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Summary of discussions on in vitro cultivation
of malaria parasites

ERYTHROCYTIC STAGES OF P. FALCIPARUM

Continuous cultivation
The continuous cultivation of Plasmodium falci-

parum recently achieved by Trager & Jensen re-
presents a major step forward. The success of their
culture methods has been confirmed in other
laboratories both in the USA and in Europe.
Consequently these culture procedures can be
applied immediately to many areas of research.
However, two of the most important potential uses
of parasite cultures, namely antigen production and
biochemical investigations, would be greatly facili-
tated by higher parasite concentrations and greater
volumes of cultured material than is now possible.
It will be necessary to gain a better understanding
of the parameters involved in the cultivation of both
P. falciparum and other human and animal parasites
to achieve these aims.

The parasite
Several isolates of P. falciparum have been

maintained in continuous culture by the techniques
of Trager & Jensen. The initial work used the FVO
South-East Asia strain, originally isolated into
Aotus monkeys, but since then isolates from East
and West Africa, El Salvador, and Zaire, the
Uganda/Palo Alto strain, and the Malaysian Camp
strain have all been maintained continuously in
vitro for periods of several weeks and in some cases
for several months. However, there does seem to
be some variation in the ease with which some of
the isolates can be maintained. The variation in
growth characteristics may be related to differences
in the biochemical characteristics of the isolates.
For example, it is suggested that the FVO strain
of P. falciparum may produce more lactate in vitro
than the Gambian strain and that this may account
for differences in the multiplication rates in dilution
cultures in vitro. In some isolates low rates of
multiplication of the parasites are obtained during
the first four weeks or so in vitro, but after this
initial period, multiplication rates increase. It is
not known whether this is due to the adaptation of
the parasite to growth in vitro since the only para-

meter of possible parasite change so far tested has
been infectivity to Aotus monkeys. The FVO strain
grown in vitro for about one year was infective to
Aotus monkeys, but because of the scarcity and
cost of monkeys this test is qualitative rather than
quantitative. Adaptation during cultivation is an
important aspect of continuous cultivation, especially
if culture methods are to be used for immunological
studies. It is important therefore that quantitative
biochemical and immunological methods be devel-
oped to monitor possible changes during continuous
growth of the parasite in vitro.

Synchrony
The biological interest and advantages ofsynchron-

ous cultures are obvious, but current work with
P. falciparum indicates that the parasite in vitro
loses the characteristic synchronous development
observed in vivo. This is also seen to some degree
in P. knowlesi grown continuously in vitro. Although
little is known of the physiological and genetic
mechanisms of the synchronous development of
malarial parasites in vivo, it may be possible to
achieve synchronous development in vitro by some
of the methods that have been applied in the field
of mammalian tissue culture. Periodic fluctuations
in growth factors, temperature, hormone levels and
oxygen levels are all possible methods of acquiring
synchronous growth in vitro. However, an under-
standing of the biochemical changes that occur
during the asexual life cycle of the parasite is critical
to the rational application of such techniques.

The medium
The RPMI 1640 medium, used by Trager &

Jensen is a very good medium for the culture of the
asexual stages of P. falciparum and all attempts to
date to improve it have been fruitless. However,
other media may prove to be equally good since the
continuous culture of the asexual stages of the
Malaysian Camp strain of P. falciparum was
achieved by Haynes and his coworkers in a modified
medium " 199". Although gametocyte development
of P. falciparum occurs in RPMI 1640 and various
modifications of medium " 199 ", it is not known
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whether any of these media provide optimum con-
ditions for the induction and cultivation of gameto-
cytes in vitro. Indeed other media, or further modi-
fications of existing media, may be needed to meet
this requirement. Likewise, merozoites harvested for
immunological studies appear to be viable for only
a few minutes in existing media. A medium contain-
ing potassium levels similar to those found in the
erythrocyte, or in erythrocyte extracts, possibly for-
tified with ATP and other phosphorylated com-
pounds, may be better for this purpose.

Serum and plasma

One of the problems common to all work on cell
cultivation is the supply of adequate samples of
serum. Earlier work has suggested that heterologous
non-simian sera were as good as homologous
monkey sera for the growth of P. knowlesi through
one asexual cycle in vitro. However, it is not clear
whether this conclusion applies to the serial culture
of malarial parasites. Continuous cultivation of
P. falciparum has been obtained with homologous
human sera. Commercially available fetal bovine
serum is not adequate for the long-term propagation
of P. falciparum. The reason for this is not known
but it could be due to the freezing and thawing of the
samples that occurs during the screening procedures
employed. It is therefore important that the complete
history of the serum sample is known before rational
conclusions can be made as to its growth-promoting
properties. Storage of serum samples at -20°C is
preferable and repeated freezing and thawing
should be avoided. It has been found that storage
of serum at temperatures below -20°C may be as
deleterious as storage at higher temperatures.
There are reports of variable success using fresh

citrated plasma obtained chiefly from blood banks.
Plasma from outdated blood apparently inhibits the
growth of P. falciparum, but plasma obtained by
plasmapheresis may be a suitable source when
available. The growth-supporting factors in serum
or plasma are not known since no studies have been
reported on the use of plasma fractions or plasma
extenders or replacers for long-term cultivation.

In current experiments with strains of P. falci-
parum that have been in vitro for some time, 10%
serum is added to the growth medium. However,
it must be emphasized that this concentration may
not be sufficient for the initiation of new strains or
for other species of plasmodia in vitro and concentra-
tions of 15% may be required in these cases.

Erythrocytes

It has already been reported that variation exists
among donors as to the innate ability of their
erythrocytes to support the growth of P. falciparum
in vitro. Erythrocytes from all the human ABO
blood groups appear to support the long-term
growth of P. falciparum in vitro, as would be expected
from in vivo observations. But it is not known
whether erythrocytes of any particular group are
better suited than others. It has been reported
that the storage of erythrocytes in citrated preserva-
tives improves the ability to support P. falciparum,
with optimum growth occurring in cells stored
for 21-28 days. This might be related to the reduced
viability of the leucocytes present after storage. But
it is not known whether the aging of erythrocytes
that occurs under these conditions also affects the
ability to support growth. This is likely since it is
known that erythrocytes stored for over 28 days do
not support growth as well as those stored for only
21 days.

Maintenance ofpH in the medium

Maintenance of the correct pH in the medium is
critical to the development of the parasite in vitro.
Control of pH is still a problem with cultures of
P. falciparum when the concentration of parasites
is high; pH problems may also be one of the major
obstacles to the development of similar culture
systems for the growth of metabolically more
active malarial parasites such as P. chabaudi,
P. berghei, and P. vivax. The solution appears
to be in the development of more efficient perfusion
techniques and buffer systems.
The maintenance of the pH of the extracellular

medium at a level similar to that of blood, around
7.4, is a complex problem that involves not only
the use of suitable buffer systems but also the
maintenance of a low pH gradient between the
surface of each individual cell and the medium.
This latter point is important since all the media
used for the cultivation of malarial parasites include
a bicarbonate-CO2 buffer system, which therefore
requires proper gas exchange between the culture
and the atmosphere. This may partly explain the
observation that the depth of both the cell layer
and the medium was critical to the development
of the P. falciparum in the flow-vial system described
by Trager. The use of zwitterion buffers has played
a major part in the successful cultivation of P. falci-
parum. HEPES and TES have both been used
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successfully, but it is possible that better buffer
systems may be developed. Ideally, when using a
zwitterion buffer the pKa of the buffer should be the
same or slightly below that of the required pH.

Gas mixtures
Adequate gas exchange is important to the

cultivation of parasites in vitro, as described above.
The gas mixture used should have sufficient carbon
dioxide to balance the bicarbonate content of the
medium and maintain the correct pH. The results
also indicate that the gas mixture should contain an
oxygen concentration lower than that found in air.
However, the optimum oxygen tension is not known.
Short-term cultivation studies with P. knowlesi
indicate that anaerobic conditions are inhibitory
to the complete growth of the parasite in vitro,
but the role of oxygen in parasite metabolism is
unknown.

Maintenance of a low oxygen tension in cultures
is one method of maintaining a low redox potential
in the cultures and it is of interest to note that the
continuous cultivation of P. falciparum was possible
in a modified " 199 " in the presence of the reducing
agents 2'-mercaptoethanol and vitamin E (a-
tocopherol).
An important consideration must be the optimum

level of oxygen dissolved in the medium, as this
would vary according to the ratio of the depth of
the medium to the surface area below the gas
mixture. Theoretically, a thin layer of cells and a
medium with a large surface area for gas exchange
appears to be ideal, although little is known regarding
the relationship between the inseparably associated
parameters of oxygen tension and the depth: sur-
face area ratio of the cultures and parasite growth.

Antibiotics
Although many workers who cultivate P. falci-

parum do not routinely use antibiotics, some
working conditions or special situations may dictate
their use. There is evidence that streptomycin, which
is known to have some antimalarial activity in vivo,
and penicillin, at concentrations of 200 ug/ml and
200 IU/ml or higher, respectively, may be inhibitory.
Gentamicin sulfate, at 100 ,ug/ml, was not injurious
in short-term cultures; however, the effect of this
and of other broad-spectrum antibiotics in long-term
cultures is not known.

Potential hazards
Work on the cultivation of P. falciparum exposes

the laboratory worker to the hazards of accidental

infection both with the parasite and with other
infectious agents. Although current procedures for
screening human blood for hepatitis viruses do
reduce the potential hazards of working with human
blood or serum, these methods do not screen all
possible pathogens, especially those that might
be met in investigations in developing countries
(see also page 417). This re-emphasizes the need for
alternatives to human serum. Routine laboratory
practices such as the disposal of used plastic materials
and the washing of instruments and glassware,
should be done with great care in view of the
potential hazards of viral contamination. Pipetting
by mouth should be discouraged. The worker may
also be infected with the Plasmodium sp. being cul-
tured and it is recommended that workers should be
familiar, as far as possible, with the resistance to
antimalarials of the strains of Plasmodium involved.
In addition, although it is widely accepted that
strains might be readily transferred from one con-
tinent to another in this age of widespread interna-
tional travel, it is considered inadvisable that
chloroquine resistant strains that are currently
grown in vitro should be sent to endemic or receptive
areas where chloroquine resistance does not occur.

ERYTHROCYTIC STAGES OF MAMMALIAN MALARIAL

PARASITES OTHER THAN P. FALCIPARUM

It is not possible to grow all species of malarial
parasite in vitro with equal ease and there are no
reports of the long-term cultivation of parasites
other than P. falciparum and more recently P. know-
lesi. Short-term cultures of P. vivax in modified
" 199 " medium and in modified Harvard medium
showed growth through one cycle in vitro but no
significant multiplication of the parasite. Rodent
malarial parasites have also proved extremely
difficult to culture in vitro. Satisfactory development
from ring to late trophozoite and schizont stages
has been obtained in short-term cultures with
P. vinckei chabaudi using a modified Harvard
medium, modified Eagle's MEM, and also RPMI
1640. Only limited invasion of uninfected cells
occurred in all systems and parasite multiplication
was limited. Multiplication of P. berghei has been
achieved by incubating the cultures at 15°C instead of
370C, but this result has not been reproduced.
Multiplication has also been achieved with the
SPI 1 strain of P. berghei using techniques similar
to those of Trager & Jensen, and in cultures that
contain predominantly reticulocytes rather than

413



SUMMARY OF DISCUSSIONS

mature erythrocytes, but attempts to subculture
the parasite have so far been unsuccessful.

It is not clear how far the techniques that have
been applied to P. falciparum can be applied to
other species of malarial parasite. Although it is
accepted that there are biological and biochemical
differences between different species, it is likely that
progress will be made in the cultivation of these
other species, since many of the principles discussed
above with respect to P. falciparum are probably
also applicable. This is illustrated by recent reports
of the continuous cultivation of P. knowlesi for
3-4 weeks using a technique similar to that of
Trager & Jensen.

Cultivation of "free " parasites
Attempts to cultivate the erythrocytic stages of the

parasite free from the host erythrocyte have been
limited to the studies of Trager with the avian
species, P. lophurae. These studies allow the growth
of the parasite through the asexual cycle but it is
not clear how far these studies can be applied to
other species since systematic attempts with other
malarial parasites have not been reported. Such
studies, however, are important to our understanding
of the biochemical interrelationships between para-

site and host cell.

CULTIVATION IN VITRO OF THE EXOERYTHROCYTIC

TISSUE STAGES

Knowledge of the biology of the exoerythrocytic
stages of malaria is fundamental to a complete
understanding of the parasite. Not only are these
the stages that establish the erythrocytic infection,
but they also occur before any clinical manifestation
of the disease is observed. However, their location
in the deep tissues of the body discourages their
direct study within the host. For this reason, efforts
to establish the exoerythrocytic forms in vitro were

made many years ago and cultivation systems for
growing these stages of avian parasites are currently
available.

Exploitation of existing systems

The use of the available systems for cultivation of
the tissue stages of P. fallax and P. lophurae should
permit clarification of many basic phenomena in the
biology of the malarial parasite at the cellular and
subcellular levels. Among these can be included
many cell-parasite interactions discussed during the
Workshop on the Biology of the Malaria Parasite.

Notably, the existing system could be used to
obtain information on membrane relationships
between host cell and parasite, especially as these
relate to entry mechanisms, metabolic transport,
and nutritional requirements of the intracellular
parasite. Furthermore, the physiology and bio-
chemistry of the erythrocytic stages of P. lophurae
have been well studied, thus providing an opportunity
for a detailed antigenic and biochemical comparison
of the stages that occur in the vertebrate host.
The existing systems can be used to evaluate the

efficacy and toxicity of tissue schizontocides. The
avian model is relatively inexpensive and permits
direct observation of drug action upon the parasite
as well as upon the host cell and could be adapted
to the study of a large number of compounds.
Current problems of toxicity encountered with
routine use of primaquine make the identification of
alternative compounds an area of high priority.
At the moment, the mode of action of antimalarial

drugs can be assessed only on the basis of morpho-
logical criteria. No attempt has been made to
measure the effect of drugs by means of radioactive
tracers, as has been done with the erythrocytic
stages in non-nucleated erythrocytes. Quantitative
methods of drug evaluation and the rational study
of the mode of action of drugs appear to be im-
possible until more information is available on the
biochemical aspects of the host-parasite relationship
of the exoerythrocytic stages. Parasite markers will
be required since the selective depression of parasite
metabolism would probably be difficult to observe
in exoerythrocytic stages grown in nucleated,
metabolically active cells, which, like the parasite,
are capable of incorporating many radioactive
tracers.

Parasites produced with existing avian culture
systems can also be used in determining experimen-
tally the role of these stages in the host's immune
response. Currently, little is known about the
immunology of the tissue phase of infection. How-
ever, recent experimental vaccine studies suggest
that the exoerythrocytic stages of malaria may be
expected to play a role in the induction of protective
immunity.

Development of mammalian systems

In several cases, results obtained with avian
models have held true when tested in mammalian
systems, but there are major biochemical and im-
munological differences between the respective
hosts that make it important to develop techniques
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for the cultivation of the exoerythrocytic stages of
mammalian parasites.

In several types of mammalian malaria, e.g.,
P. berghei and P. falciparum, the exoerythrocytic
stages are apparently self-limiting, whereas in
P. cynomolgi and P. vivax exoerythrocytic develop-
ment is thought to occur alongside that of the
erythrocytic stages. Cultivation of the tissue stages
of P. falciparum or P. berghei, even though ap-
parently self-limiting, would permit the study of
these stages directly for the first time and may make
it possible to adapt the parasite for continuous
growth in vitro.

Recently, considerable advances have been made
in the field of mammalian tissue culture and long-
term cultures of isolated liver parenchymal cells
from adult rodents have been shown to maintain
some of the characteristics of the original cells.
However, since these cells divide, unlike adult liver
cells in vivo, they may lack many of the surface
characteristics and the functions of liver parenchymal
cells.

It is usually assumed that the exoerythrocytic
stages must be grown in hepatic cell lines. However,
species specificity may not be so absolute as first
thought. The exoerythrocytic stages of P. berghei
in vitro appear less host-specific than the erythrocytic
stages and studies in vitro with avian species suggest
that the rigid host-cell specificity of the exoerythro-
cytic forms may be abrogated in culture.

If the basic chemical and nutritional requirements
of the mammalian parasite can be met by conditions
akin to those in existing avian culture systems, the
cultivation of the mammalian forms may be possible,
at least for a single developmental cycle. It should
be pointed out that similar assumptions led to the
successful cultivation of the erythrocytic stages of
P. falciparum and in the field of virology there is
little correlation between host specificity in vivo and
in vitro.

In addition to host specificity, it would also be
interesting to determine the extent to which the
exoerythrocytic stages of malarial parasites exhibit
tissue specificity for the growth of the exoerythro-
cytic stages, as it may be possible to develop tech-
niques for growing the parasite in tissue cell lines
other than those derived from the liver. Such an
approach was successfully applied to the cultivation
of the tissue stages of coccidia.
Emphasis must be placed on developing techniques

that will provide sufficient sporozoites of a mam-
malian parasite with which to infect cells grown

in vitro. At present there appear to be two possibi-
lities. Cultures could be inoculated with sporozoites
obtained either directly by sterile dissection of the
mosquito or from samples of the host's blood
inoculated minutes previously with large numbers of
sporozoites. Both methods present technical diffi-
culties but the production of viable sporozoites
may be aided by the observation that albumin
has a stimulatory effect on the mobility of Plasmo-
dium sporozoites in vitro. When considering the
production of viable sporozoites for inoculation
into cell cultures, one must also consider the pos-
sibility that the sporozoite may be altered during its
passage from the salivary glands of the mosquito to
the liver of the host in vivo. An alternative to using
sporozoites as the inoculum is the production of
infected liver cell cultures from heavily infected
livers by the methods developed for normal adult
cell cultures. Both approaches appear to be worthy
of investigation.

It is most important to support efforts in the
area of cultivation of tissue stages since the number
of people experienced in this field is very small.
It is obvious also that there are many common
aspects between studies on the cultivation of the
exoerythrocytic and sporogonic stages. It seems,
therefore, economically important as regards both
manpower and material requirements that studies
on these aspects of malarial research be coordinated
as far as possible.

CULTIVATION OF THE SPOROGONIC STAGES IN VITRO

Since gametocytes injected into the haemocoels of
mosquitos can produce infective sporozoites, a
method for producing sporozoites in vitro involving
the use of gametocytes as starting material should be
possible. The development of such a system would
involve the large-scale production of gametocytes
as well as methods that promote their development
to infective sporozoites.
Although it is possible to maintain all of these

stages separately in vitro, it has not yet been possible
to culture a single isolation through the complete
cycle. It has been suggested that this may be related
to the fact that these stages develop in different
environments: firstly in the vertebrate host and then
in various tissues of the mosquito. Some results
show that this restriction may not be as rigid as
first thought and that if the initiation signal for
each developmental stage could be identified devel-
opment through all stages might be achieved in vitro.
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Maintenance of sterility has always been a major
problem in these studies but the production of
axenic colonies of Anopheles stephensi will help
to alleviate this problem. However, the finding of
virus-like particles within the oocyst indicates that
contamination of the parasite itself occurs and this
may have inhibited the continuous development of
the parasite in vitro. If this contamination is common
then it may be essential to start all cultures from
gametocytes obtained from the vertebrate host.

The large-scale production ofgametocytes
Although gametocytogenesis has been observed in

cultures of P. falciparum and P. knowlesi, using the
Trager & Jensen or another culture system, the
factors that induce gametocytogenesis are not
understood. Furthermore, gametocytes produced
in vitro appear to be functionally immature as
judged by their inability to exflagellate or to infect
mosquitos. However, since gametocytes take much
longer to develop than the asexual parasites, ap-
propriate culture conditions for gametocyte produc-
tion may be more rigorous and the cultures may
have to be maintained for a longer time. Also,
gametocytes may require for complete development
growth factors that have been lacking from the
growth media tested.

The development of ookinetes
The problem of producing ookinetes in large

numbers in vitro appears to have been successfully
overcome in avian and rodent malarias and, since
this technique bypasses the use of mosquitos,
contamination is not a major problem. Whether
this can be achieved with human malarial species
remains to be determined, a major factor being the
availability of adequate numbers of gametocytes in
the blood sample used.

The development of oocysts
Previous studies, for example, those of Ball &

Chao, have shown that young oocysts can be
induced to grow to maturity in certain insect
tissue culture media. In some cases, results were
improved when cell lines were incorporated into the
cultures. There has been little success, however,
in producing oocysts using the ookinete stage as
starting material. The ookinete, like the merozoite
and the sporozoite, possesses an apical complex
and it is possible that the release of its contents or
some such signal may be required before further
differentiation can occur. But with the developments

in large-scale ookinete formation referred to above,
it should now be possible to explore this area further.

Sporozoite production
Studies on avian, rodent, and primate malarias

have shown that infective sporozoites can be
produced in vitro from mature oocysts, but the role
of the salivary glands in the maturation of sporozoites
remains unclear. It seems possible that parasite
species may vary in this respect.

APPLICATION OF CULTIVATION TECHNIQUES
TO IMMUNOLOGY

Cultivation techniques have an important role
to play in studies on the immunology of malaria,
not only to provide a possible source of antigen for
vaccine studies, but also to provide methods of
studying the relationship between the host response
and the parasite. Recent advances in continuous
cultivation of the erythrocytic stages of P. falciparum
should allow many immunological studies to be
made on these parasite stages in the near future.
For example, it is important to know whether the
antigenic and other characteristics of erythrocytic
parasites are maintained during continuous cultiva-
tion in vitro. The cultivation of other stages of the
life cycle require further studies before full advantage
can be taken of the promising results already ob-
tained from immunological studies in vivo.

Erythrocytic stages
A. Mechanism of the immune response
Serum constituents. The mechanism of immunity

to malarial infections has yet to be fully elucidated.
Many factors are involved and together they form
an interrelated and complex dynamic immune
response.

Protective antibodies obviously play a part in the
immune response The administration of immune
serum immunoglobulin in man temporarily reduces
patent parasitaemias. Also, inhibitory antibodies
have been shown to block invasion of erythrocytes
by merozoites of P. knowlesi and to promote
phagocytosis of free parasites and schizonts by
macrophages in vitro. Intracellular death of parasites,
however, may be mediated by non-antibody humoral
factors. Although vaccination of monkeys with
P. knowlesi merozoite antigens in Freund's complete
adjuvant usually gives protection against subsequent
challenge with homologous and heterologous va-
riants, some monkeys do not show a corresponding
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increase in the level of merozoite-inhibiting antibody.
In order to identify antibodies responsible for
protection against malaria, the results of in vitro
tests should be interpreted in terms of the actual
protection observed in vivo. It is at present not
clear to what extent assays of humoral mediators
in vivo involve variant-specific or variant-transcending
antigens and in any case, in P. falciparum, evidence
relevant to the existence of antigenic variation is
lacking.

Cellular constituents. Macrophages appear to
participate in the protective immune response
to malaria and the induction of immunity to malaria
depends on thymus-derived lymphocytes. However,
no direct cytotoxic effect of T lymphocytes has been
demonstrated. The culture methods developed
recently provide new opportunities for exploration
of this area.

Experimentation in vivo. The continuous culture
of P. falciparum and P. knowlesi will facilitate our
understanding of the various immunological mech-
anisms and may eventually provide a plentiful
supply of antigen for vaccination experiments. The
scarcity and cost of primates, however, limits the
extent to which host-parasite systems can be used
for parallel immunological studies in vivo.

In rodent malaria systems, on the other hand, the
inbred animal host is cheap and readily available,
but attempts to cultivate malarial parasites in vitro
have been disappointing so far and need further
intensive effort.

B. Analysis of antigens

Collection of schizonts and merozoites. The
asynchronous development of P. falciparum in
simian experimental models has been an obstacle to
the study of specific developmental stages. This is also
a problem during continuous cultivation of P. falci-
parum in vitro and will, therefore, impede progress in
antigenic analysis.

Separation of infected from non-infected erythro-
cytes is essential for the collection of adequate
quantities of both infected cells and merozoites.
Methods used for the collection of infected cells and
merozoites of P. knowlesi appear to be less satis-
factory when used for P. falciparum. The reasons for
this are not known, but.may be related to species
differences in surface properties of the infected cells
and the density of the parasites themselves.

Characterization ofprotective antigens. The origin
and nature of protective antigen(s) in malarial

infection are not known. The use of in vitro techniques
provides one method of characterizing antigens by
the combination of radiochemical and immuno-
logical assays, although these studies should be
related to observations made in vivo.

Antigens for immunoserological tests. Antigens
derived from parasites grown in vitro can be readily
used for immunoserological tests to determine the
presence of either recent or latent infections in
individuals and population groups. Increasing con-
sideration is being given to the use of the ELISA
test among large population groups. It is estimated
that 1 gram of parasite material would provide
sufficient antigen to perform millions of tests.

Analysis of strain differences. The difference in
antigenic composition of protective antigens and
antigens of diagnostic value among the different
strains of malarial parasites is unknown. It is
essential to provide homogeneous populations for
such analyses and this can be achieved by the
preparation of clones from different strains of
P. falciparum. It may be possible to maintain these
clones economically by continuous culture in vitro
provided that antigenic stability is maintained.

C. Experimental immunization

There are two major problems to be faced in
experimental immunization, the choice of the
immunogen and of the experimental host. The most
suitable immunogen for use in vaccination studies
with the erythrocytic stages is still open to question.
However, cultured material is a possible source of
antigen irrespective of whether the immunogen is a
preparation of live or attenuated parasites, parasite
extracts, or purified parasite antigen. Therefore,
serious consideration should be given to the methods
of screening cultures for potential viral and other
contaminants that may be introduced from human
blood materials used during the cultivation process.
This could be a serious source of hazard in any
potential vaccine (see also page 413).
Aotus trivirgatus monkeys can be protected

against P. falciparum by immunization with ir-
radiated blood forms and with antigens derived from
cultured parasites emulsified in Freund's complete
adjuvant but the response is variable. However, the
species Aotus trivirgatus comprises several different
subspecies of monkey and there is evidence that the
immune response of Aotus to the malarial parasite
differs from that in man. It is questionable, therefore,
whether there is an ideal laboratory model for the
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testing of immunogens in human malarial infections.
Initial considerations of the ethical implications of
experimental immunization in man have been
reported.a

Experimental results on immunization with
irradiated parasites, and observations that challenge
with irradiated parasites results in better stimulation
of the T-cell dependent response than with dead
parasites, suggest that an attenuated parasite may be
a good source of immunogen. Attenuation by
temperature and nutritional changes has been
attained in prokaryotic systems but its use for vaccine
production has not yet been evaluated. It is not
clear how such methods could be applied to malarial
parasites but culture systems provide methods by
which attenuation of the parasite can be studied.

Other parasitic stages
Although currently less promising than the

culture of the erythrocytic stages, continuous
culture of the other stages of the life cycle of malaria
parasites would provide opportunities for practical
advances in understanding the immune response.
Encouraging results towards the interruption of
transmission based on immunization with gamete
antigens have already been obtained. In addition,
experimental sterile immunization, using sporo-
zoites without the use of adjuvants, has already
been accomplished in man. However, vaccina-
tion against non-erythrocytic stages of the parasite
has the disadvantage that application to an entire
population is required for success, rather than
to a limited vulnerable section of the community,
e.g., young children.

APPLICATION OF CULTIVATION TECHNIQUES
TO CHEMOTHERAPY

When considering the application of culture
techniques to the field of chemotherapy, a distinction
should be made between continuous culture and
short-term culture, e.g., Rieckmann's test for drug
sensitivity, as both have distinct practical applica-
tions. Recent advances in the continuous culture of
both P. falciparum and P. knowlesi provide an
opportunity for research on the mode of action of
drugs, as well as on the mechanism and develop-
ment of drug resistance, to be carried out in labor-
atories which previously did not have access either

a WHO Technical Report Series No. 579, 1975 (Report
of a WHO Scientific Group on Developments in Malaria
Immunology).

to human or simian infections. In contrast, short-
term culture has an important part to play in
research in the field, especially in monitoring drug
responses.

Erythrocytic stages
A. Continuous cultivation

Screening of new compounds. Although it is
unlikely that continuous culture in vitro will com-
pletely replace the testing of drugs in vivo, it will
undoubtedly be of value in selective primary
screening, e.g., in primary screening of analogues of
compounds already shown to be active.

It is important to develop systems for the con-
tinuous culture of P. vivax and P. malariae. The
application of simian models (e.g., P. cynomolgi) in
screening has limited value if difficulties are experi-
enced in establishing P. vivax in vitro.
Mode of action of drugs and drug resistance.

Previously, most investigations of the mode of
action of drugs and the mechanism and develop-
ment of drug resistance could be conducted only
in vivo or in short-term cultures. The continuous
culture systems now available provide an oppor-
tunity for the direct study of P. falciparum without
having to make indirect assumptions from the model
systems.
Although it may now be possible to study the

development of drug-resistant lines of P. falciparum
in vitro, the application of such studies to P. berghei,
a parasite about which much is known regarding
drug-resistant strains in vivo, will be limited until a
satisfactory method of culture can be achieved.

Little is known of the gametocytocidal and
sporontocidal action of drugs because of the difficulty
in studying their action in vivo. Development of
techniques for the production of viable gametocytes
in vitro, which now seems possible, will contribute
markedly to this field.

Biochemical studies for rational development of
drugs. Cultivation in vitro provides an opportunity to
study the interactions between host cells and parasites
in vitro without the complications of changes related
to the response of the host. This will allow a better
opportunity for the rational development of drugs
based on a knowledge of parasite physiology.

Culture techniques will allow studies to be made of
the dependence of the parasite on the host cell, as
well as of the alterations to the host cell induced
by the parasite. Such studies might lead to the
detection of differences in metabolic pathways and
enzyme characteristics between host and parasite,
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and the detection of parasite and host cell receptors,
all factors of importance in the rational development
of antimalarial drugs. In addition, future large-
scale culture of P. falciparum could lead to the
fractionation of parasites and to studies on the inter-
actions of drugs with parasite organelles and their
constituent enzymes. Cultures may also provide
ideal systems for the testing of new systems of drug
delivery, such as in the form of " prodrugs" and
liposomes.

B. Short-term cultivation (Rieckmann test)
This very simple technique of incubating infected

blood with both glucose and the drug under test
is widely used in the field for studying the antimalarial
action of drugs against P. falciparum in vitro. It has
considerable advantages of simplicity, rapidity,
and economy, all factors that are important in the
field, but it does have defects. The parasite inoculum
has to be of low parasitaemia and of advanced
trophozoite stage for sufficient schizont development
to occur. This is not too surprising since the only
buffering capacity in the culture is provided by the
serum. However, addition of a zwitterion buffer
such as HEPES (see also page 412) to the culture
may improve the buffering capacity. The test

uses 1 ml of blood per culture and it would be of
great advantage in the field if a microtechnique
using finger-prick blood could be developed. Such
methods, using capillary tubes for the collection of
blood, followed by incubation of the blood in
microculture trays, have already been successfully
used for the growth of P. falciparum in vitro. The
Rieckmann test has also been applied to studies on
P. vivax but with less success than with P. falciparum.
This may relate to differences in the synchrony and
the metabolic rate of the two parasites.

Exoerythrocytic stages

The principles behind the use of cultures of the
exoerythrocytic stages for chemotherapy research
are similar to those outlined above for the erythro-
cytic stages.

Systems for the cultivation of the exoerythrocytic
stages of avian malarial parasites are readily avail-
able, but it is not yet possible to cultivate these
stages of mammalian parasites (see also page 414).

Sporogonic stages

Cultivation of the sporogonic stages appears to
have little direct relevance to chemotherapy at
present.

419


