
Bulletin ofthe World Health Organization, 63 (2): 387-398 (1985) (3 World Health Organization 1985

Recent advances in malaria parasite cultivation and their
application to studies on host-parasite relationships:
a review
P. I. TRIGGI

The continuous cultivation of the erythrocytic stages of Plasmodium falciparum was
achieved in 1976 and techniques have now also been developedfor continuous cultivation
of these stages from P. knowlesi, P. fragile, P. inui, P. cynomolgi and P. berghei. The
requisite conditions for successful cultivation are described. Gametes of certain isolates of
P. falciparum can also now be produced in vitro and these are infective to mosquitos,
leading to normal development of the parasite.

The successful cultivation in vitro of the exoerythrocytic stages of P. berghei and
P. vivax was achieved in 1981 and 1983, respectively. These cultures give rise to infective
merozoites.

There have been no significant advances in the in vitro cultivation of the sporogonic
stages of malaria parasitesfor the last 15 years, although studies indicate that the in vitro
cultivation of these stagesfrom gamete to sporozoite stage is theoretically possible.

The application of cultivation techniques to the study of parasite epidemiology is
discussed. To date the major epidemiological impact has related to their usefor measuring
the incidence and spread of drug resistance. Applications to the study of the genetics of
drug resistance, antigen production, development of tests for protective immunity, and
drug development and screening are reviewed.

Attempts have been made since the beginning of
this century to grow malaria parasites in vitro, the
first recorded work being that of Bass & Johns in 1912
(1), who observed the development of Plasmodium
falciparum from the ring and schizont stages in whole
blood supplemented with glucose. Many attempts
were subsequently made to obtain continuous
cultivation of the erythrocytic stages of several
malaria parasites, but it was not until 60 years later
that this was achieved by two groups working
independently with P.falciparum (2, 3). These
studies, in particular those of Trager & Jensen (3),
revolutionized research on human malaria. Their
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methods have now made it possible for research
workers all over the world to study the clinically most
important malaria parasite, and have formed the
basis of many of the recent advances in malaria
biochemistry, parasitology, immunology, and
chemotherapy.
Although the exoerythrocytic stages of avian

malaria parasites have been maintained in continuous
culture since the mid-1960s (4), the successful
cultivation of the exoerythrocytic stages of a
mammalian malaria parasite was not achieved until
1981 (5). These studies with the rodent malaria
P. berghei have now led also to the cultivation of these
stages from the human plasmodium, P. vivax (6).
The complete and continuous development in vitro

of the sporogonic stages of the malaria parasite has
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not yet been achieved, although it appears that all
phases of sporogony are inherently capable of being
supported in vitro (7) and mature infective
gametocytes may be obtained (8).

This paper reviews recent advances in malaria
parasite cultivation and discusses their application to
understanding parasite biology, with particular
reference to the operational control of malaria, the
epidemiology of the disease, and the development of
new tools for use in malaria control. Lacunae in our
present state of knowledge are identified.

IN VITRO CULTIVATION OF ASEXUAL
ERYTHROCYTIC STAGES

Prior to 1976, attempts to grow the erythrocytic
stages of malaria parasites in vitro had been restricted
to the short-term maintenance of human and several
animal plasmodia, and the few attempts to obtain
continuous growth of the parasite had been
unsuccessful. These early studies used principles
similar to those that were subsequently successful,
i.e., dilution and continuous flow/perfusion methods
(9), but there were major differences.

Studies by Trager & Jensen (3, 10-12) showed that
the following conditions are required for successful
cultivation of P.falciparum: a thin settled layer of
human erythrocytes (as obtained, for example, with
1 ml of a 10/o erythrocyte suspension over an area of
3.3 mm2); a shallow layer (3 mm) of culture medium
RPMI 1640 containing 100 ml/litre human serum,
compatible with the type of erythrocytes used; a gas
phase containing 2-5qo CO2 and 5-10%o 02;
intermittent or slow continuous change of medium;
and the provision of fresh erythrocytes as the number
of parasites increases.
These conditions can be attained in several ways.

The simplest is to use Petri dishes in a candle jar (12),
but this demands that the medium be changed
manually at least once a day and more often if a
parasitaemia in excess of 5q% is required. Osisanya et
al. (13) have suggested that the number of changes of
medium can be reduced by doubling the glucose
concentration and using TES' buffer in an
atmosphere of 5% CO2 and 5% 02. The continuous-
flow method of Trager (14), in which medium flows
over a thin static layer of erythrocytes, has been
successfully modified for the continuous main-
tenance of parasitaemias fluctuating at every cycle,
with the reservoir flask of medium being changed
weekly (11). Several modifications of this method
have now led to the development of semi-automatic
apparatus with varying degrees of complexity, that

' TES = N-tris[hydroxymethyllmethyl-2-aminoethanesulfunic
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can maintain physiological pH, remove toxic waste
products, and provide fresh medium (15-20).
Suspension cultures have also been used to increase

the yield of parasites during continuous cultivation
and to reduce the amount of labour needed for their
production. Butcher (21) and Zolg et al. (22) claimed
that suspension cultures led to higher final para-
sitaemias than static ones. These authors attributed
their success to a reduction in both the multiple
infection of red cells and the lactate concentration in
the microenvironment of the parasitized erythrocytes
in suspension cultures. However, Jensen (23) and
Enders (personal communication, 1984) have been
unable to demonstrate marked advantages with these
methods.

FACTORS AFFECTING THE CONTINUOUS CULTIVATION
OF THE ERYTHROCYTIC STAGES OF P. FALCIPARUM

Medium

For their initial work on the continuous cultivation
of P.falciparum, Trager & Jensen used RPMI 1640, a
medium developed for the cultivation of human
leukocytes (24); this medium, supplemented with
25 mmol/litre HEPES,b remains the medium of
choice. Medium 199 was used by Haynes et al. (2) and
by Chen et al. (25) in a greatly supplemented form.
However, Divo & Jensen (26) compared RPMI 1640,
Ham's nutrient mixture F-12, and medium 199 con-
taining Eagle's or Hank's salt solution, and found
that RPMI 1640 was superior to both formulations of
199 and equivalent to Ham's F-12 for culturing
isolates of P.falciparum.
The maintenance of pH between 7.3 and 7.5 is

critical to the in vitro growth of the parasite, and the
successful cultivation of P.falciparum was dependent
on counteracting the problems of gross and local pH
changes resulting from the large amount of lactic acid
produced by the parasite. In both of the successful
studies, cultures were incubated at low parasite
densities, approximately i-+ of those used in earlier
unsuccessful studies. This obviously reduces the
lactate production in each culture. In addition,
HEPES, a zwitterion buffer, was used to supplement
the C02/bicarbonate buffer system of the medium.
HEPES and TES buffers are both suitable since their
PKas at 37 °C are 7.31 and 7.50, respectively, which
are very close to the pH required for optimum
parasite growth. Zwitterion buffers have the added
advantage of ensuring the pH stability of the cultures
outside the C02-rich atmosphere required for parasite
growth in vitro.

b HEPES = N-2-hydroxyethylpiperazine-N'-2-ethanesulfunic
acid.
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Gas phase

The composition of the gas phase of the cultures is
critical to the development of the parasite. CO2
concentrations of 2-507o do not significantly affect the
growth of the parasite in continuous culture. Higher
concentrations are inhibitory, probably as a result of
a direct effect on the maintenance of the correct pH
range, since RPMI 1640 contains a C02/bicarbonate
buffer system. CO2 fixation has been shown to occur
in other mammalian malaria parasites, and it may be
that CO2 is also used by P.falciparum for metabolic
processes.
Oxygen concentrations of between 507o and 1007o do

not appear to affect the growth of the parasite in
continuous culture (15, 27), but higher concen-
trations (equal to that present in the air) are

inhibitory, although the effects may take several days
to become apparent (27). The role of oxygen in
malaria parasite metabolism is unknown, but it is
likely that the positive effect of low oxygen tensions is
related to the maintenance of low redox potentials in
the cultures. Short-term cultures, designed to test the
effects of agents that maintain low redox potentials,
have given variable results. However, it is of interest
to note that the modified medium 199, which was

used successfully by Haynes and his coworkers (2),
contained the reducing agents 2-mercaptoethanol and
vitamin E (a-tocopherol). Continuous cultivation of
the parasite under totally anaerobic conditions has
not been obtained.

In order to maintain pH control as well as low
redox potential, adequate gas exchange between the
gaseous and liquid phases of the culture is required.
The solubility of the gases in the medium, the depth of
the medium, the concentration of the erythrocytes
(and, therefore, the depth of the cell layer), and the
dissolved gas gradient are all critical to this exchange.
It is likely that these interrelated factors play a major
role in the successful cultivation of P.falciparum.
They also probably play a role in the failure, at high
altitudes, of the microtest system for drug suscepti-
bility.

Serum

Continuous cultivation of erythrocytic stages of
P.falciparum was first achieved with complete
medium supplemented with 150 ml/litre AB + human
serum. This type of serum was selected because it is
compatible with monkey erythrocytes. However, any
serum type that is compatible with the erythrocytes
being used is suitable. AB+ serum at 150 ml/litre is
recommended for the initiation of new isolates in
culture, but this concentration may not be obligatory
for the maintenance of established cultures (23).
Jensen (17) found that human serum varied con-

siderably in its ability to support parasite growth,
some samples being suitable at 50 ml/litre or less.
More recently, Divo & Jensen (28) have shown that if
human serum from 20 or more donors is pooled, a
50 ml/litre serum supplement will give optimum
parasite growth rates. Cultures may be maintained
continuously in complete medium with 25 ml/litre
pooled serum, but the growth rates are about 500o of
the optimum (23). Sera, obtained from local blood
banks or freshly collected, should be stored at
-20 °C or lyophilized. Repeated freezing and
thawing is inhibitory. Druilhe et al. (29) have
suggested that umbilical cords are a good source of
serum for parasite cultures, and this has been
confirmed by Jensen (23); the acquisition of such
serum requires good cooperation with maternity units
of local hospitals.
The requirement for human serum for the optimum

growth of P.falciparum in continuous culture has
many disadvantages. Human serum is costly and
often difficult to obtain, and in malarious regions it
may contain inhibitory immunological factors (30).
In addition, and not of least importance, there is a
danger of contamination with hepatitis virus and
other pathogens. Thus, the complete or partial
replacement of human serum remains a high
priority.

Initial attempts to replace human serum with com-
mercially available animal sera were not successful
(31). However, Ifediba & Vanderberg (32) have
reported that commercial calf serum, supplemented
with a 100 ml/litre dilution of either neopeptone or
proteose peptone (150 g/litre) could be used in place
of human serum once the parasites were adapted to
the calf serum, a process that initially took 9 months.
Multiplication of the parasite over a few generations
has been obtained in media supplemented with lamb
and pig sera, but continuous cultivation was not
obtained (27, 31). In contrast, heat-inactivated horse,
bovine, and New Zealand white rabbit sera do appear
to support continuous cultivation. Butcher (27)
reported that one laboratory line of P.falciparum,
after a period of adaptation, was maintained for four
months in RPMI 1640 medium supplemented with
100 ml/litre horse serum. Sax & Rieckmann (33) also
reported that preadaptation of the parasite was
required before continuous cultivation could be
obtained in media containing 50 ml/litre pooled
rabbit sera. Preadaptation was not a prerequisite for
the establishment of continuous cultures of Sudan
isolates of P.falciparum in pooled bovine sera
supplemented with hypoxanthine.
More recently, continuous cultivation in vitro of

the Viet Nam Smith and Malayan Camp isolates of
P.falciparum was obtained for 4 weeks in serum-free
media (34). Although overall growth rates were
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consistently lower than in control cultures with
serum, continuous growth during the experimental
period was obtained in cultures containing C18 fatty
acids, i.e., cis-vaccenic, oleic, and linoleic acids, and
fatty-acid-free bovine serum albumin. This
phenomenon was not observed with other fatty acids
studied, including stearic acid.

Erythrocytes

P.falciparum can be maintained in continuous
culture in erythrocytes from ABO blood groups.
However, from studies designed to identify
erythrocyte receptors for merozoites, it is clear that
factors associated with the haemoglobin type, the
presence of essential enzymes, and membrane
characteristics may determine the acceptance and the
survival of the parasite in continuous culture. It may
therefore be assumed that equal growth rates of
P.falciparum should be obtained in erythrocytes
lacking Rh-proteins and the blood groups Kell, Jk,
Tn, Ge and S-s. In contrast, erythrocytes lacking the
major erythrocyte sialoglycoprotein, glycophorin,
e.g., those of the blood group En , may be less
suitable, since reduced reinvasion rates of
P.falciparum have been observed in these cells in
short-term cultures (35, 36). Equally of note is the
recent observation that, after many passages,
P.falciparum may become adapted to continuous
cultivation in cells deficient in glucose-6-phosphate
dehydrogenase (G6PD) (Usanga & Luzzatto,
personal communication, 1984).

Early studies showed that erythrocytes stored in
acid citrate dextrose (ACD) and citrate phosphate
dextrose (CPD) at 4 IC were suitable for continuous
cultures of P.falciparum. In fact, it was initially
reported that erythrocytes stored in this way for four
weeks gave better growth than freshly collected cells
(12). This, however, no longer appears to be the case.

Indeed, fresh and stored erythrocytes appear to be
equally suitable for continuous cultivation provided
that the adenosine triphosphate (ATP) levels of the
cells are within the normal range (37). Also, it has
recently been reported that leukocytes from non-
immune donors do not affect parasite development in
vitro (37), and therefore removal of these cells is
unnecessary and, depending on the methods used,
e.g., Whatman's CF- 11 cellulose columns, may even
be detrimental to the cultures.

Parasite isolates

Since the initial work in 1976, many isolates from
different localities have been established in
laboratories around the world and, although most
isolations have been successful, not all isolates have
adapted easily to in vitro growth. This has led to
claims that parasites from some regions are difficult

to initiate in culture. Trager (38) suggested, with some
justification, that this was more a result of technical
inadequacy rather than inherent properties of the
parasites. However, it does seem that chloroquine-
resistant clones of P.falciparum have a biological
advantage over sensitive ones in vitro (39, 40).

Cultures have been incubated with freshly infected
blood, blood kept at 4 °C for short periods of time,
and from stabilates cryopreserved with glycerol at
-70 'C. Generally speaking, it appears that it is
easier to initiate and maintain cultures from an
established culture line than from an isolate in the
field. The time between parasite isolation and
incubation of the cultures, the parasitaemia of the
sample, the type and conditions of transport, and the
method and care taken in cryopreservation and
reconstitution of the samples (if carried out) may all
affect the ability of the cultures to become
established.

Regardless of all these factors, it appears to take
4-6 weeks for parasites, isolated directly from a
patient, to become established in culture. This period
of adaptation may be similar to that shown by
eukaryotic tissue cells.
The asexual stages of the erythrocytic cycle of

P.falciparum appear morphologically normal after
continuous in vitro growth; all developmental stages
are generally seen in a culture at any one time, since
the parasite loses some of the characteristics of in vivo
synchrony. This is a disadvantage for many studies in
immunology and biochemistry, where a specifically
defined stage is often required. However, simple
methods for the concentration of mature stages using
plasmagel (41), gelatin (42) or Ficoll (43) have been
developed. Ring-stage parasites may be obtained by
washing the infected cell sample with aqueous
sorbitol (50 g/litre), which lyses the erythrocytes
containing mature parasites but not those with rings
(44). Cultures initiated with parasites separated by
these techniques maintain their synchronous growth
for at least 2-3 generations, after which time
asynchrony develops. Methods to ensure the
synchronous growth of the parasite for longer periods
are urgently required.

There is no evidence of loss of infectivity after
prolonged cultivation in vitro; several culture lines,
after over 3 years' continuous cultivation in vitro,
have been used to infect Aotus trivirgatus monkeys
(38). There has also been a report of an accidental
human infection with the FCR-3 isolate of
P.falciparum after it had been in culture for about 4
years (45).
There is, however, evidence that the characteristics

of the original isolate may change during cultivation;
in addition, the fact that certain isolates require time
to adapt to the conditions of in vitro cultivation
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suggests that parasite selection occurs. This would not
be surprising, since it occurs with other eukaryotic
cells in vitro. For example, the FCR-3 isolate was
shown to be sensitive to chloroquine when originally
isolated and after one year's maintenance in vitro.
However, following an accidental infection after 4
years of culture without chloroquine pressure, the
isolate was found to be chloroquine-resistant both in
vitro and in vivo (45). It is not clear if this resistance
was due to a mutation occurring in vitro or whether
chloroquine-resistant clones of parasites, present in
the original isolate, became more numerous with time
as a result of their biological advantage for in vitro
growth.

Morphological changes have also been shown to
occur under conditions of continuous culture. They
were first reported by Langreth et al. (46), who
observed that prolonged cultivation of P.falciparum
(i.e., after about 18 months using the candle-jar
technique) produced parasite variants that no longer
demonstrated erythrocyte membrane alterations
referred to as "knobs". Motyl & Reece (47) sub-
sequently showed that these "knobless" (K-)
variants achieved higher parasitaemias, incorporated
radiolabelled isoleucine more rapidly, and produced a
higher percentage of multiply-infected cells than the
"knobby" (K+) parent line. Thus, it appears that
K - parasites have a biological advantage in vitro.
K + cell lines may be kept almost completely
"knobby" by the selection of K + parasites every
four weeks using gelatin techniques (which
concentrate the K + cells, but not the K - ones)
followed by sorbitol lysis.
That P.falciparum isolates are heterogeneous with

respect to their biological characteristics was first
shown by Carter & Voller (48), who detected several
variants of enzymes in infected blood samples taken
from patients in Africa and south-east Asia. This
heterogeneity clearly has major epidemiological
importance, and has been emphasized by recent
studies on the cloning of malaria parasites in vitro.
Clones of P.falciparum have been produced by a
limit dilution technique (39), as demonstrated by
the microscopical observations of droplets of diluted
cultures (49), and more recently by micromanipu-
lation.c Using Oduola's method, 5-10 isolations of
single cells can be made within one hour with a success
rate of 30-50/o in the establishment of clones in
continuous culture. Cultures established from single
infected cells appear to show parasitaemia detectable
by Giemsa-stained blood smears within 21 days (39,
49). The development of this methodology allowed
Thaithong (40) to demonstrate that the T9 isolate of
P.falciparum, which was resistant to chloroquine,

c ODUOLA, A. M. J. 32nd Annual Meeting of the American
Society of Tropical Medicine and Hygiene, San Antonio, TX, 4-8
December 1983.

pyrimethamine, and sulfadoxine/pyrimethamine,
contained parasites of varying susceptibility to the
drugs, and included some that were fully sensitive.

CULTIVATION OF THE ERYTHROCYTIC STAGES
OF OTHER MALARIA PARASITES

The method for the continuous cultivation of
P.falciparum in vitro has been successfully extended
to the cultivation of the erythrocytic stages of four
species of malaria parasite from rhesus monkeys and
of P. berghei. The monkey species are: P. knowlesi
(18, 50) with a 24-hour asexual cycle; P.fragile (5), a
falciparum-like parasite with a 48-hour cycle; P. inui
(52), a malariae-like parasite with a 72-hour cycle;
and P. cynomolgi (53), a vivax-like parasite with a
48-hour cycle. While a dilution technique similar to
that used in the candle-jar method has been used for
the cultivation of P. knowlesi, P.fragile and
P. cynomolgi, this technique could not be applied to
the cultivation of P. inui, which has a long asexual
cycle. Continuous cultivation of this parasite was
obtained only by using a technique in which the
medium was continually replaced.
The candle-jar technique has also been found to

be unsuitable for the continuous cultivation of
P. berghei. This parasite has been maintained in
continuous culture (54) using a suspension culture
technique in which the infected blood was diluted at
appropriate times with rat blood containing high
proportions of reticulocytes (55). These experiments
clearly show that the parasites' preference for a type
of red cell must be taken into account when designing
methods for in vitro cultivation.

These studies using animal parasites not only
provide laboratory models for the study of human
malaria parasites but also suggest approaches to the
continuous cultivation of P. vivax, P. malariae, and
P. ovale, for which confirmed methods are still
lacking. Larrouy et al. (56) have maintained P. vivax
for 43 days in vitro by essentially the methods used for
P.falciparum, except for a higher glucose level, and
change of medium three times daily rather than once.
There have also been reports of the continuous cul-
tivation of P. vivax (57) and P. malariae in mixed
cultures with P.falciparum (58) for longer periods,
but these have yet to be confirmed.

GAMETOCYTE PRODUCTION OF P. FALCIPARUM
IN VITRO

Virtually all isolates of P.falciparum maintained in
vitro have been shown to be capable of producing
gametocytes under suitable conditions, even when
gametocytes were not observed in the original isolate.
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Nevertheless some isolates have produced more
gametocytes than others under similar conditions in
vitro. Examples of isolates that have consistently
produced gametocytes in vitro over a long period are
the Z isolate (59), the Tanzanian l/CDC isolate (60),
and the Honduras I/CDC isolate (61). In some
instances gametocytes produced in vitro were
infective to mosquitos (8, 60, 62), i.e., parasites
developed normally to produce infective sporo-
zoites.

It has been reported that certain isolates of
P.falciparum lose their ability to produce
gametocytes after repeated passage in vitro. This may
be manifested either by an absence or a reduction in
the numbers of gametocytes produced or by a
reduction in their infectivity to mosquitos. It has been
suggested that this may be due to the loss or repression
of the genome for gametocyte production. However,
it is conceivable that the failure to produce
gametocytes may also be due to the culture techniques
providing unsuitable conditions for gametocyte
production and to unfavourable sex ratios in the
cultures.

Optimal conditions, which will permit all isolates to
produce gametocytes continually during cultivation
in vitro, have yet to be described. However, it would
seem that gametocytogenesis is induced and con-
trolled by environmental factors. Conditions that are
somewhat unfavourable to the development of
asexual stages appear to favour gametocyte pro-
duction. Thus gametocyte induction is best
accomplished by not subculturing the parasite over a
two-week period. It has also been suggested that
mature gametocytes may be obtained by the addition
of cyclic adenosine monophosphate (AMP) (63) and
hypoxanthine (61) and by keeping the cultures at a
constant temperature of 37-38 °C during the period
of development of the gametocytes (62). Other
workers, however, have failed to reproduce these
positive effects.
The complete development of P.falciparum

gametocytes is known to take about 10 days, both in
vivo and in vitro. Obviously, this must be taken into
account when designing systems for the development
of gametocytes in vitro.
The degree of maturation of cultured gametocytes

may be assessed by the induction of gametocyto-
genesis in vitro. Exflagellation of microgametocytes
can be demonstrated by microscopical observation of
gametocytes that have been removed from the
original culture medium and suspended in human or
bovine serum albumin at pH 8.0. Carter & Beach (64)
have suggested that this rise in pH is the trigger that
induces gametocytogenesis. Ponnudurai et al. (62),
however, report the successful exflagellation of
gametocytes in original culture medium after cooling

to room temperature. Unfortunately, the degree of
exflagellation is not always a good indication of
gametocyte infectivity to mosquitos since such
infectivity also depends on macrogametocyte
maturity, which is difficult to assess in vitro.

CULTIVATION OF SPOROGONIC STAGES IN VITRO

Systems for the transformation from
gametocyte to ookinete in vitro were described by
Alger (65) and Rosales-Ronquillo & Silverman (66),
but these methods were either unrepeatable or yielded
only small numbers of ookinetes (7, 67). However,
Weiss & Vanderberg (68) successfully obtained such
transformation with P. berghei when blood with a
high gametocytaemia was incubated for 18-24 h at
21-22 IC in Eagles' minimum essential medium
supplemented with fetal bovine serum. This method,
reproduced by Xingzheng & Guoxuan (69), has been
shown to provide infective ookinetes (70).

Virtually all of the progress made on supporting the
in vitro transformation of ookinetes to sporozoites
was accomplished during the period 1947-72, by two
groups of investigators: Ball & Chao at the University
of California and Schneider at the Walter Reed Army
Institute of Research. These studies, carried out
mainly with avian malaria parasites, and initiated
with sporogonic stages obtained from mosquitos,
showed that the entire developmental sequence could
be obtained in successive and overlapping short-term
cultures. This approach often required tedious
dissections, limiting the number of studies and often
introducing bacterial and fungal contaminants into
the cultures. While these contaminants could be
reduced by the use of antibiotics, the toxicity of the
drugs could then adversely affect the development of
parasites. Under these conditions, the rate of in vitro
development was about half that normally observed
in vivo. These results have been reviewed previously
by Vanderberg et al. (8). Unfortunately, no signifi-
cant advances have been made since these pioneering
studies, and no work in this area has been carried out
with P.falciparum. This has been due, in part, to the
fact that few workers have followed this line of
research.

CULTIVATION OF EXOERYTHROCYTIC STAGES
IN VITRO

Although the exoerythrocytic stages of avian
malaria parasites have been in continuous tissue
culture for over 20 years (for review, see Beaudoin

392



MALARIA PARASITE CULTIVATION

(71)), the cultivation of these stages of mammalian
malaria parasites was only recently accomplished.
Strome et al. (72) reported in 1979 that sporozoites

of P. berghei successfully entered rat embryonic liver
and brain cells and developed into multinucleated
schizonts. However, only 10% of the cultures became
infected, the number of exoerythrocytic parasites was
low, and complete cytoplasmic segmentation did not
occur. This study also showed that specificity for liver
parenchymal cells may not extend to in vitro cultures.
Sinden & Smith (73) examined various types of cell
fibroblasts for infectivity with P. berghei sporozoites
and confirmed the findings of Strome and his
colleagues, that fibroblasts from embryonic rats were
the most susceptible cells.
The first demonstration of the complete in vitro

development of the exoerythrocytic stages of
P. berghei was by Hollingdale et al. in 1981 (5). After
examining a number of cell types, they found that the
human embryonic lung cell line, W138, was par-
ticularly susceptible to infection, supporting the
entire development cycle with the release of infective
merozoites (74). They also found that the cell type,
and not the culture medium, was the determining
factor in merozoite formation. W138 cells also
supported the growth of the exoerythrocytic stages of
P.yoelii, although infective merozoites have not so
far been obtained.
These studies, showing that the parasite can be

cultivated in embryonic tissues, have now been
followed up by demonstrations that P. yoelii will
develop in primary hepatocyte cultures of
Thamnomys gazellae (75) and of adult rats (76), and
that P. berghei also develops successfully in a
continuous transformed hepatoma (Hep G2-A 16) cell
line (77), and in primary hepatocyte cultures (78).
Such approaches have now been successfully

applied to the in vitro cultivation of the exoerythro-
cytic stages of P. vivax, by Mazier et al. (6). These
workers succeeded in obtaining complete exoerythro-
cytic development of P. vivax in primary human
hepatocytes, with production of merozoites that were
subsequently infective to human erythrocytes.
These major advances in the last few years suggest

that techniques for the cultivation of exoerythrocytic
stages may have a similar impact on understanding of
parasite biology as those developed for the erythro-
cytic stages. However, it must be remembered that the
techniques for the cultivation of the exoerythrocytic
stages do not provide a method for the continuous
cultivation of these stages. For example, the exo-
erythrocytic cycle in P. berghei and in P.fakciparum is
self-limiting, while relapses in P. vivax are due to the
presence of latent stages, the hypnozoites. The
existence of hypnozoites in vitro has yet to be
demonstrated.

APPLICATIONS OF IN VITRO CULTIVATION TECHNIQUES

Cultivation techniques have now been widely used
for studies on the biology, immunology, chemo-
therapy, and epidemiology of the malaria parasite.
To date the major epidemiological impact has
resulted from the use of such techniques to measure
the incidence and spread of drug-resistant malaria.

Field evaluation of drug resistance in malaria

Using the principles of the candle-jar/Petri-dish
method for the continuous cultivation of the erythro-
cytic stages of P.falciparum, Rieckmann et al. (79)
described a microtechnique for a 24-hour drug
sensitivity test for P.falciparum, in which they used
Aotus blood. This test was subsequently validated by
WHO for use with human blood taken from malaria
patients in Brazil, Colombia, Sudan, and Thailand
(80). As a consequence, standardized test kits have
now been developed for estimating the sensitivity of
P.falciparum to chloroquine, amodiaquine, meflo-
quine, and quinine. These are now widely used
(within the framework of the WHO global
monitoring programme for drug sensitivity) for the
assessment of drug susceptibility of the parasite and,
in general, have replaced the simple macrotests used
previously.

The microtest has several major advantages over
the macrotest. It is performed with flat-bottomed
culture plates predosed with drug, thus requiring less
drug and allowing a wider range of concentrations to
be used. It requires only 100 yd of blood, which can be
taken from the finger or earlobe; this facilitates
patient compliance and allows tests to be carried out
in children. The tests can also be carried out more
readily than with the macrotest system since young
ring forms, the predominant stages during acute
febrile episodes, are able to reach maturity during
30-42 hours' incubation.
Although the test has been used successfully to

determine baseline data and subsequent changes in
drug susceptibility, particularly to chloroquine (81),
it is not capable of determining susceptibility to
combinations of sulfa drugs and pyrimethamine. This
is because of the high levels of both 4-aminobenzoic
acid (PABA) and folic acid in the RPMI 1640 growth
medium. Recent studies have shown that sulfona-
mides can exert a marked antimalarial action in vitro
only when used with culture media containing little or
no folate (Desjardins & Reber-Liske, personal com-
munication, 1984). Thus it has been suggested that the
use of a culture medium containing concentrations of
PABA and folic acid similar to those found in human
blood might provide the most accurate means of
determining the susceptibility of P.falciparum to
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these drug combinations. This medium has now been
used successfully in Haiti to determine the suscepti-
bility of local isolates to sulfadoxine/pyrimethamine
(Nguyen-Dinh & Payne, personal communication,
1984). Surprisingly, in drug sensitivity tests to
chloroquine, the medium gave results comparable to
those obtained with complete RPMI 1640.

Other tests for assessing drug susceptibility in the
field have been developed. A 48-hour test, which is
very similar to the microtest, has been used by
Nguyen-Dinh (82, 83). However, it uses 4 times as
much blood and 10 times as much culture medium per
well. The concentration of blood in the culture is also
lower than in the microtest and the medium is
supplemented by 100 ml/litre AB serum. The end-
point for assessing drug sensitivity is parasite
reinvasion of erythrocytes, as determined from
smears made after 48 hours' incubation, rather than
from schizont maturation. Although the test has been
used to evaluate parasite susceptibility to chloro-
quine, it is felt that its main value may be for
determining susceptibility to dihydrofolate reductase
inhibitors such as pyrimethamine.

In addition, a technique has recently been
developed that can detect drug activity, without the
use of a microscope, in parasites obtained from
continuous culture (84). The test is based on the
principle that malarial pigment, produced during the
maturation of rings to schizonts, forms a precipitate
that is visible to the naked eye after addition of an
alkali. The precipitate was not observed in the
presence of effective drug concentrations.
Unfortunately, in a study conducted by WHO, this
test was shown not to work under field conditions.

Drug development and screening
The development of systems for the continuous

cultivation of the erythrocytic stages of P.falciparum
has made possible the direct measurement of the anti-
malarial activity of potential new drugs. Particularly
important in this context has been the development of
a rapid, semiautomatic microdilution method, where-
by quantitative measurements of the antimalarial
activity of a large number of compounds can be
made, based on the inhibition of uptake of a radio-
labelled nucleic acid precursor, [3H]-hypoxanthine,
by the parasite (85). This technique has become a
powerful tool in drug development programmes, as it
can be used to test antimalarial activity of new com-
pounds against isolates and clones of P.falciparum,
now available, that are resistant to a variety of anti-
malarial drugs, including some currently under
development. This method can be adapted to screen
known protein inhibitors, e.g., tetracyclines, by using
a radiolabelled amino acid, e.g., isoleucine, and by
extending the period of incubation (Desjardins,

personal communication, 1984). These techniques
can be used only with compounds that act directly as
the parent compound and do not require further
metabolism. The activity of compounds that act as
metabolites can be detected by methods similar to the
rabbit in vitro system developed by Mrema &
Rieckmann (86). In this method, serum samples are
collected from rabbits at various times after drug
administration and incubated with synchronized ring-
stage parasites of P.falciparum using the microtest
system. Growth inhibition in the cultures is then
assessed either microscopically or by the incor-
poration of radioactive precursor. These same
principles can be used to study the kinetics in humans
of drugs for which chemical and other assays are
either unreliable or unavailable, and to determine
minimum inhibitory drug concentrations (MICs).
The techniques described above for the production

of gametocytes of P.falciparum and of the exo-
erythrocytic stages of P. berghei are currently being
assessed as a means of detecting and screening for
gametocytocidal and causal prophylactic activities of
potential antimalarial drugs. The development of a
method of screening for antirelapse activity in vitro
awaits the demonstration of the presence of the
hypnozoite stage in hepatocyte cultures of P. vivax.
The results so far (Trager, Hollingdale, personal
communications, 1984) are encouraging although it
appears that the tissue culture systems used for
cultivation of the exoerythrocytic stages may be
capable, under certain circumstances, of metabo-
lizing the compounds being tested.

STUDIES ON THE GENETICS OF DRUG RESISTANCE
AND POPULATION MECHANICS

The problem of drug resistance is a major
constraint to malaria control but little is known about
the mechanisms of its emergence and spread in human
populations. It may be due to a variety of mechanisms
including non-genetic adaptations of the organism to
the drug or genetic changes followed by drug
selection. So far, genetic studies have mainly been
conducted in vivo using rodent malaria models.
However, studies using in vitro culture techniques
and characterized clones of P.falciparum that are
resistant to a variety of drugs have already shown that
parasites from different countries are genetically
similar, and that there is probably a single
interbreeding population worldwide. These culture
techniques have also provided evidence that
chloroquine-resistant parasites appear to have a
biological advantage over sensitive ones, (39, 40, 45),
and that drug-resistant isolates contain clones of
parasites with different drug sensitivities, including
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susceptibility. It still remains to be demonstrated that
drug-sensitive isolates contain drug-resistant clones.

Culture techniques are also now being used along
with recombinant DNA analysis and gene cloning to
study the genetic basis of drug resistance. In addition,
the ability to cultivate in vitro both the erythrocytic
and exoerythrocytic stages, which are infective to
mosquitos, makes genetic experiments by classical
Mendelian methods technically feasible. The major
problem with conducting Mendelian genetic studies
with P.falciparum may be the logistics and cost of
maintaining the culture systems and the insectaries
required for such work.

ANTIGEN PRODUCTION

Although parasite cultures are highly unlikely to be
used as a source of antigen for future malaria
vaccines, erythrocytic stage cultures do provide a very
valuable source of antigen for immunodiagnosis.
Monkeys, which can be used to maintain human
parasites in the laboratory, are either too scarce or too
costly for such an application. Whole parasite
antigens can be obtained from blood slides produced
from synchronized cultures, and soluble antigens by
the lysis of parasites or the collection of culture
supernatants. P.falciparum is at present the only
human Plasmodium species that can be used for the
mass production in vitro of suitable antigen under
standard conditions, but the possible antigenic
differences among the various isolates used should be
borne in mind. This underlines the need to develop
methods for the in vitro cultivation of other human
malaria species. In the absence of these methods,
heterologous antigens may be used for serological
studies. In this regard, P. cynomolgi, which can be
maintained in vitro, has some application in areas
where P. vivax is the dominant species.

TESTS FOR PROTECTIVE IMMUNITY

Current evidence suggests that specific antibodies
may play an important role in mediating protective
immunity, and it is probable that these antibodies
require the cooperation of sensitized effector cells to
achieve parasite destruction in vivo. In vitro mero-
zoite inhibition techniques have been used to assay
sera for protective antibodies, but the application of
such techniques to malaria epidemiology remains to
be proven. All the methods used involve the
quantification of the inhibition by sera of the invasion
of red cells by merozoites in cultures of P.falciparum.

This effect has been measured by directly counting
parasites in conventionally stained smears (87), by the
uptake of radioactive isoleucine (87), by the use of
fluorescent labels (88), by flow cytofluorometry (89),
and by fluorescence-activated cell sorters (90). In
general, the methods have been based on microtest
culture systems similar to those developed for drug
sensitivity testing.

These methods have usually given results that
accord well with the protective immune status of the
host in defined situations where it has been possible to
match parasites and sera in an homologous system.
However, when applied under field conditions where
matching of parasites and antisera is hardly possible,
inhibition tests have often yielded results that do not
accurately reflect protective status. For example,
Jensen et al. (90) found that, in the Sudan, all
"immune" adult sera inhibited invasion to some
extent and also retarded growth leading to the
production of "crisis" forms, whereas Cowan et al.
(92) detected inhibition in only 43% of the sera tested,
in spite of the fact that the sera were taken from adults
who were resident in an endemic area and who
possessed malarial antibody detectable by immuno-
fluorescence. "Immune" sera may also enhance
growth in vitro (87, 91). Such findings perhaps
indicate the difficulty of assessing protective immune
status under field conditions where the prevalent
parasites may exhibit considerable antigenic diversity
and the protective immune response is not solely
humoral.
Another in vitro test that may be applicable to

measuring protective antibody has been developed by
Udeinya et al. (93, 94). It is based on an in vitro model
for the phenomenon of sequestration of trophozoite-
and schizont-infected erythrocytes. In vivo
sequestration is effected by erythrocyte surface
"knobs". Udeinya et al. have shown that in vitro
these knobby cells will bind to cultured umbilical vein
endothelial cells and to cells from an amelanotic
melanoma cell line. The binding was inhibited by
strain-specific immune sera (94). Similar results were
obtained using human immune sera and parasites
from different geographical areas. Further studies are
required to assess the potential of this in vitro test as
an index of protection.
Methods for measuring protective immunity to

sporozoites and to gametocytes could also
theoretically be devised on the basis of techniques that
have been developed for the cultivation of these
stages. These may have some relevance for measuring
the impact of vaccines currently under development
but would have little relevance to malaria epi-
demiology since it appears that antibodies to these
stages are not induced to functional levels under
conditions of natural transmission and infection.
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RESUME

LE POINT DES PROGRES RECENTS DANS LA CULTURE DES HEMATOZOAIRES ET LEUR APPLICATION AUX ETUDES
DES RELATIONS HOTE-PARASITE

C'est en 1976 qu'a et reussie la culture continue des
stades erythrocytaires de Plasmodium falciparum, et il
existe maintenant des techniques pour celle des memes
stades de P. knowlesi, P.fragile, P.inui, P.cynomolgi et
P. berghei. Les etudes initiales ont montre que les conditions
ci-apres etaient necessaires au succes de la culture de
P.falciparum: une couche mince de sediment d'erythrocytes
humains, une couche peu epaisse de milieu de culture
contenant du tampon HEPES et 100 ml/litre de serum
humain compatible avec le type des erythrocytes utilises,
une phase gazeuse contenant de 2 a 5% de CO2 et 5 a 10% de
02, un renouvellement intermittent ou continu et lent du
milieu, un pH de 7,3 a 7,5 et l'adjonction de nouveaux
erythrocytes a mesure que le nombre de parasites augmente.
La fa$on la plus simple d'obtenir ces conditions est d'operer
avec des boites de Petri dans des cloches A bougie, mais on a
egalement mis au point un appareil semi-automatique qui
maintient un pH physiologique, elimine les dechets toxiques
et fournit du milieu frais. Un tel appareil a et essentiel pour
la culture de P. inui et de P. berghei. La gameocytogenese
est obtenue in vitro dans des conditions appropri6es; les
gametes produits sont infectants pour les moustiques et
conduisent au developpement normal du parasite.

Bien qu'il ait e possible, des le milieu des annees 60,
d'entretenir en culture continue les stades exoerythro-
cytaires des parasites du paludisme aviaire, ces stades n'ont
pas pu etre cultives avant 1981 dans le cas d'un parasite du
paludisme mammalien. Les etudes faites sur P. berghei ont
maintenant permis de cultiver avec succes les stades exoery-

throcytaires de P. vivax dans des cultures primaires
d'hepatocytes humains et dans une lignee cellulaire
d'hepatome. Ces cultures donnent des merozoites qui sont
infectants pour les hematies. La presence du stade
hypnozoite dans ces cultures reste a demontrer de maniere
definitive.

Les techniques de culture sont maintenant largement
utilisees pour etudier la biologie, l'immunologie, la chimio-
therapie et l'epidemiologie des parasites du paludisme. A ce
jour, le resultat le plus important au point de vue epidemio-
logique a e obtenu grace a l'utilisation de ces techniques
pour mesurer la frequence de P.falciparum pharmaco-
resistant au moyen d'un microtest mis au point pour servir
dans les conditions de terrain. Ce test a et applique avec
succes pour surveiller la sensibilite de P.falciparum a la
chloroquine, l'amodiaquine, la mefloquine et la quinine et
sa modification est deja en bonne voie en vue d'une
adaptation a la mesure de la sensibilite aux associations
sulfamides/pyrimethamine. On dispose maintenant de
techniques pour selectionner in vitro des medicaments anti-
paludiques potentiels en fonction de leur activite en tant que
schizontocides sanguins et tissulaires ou gametocytocides;
une methode de microdilution semi-automatique pour selec-
tionner, parmi un grand nombre de composes, ceux qui ont
une activite contre les stades sanguins de P.falciparum revet
une importance particuliere. L'application de techniques in
vitro pour mesurer l'immunite protectrice est egalement
etudiee.
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