
merozoites).

Parasite incorporation of 3H-hypoxanthine in the
microculture system

Studies with tritiated hypoxanthine (3 H-Hx) were
carried out with infected erythrocytes in which one
developmental stage of the parasite predomninated at
the onset of incubation. Parasites for these investi-
gations, obtained from continuous culture, were
separated on a Ficoll gradient into fractions composed
predominantly of mature forms (trophozoites and
schizonts) or ring forms (9). When such parasite
preparations are used, parasite growth and reinvasion
is much more synchronous than that observed in
microcultures that are started wirh parasites obtained

directly from continuous culture (9). After collection
of the parasite fractions, a 2.5% suspension ofhuman
group 0 erythrocytes in RPMI 1640 and 10% human
serum was prepared and used to adjust the percentage
of infected cells to give the desired concentration of
parasites. Sixty microlitres of the parasitized cell sus-
pension were then placed in a sufficient number of
wells of a microtitration tray to allow the contents of
replicate wells to be discarded after determination of
3H-Hx incorporation and collection of blood films at
different time intervals during the course ofthe study.
To determine the parasite incorporation rate of
3H-Hx, 3.7 x 103 Bq (1 pCi) of ritiated hypoxanthine
monohydrochloride (18.5 - 55.5 x 103 Bq/mmol
specific activity, New England Nuclear), was added to
each replicate culture well at various times after incu-
bation and 4 hours before each harvest of parasites.
Cultures were harvested on glass-fibre filters in a cell
harvester, using distilled water as the wash liquid.
Filter discs were then placed in 6 ml of scintillation
fluid and counted in a scintillation counter.

RESULTS

Growth ofparasites in human serum

The growth pattern of parasites of the FVO strain
of P.falciparum in NHS and culture medium is
shown in Fig. X . Similar growth rates were observed in
the microculture system when parasites were obtained
from continuous culture on 3 separate occasions over
a period of 2 months. The mean percentage ofinfected
cells increased from 0.5%o on day 0 to 6-8%o on day 4
(3 experiments) and to 10-12% on day 5 (2 exper-
iments). Variability in parasite counts among 3 repli-
cates from a single experiment did not exceed 2%
when less than 10qo of erythrocytes were infected. At
higher parasite concentrations, the ratnge in replicate
values sometimes reached 6%. Although growth rates
were comparable during the first 4 days of incu-
bation, the results were less consistent for the fifth
day of incubation.

Growth ofparasites in Aotus serum
Investigations were initiated with serum from

Aotus monkeys because this animal model for falci-
parum malaria is being widely used to determine the
efficacy of various malaria antigens. Unfortunately,
NAS did not support the growth of para§ites as well as
NHS (Fig. 2). By adding 10%o ofNHS to the medium,
an attempt was made to supplement any growth
factors that might be missing from NAS. However,
despite the presence of 10% of NHS, growth in 2.5%o
or 5% of NAS was less satisfactory by the third or
fourth day of incubation than that in 10%V of NHS
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Fig. 1. Growth of P. falciparum in 10% normal human serum
(NHS) obtained from different donors. Parasites were ob-
tained from continuous culture on 3 different occasions one
month apart. In this figure and in Fig. 2 to 5, points represent
the mean percentage of infected erythrocytes obtained from
3 replicate wells after different periods of incubation.
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Fig. 3. Growth of P. falciparum in different concentrations of
normal Aotus serum (NAS) and IO0% normal human serum
(NHS).
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Fig. 2. Growth of P. falciparumtn 10% normal human serum
(NHS) or 10% normal Aotus serum (NAS)

Fig. 4. Growth of P. fatciparum in different concentretionsof
immune Aotus serum (IAS) and 10% normal human serum
(NHS).
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alone (Fig. 3). Inhibition of growth by NAS was not
observed at serum concentrations of0.62% or 1.25%o
(results not shown). In the same experiment, IAS
inhibited the growth of parasites at all serum con-
centrations (Fig. 4). At serum concentrations of 2.5%o
or 5%, the percentage of infected cells on the fourth
day of culture was invariably less than half of that
observed in similar concentrations of NAS (cf. Fig. 3
and 4).
To characterize further the inhibitory activity of

NAS and IAS, samples were heated at 56°C for
30 minutes before being added to culture medium
containing 10%o of NHS (Fig. 5). This treatment ap-
peared to remove the suppressive activity of 5We NAS;
it did not have any effect, however, on the suppressive
activity of IAS. During subsequent experiments, the
suppressive activity of NAS could not always be en-
tirely removed by heat treatment.
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Fig. 5. Growth of P. falciparum in 5% normal or immune
Aotus serum which was either untreated or heated at 560C
for 30 minutes.

Assessment of the growth ofparasites by
'H-hypoxanthine incorporation

The growth of parasites in microculture, as
measured by incorporation of 3H-Hx at 4-hour inter-
vals, showed that the rate of incorporation varied at
different times during the culture period of 72 hours
(Fig. 6). During most of these 4-hour intervals, the
uptake of 3 H-Hx was proportional to the number of

4 1 12 16 20 24 21 32 36 0 44 48 52 56 H 56 U 72
TIMF IN CULTURE (HOURS)

Fig. 6. Incorporation of 3H-hypoxanthine into P. falciparum
in 10% normal human serum (NHS). Cultures were started
with 1%, 5%, or 10% mature form parasites. In this figure
and in Fig. 7, points represent the mean counts per min
(cpm) X 103 of 3 H-Hx incorporation into parasites incubated
in 4 replicate wells and pulsed with 3 H--Hx for 4 hours before
each time of harvest.

infected erythrocytes at the start of incubation (Fig.
7). The variable uptake of 3 H-Hx at different times
during culture was related to the predominance of
certain developmental stages of P.falciparum during
the period of incubation. As cultures were started
with parasites that were predominantly either mature
or ring forms, the development and multiplication of
parasites were partly synchronous for a period of
about 3 days (Fig. 8 and 9). In cultures that were
initiated with mature forms (Fig. 8), a decline in
3 H-Hx incorporation was observed during the emerg-
ence of a new generation of parasites. As ring forms
matured into trophozoites and schizonts, the incor-
poration of 3H-Hx increased and reached its highest
level between 60 and 64 hours after the start of incu-
bation. The high rate of 3H-Hx incorporation
measured at 64 hours, at a time when 72% of the
parasites were early ring forms, probably reflects
increased incorporation by mature schizonts during
the previous 4 hours just prior to the release of
merozoites. Despite an increase in the number of
infected cells during the next 12 hours of incubation,
the 3H-Hx incorporation rate declined as mature
schizonts were progressively depleted from culture.
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Fig. 7. Incorporation rate of 3H-hypoxanthine by P. talci-
parum at various times of incubation in relation to the initial
percentage of Infected erythrocytes (same culture as In Fig.
6). Points representthe rnean cpm x 10-3 of:3 H-Hx incorpor-
ation into parasites incubated In 4 replicate wells and pulsed
with 3 H-Hx for 4 hours before each time of harvest.

With the subsequent maturation of this new gener-
ation of parasites, the incorporation rate started to
increase ofce again. However,cultrt res soon became
increasingly asynchronous and ring forms predomi-
nated. Consequently, the results obtaiweld from
3H-Hxopcorporatioet coicld o longer be related to
the stage of parasite development. In cultures that
were initiated with ring forms (Fig. 9), incorporation
of 3H-Hx with respect to different developmental
stages was similar to that observed in cultures started
with mature forms. Again, incorporation appeared to
be confined to the more mature stages of the parasite.

DISCUSSION

The microculture technique described in this report
appears to be a useful tool for studying the effector
mechanisms of immunity to PlasmodiumfaIciparum.

Our findings indicate that sera from Aorus monkeys
that have become immune to falciparum malaria after
repeated exposure to parasites inhibit in vitro growth
and reinvasion of parasites. This inhibitory activity
on the growth ofP.fakiparum in lOW, normal human
serum was even observed when immune Aotus serum
was added at concentrations below 2.5%o. At a serum
concentration of 507g, there was only a slight or no
increase in the percentage of infected cells at the end
of 4 or 5 days of incubation. Surprisingly, the growth
rate of P.falciparum was also inhibited by the ad-
dition of 5%b normalAotus serum to 10%o NHS. This
inhibitorv activity was, however, considerably less
than that observed with IAS. Furthermore, the inhibi-
tory effect of NAS appeared to be wholly or partly
removed by heat treatment of the serum or by dilu cing
it to concentrations below 2.5%o.

Previous attempts to measure the inhibitory activity
of immune sera were hampered by the lack of a con-
tinuous culture system (4, 5). Observations of the
growth rate of P.falciparum were, therefore, limited
to a period of 24-48 hours. As more than just one
developmental cycle of P.faciparum can now be
exposed to the effect of immune serum, it may be pos-
sible to detect differences in inhibitory activity more
readily than before (cf. growth on days 2 and 4 in
Fig. 4).

Further investigations with the microculture
technique showed that the radioactively labelled
nucleic acid precursor 3H-hypoxanthine was incor-
porated preferentiafly into the more mature parasites
of P.fakciparum. Although inicreased incorporation
of other nucleic acid precursors into mature forms
was first noted about 10 years ago during short-term
maturation of P. knowlesi (10), it is now possible to
study this phenomenon over a period of 72-96 hours
in parasites of P.falciparum obtained from continu-
ous culture. Additional studies with relatively syn-
chronous in vitro cultures should allow a more precise
determination of the effects of immune serum on dif-
ferent asexual erythrocytic stages. The use of 3H-Hx
would also permit the evaluation of a larger number
of serum specimens than is possible by microscopic
examination.
The availability of a microculture system, parasites

for which can be obtained from continuous culture,
would simplify assessment of growth and reinvasion
inhibition of P.falciparum by different serum speci-
mens. Such an assay would, therefore, provide a
useful tool for monitoring the development of immu-
nity during the course of a falciparum infection or
following immunization with malaria antigen. It may
also prove to be of value in detecting the possible
emergence of aniigenic variants ofP.falciparum and,
on a broader basis, for determining serum reactivities
to various well-defined populations of P.falciparum.
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Fig. 8. Incorporation of 3 H-hypoxanthine into P. falciparum in 10% normal human serum (NHS) after microculture was in-
itiated with 2% infected erythrocytes (96% mature forms) . Bars represent the mean ± SD in cpm x 10-3 of 3 H-Hx incorpor-
ated into parasites incubated in 5 replicate wells and pulsed with 3 H-Hx for 4 hours before each harvest of parasites. Points
represent the rnean percentage of infected erythrocytes from 3 additional replicate wells. The predominant developnental
stage of parasites, as determined by examination of these 3 replicate wells, is shown by bars (> 50% rings or mature forms).
When 50% of the parasites consisted of mature forms, dots indicate more trophozoites than schizonts and cross-hatching
indicates more schizonts than trophozoites.
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Fig. 9. Incorporation of 3H-hypoxanthine into P. fa(ciparum in 10% normal human serum INHS) after microculture was
initiated with 1% infected erythrocytes (80% ring forms). For explanation of symbols and other details, see legend to Fig. 8.

RMSUMt
ACTION INHIBITRICE DU StRUM D'AOTUS SUR LA CROISSANCE l'INIRO DE PLASMODIUMFALCIPARUM

Les techniques de culture conLinue mises au point et Ic
recours a un syst6me de microculture ont permis aux auteurs
d'effectuer une skric d'exp6riences visant A 6vaIuer in vitro
1Peffet sur la croissancc de Plasmodimnifalciparion- et sa
capacitk d'envahir de nouvelles cellales-d'une incubation
du parasite avec un s6rum preleve sur un singeAous ayant
acquis une immunitE A la suite d'expositions repkks &
P.falciparum. L'immunserum dAotus (IAS) a fait preuve,
i des concentrations aussi faibles que 1 ,250,%o, d'un pouvoir
inhibiteur marque sur la croissance de parasites cu1titvs dans
un milieu contenant 10%D de serum hurmain normal (NHS).
La croissance a igalement fte nhibEe apres adjonction au
meme milieu de s&rum normal d'Aotus (tASJ A une concen-
tration de 507, mais cette action inhibimtce a cess6 de

s'exercer pour une concentration de ce serum inf6rieuwe A
2,5%o ainsi qu'apixs e-xposiEion du s8rum i une temp6rature
de 561C pendant 30 mirmutes. Par conEre, dans le cas du
serum IAS, "'effet ilhibiteur a perslst6 dans ces deux cas.
Des cont.rles compL&menrtaires de la croissance des pai asites
en microculturcs reladivenent syncbrones, cffectues au
Tmoyen cVhypoxand_in3H (prkcurseur de l'acide nucleique)
radiomarqu6, ont rnonlr6 que ce precurseur etait incorpor6
de maniere priferentieLfe dans les formes les plus avanc&es
de P.faicipartz4. Son emipoi pourrait donc se r6v,]eir tres
utile pour Tuchcider les effers d'un immunserum sun divers
stades 6rarhrocytaires asexues do parasite et faciliter d'une
mrani&re gen.rate ] iude des inecanismes effecteurs de
l'immunit6 dans le paludisme a falciparum.
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