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A perspective on malaria vaccines

R. S. DESOWITZ1 & L. H. MILLER 2

The data obtained with adjuvant-antigen vaccines against asexual malaria parasites in
different host-parasite systems are reviewed. From these data theproblems associated with
antimalarial vaccine development and testing are considered. The requirement for an
adjuvant to induce immunity and the type of adjuvant required depends primarily on the
host. Since the immune response ofman to malaria vaccines is unknown, it is impossible to
predict which animal infection is most likely to be a faithful model of malaria in man
although it is generally assumed that the monkey is the most appropriate analogue. There-
fore careful studies of the immune response of monkeys to purified malarial antigens are
needed to develop vaccinesfor testing in man.

The need for a vaccine to relieve the current global
resurgence of malaria is apparent to all malariologists.
While we tend to think ofmalaria immunoprophylaxis
as a "new possibility", this goal has been pursued,
albeit spasmodically, for more than 60 years. We also
tend to view the notable recent successes in the
immunoprophylaxis of experimental malarias as
discoveries without precedence whereas, in fact, there
are examples of effective protection being achieved
for avian and primate malarias during the 1930s and
1940s (See reviews by Desowitz (1) and Miller (2)).
Since that time, however, the main research effort has
been directed towards development of antimalarial
drugs and insecticides as the means of malaria control.
Although there has been a marked difference in the

amount of effort devoted to antimalarial drug re-
search and to the development of a vaccine, the inves-
tigational approaches have been essentially similar, in
that both drug and vaccine studies have relied on
screening and evaluation in a series of animal
malarias. The drug development programme is firmly
established; during the past 40 years of intensive
research on synthetic antimalarials a step by step pro-
cedure has gradually been established for the testing of
candidate compounds, leading to a final trial in
human subjects. The experimental infections used
have proved to be faithful models, predictive not only
of drug efficacy but also of dosage and toxicity.

In contrast, there is much less confidence that the
animal malarias are analogous to the human malarias
in terms of their response to candidate vaccine prep-
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arations. No procedure similar to that for the develop-
ment of synthetic antimalarials has yet been estab-
lished for testing vaccines despite the availability and
use of a large variety of experimental infections in
avian, rodent, and primate hosts.

In this paper we have assembled the data obtained
with vaccines in several host-parasite systems and on
the basis of these results we consider the problems
associated with antimalarial vaccine development and
testing, and the possible approaches that will lead to
trials in man. We shall confine our attention to
vaccines that protect against asexual erythrocytic
infections, although those prepared from sporozoites
and sexual forms also show promise.

EXPERIMENTAL ANIMAL MALARIAS FOR
VACCINE DEVELOPMENT

General considerations
Avian, rodent, and primate malarias have all been

employed in the search for a vaccine effective in pro-
tecting man. Virtually all of these experimental
systems have been characterized by a host-parasite
relationship in which the infection pursues a fulminat-
ing course leading to the death of the host. The logic
for this has been that because the primary aim of
immunoprophylaxis is to reduce the mortality and
morbidity caused by Plasmodium falciparum in the
non-immune human subject, the highly pathogenic
experimental infections are assumed to be the most
appropriate models. In addition, there is the belief
that a more potent vaccine is required to overcome a
lethal infection than a non-lethal one. It is also easier
to quantify death than parasitaemia.
The experimental criterion has, therefore, been
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focused on survival and somewhat less attention paid
to parasitaemia. The problem that arises relates to the
different tolerance of non-immune experimental
animals as compared with the non-immune human
subjects. It is well known that birds, rodents, and
monkeys can survive parasitaemias that would be
lethal for man. It is not uncommon for the white rat to
tolerate and resolve a parasitaemia of 50% or the
rhesus monkey a P. coatneyi parasitaemia of 30%.
Highly susceptible experimental animals usually die
only after an unremitting parasitaemia of more than
30% over a period of several days. In contrast, a 4%
parasitaemia of P.falciparum in man is considered to
be potentially life-threatening. Consequently, in
trials, the level of vaccine-induced immunity will have
to keep the parasitaemia below 1 % in human subjects,
and higher levels will necessitate treatment of the
volunteers.

In recent years the trend has been toward the
increased use of and reliance on primate malarias for
vaccine trials, primarily P. knowlesi in the rhesus
monkey and P.falciparum in Aotus. Thus, three
assumptions that have been made in selecting models
for forecasting the effectiveness of a vaccine for
human use are:

1. Vaccines that protect against the more virulent
experimental infections are more likely to be protec-
tive for man.

2. Virulent primate malarias are more faithful
models for vaccine assessment than virulent avian or
rodent malarias.

3. Vaccines protective for Aotus monkeys against
P.falciparum are the most likely to be applicable
in man.

Unfortunately this rather Darwinian view of
immunological responses to vaccines rests on a shaky
foundation. Many uncertainties still surround the
mechanisms involved in the immune response to
natural and experimental infections, and it is not
known to what extent the mechanisms in animals and
man are the same. In addition, there is very little
information on the immune mechanism responsible
for protection following vaccination. It has, for
example, been suggested that the immune mechanism
that operates during a parasitaemic crisis may be
different from the post-crisis immunity that protects
against reinfection (3). If this is true then it is
important to know which mechanism is promoted by
vaccination and whether the responses in rodents,
primates, and man are identical. Until we can make a
rational selection of model systems the pragmatic use
of the three assumptions will have to be continued. We
should, however, be aware of the possibility that
man's response to a malaria vaccine may be more like
that of a mouse than a monkey, or that other primate
malarias, e.g., P. coatneyi in the rhesus monkey, may

possibly be more representative of P.falciparum in
man than is P.falciparum in Aotus.

It should also be recognized that, in an endemic
setting, most of the population will have already
experienced the infection and will have acquired some
degree of immunity, and generally, only infants under
the age of about 1 year will be non-immune. A vaccine
found to be protective for a non-immune adult would
not necessarily be effective in a semi-immune
individual or a non-immune infant. Vaccination of
semi-immune experimental animals and determi-
nation of the age-response of experimental animals to
a vaccine could help establish whether these problems
are likely to be important in the field.

Comparative protection afforded by various vaccine
preparations in different model systems

Some insight into the problems outlined above can
be gained by consideration of the comparative levels
of protection offered by a particular vaccine in various
host-parasite systems. Although a relatively large
number of vaccine preparations have been tested for
their immunogenicity, only a few have been used in a
range of systems. Even for these preparations, it is
difficult to draw any firm conclusions on their com-
parative efficacy since different workers have used
various dose and immunizing regimens, and different
methods of measuring the effects of immunization.

Comparative data are available for formalinized
antigen without adjuvant (Table 1), antigen with
Freund's complete adjuvant (Table 2), antigen with
Bordetella pertussis adjuvant (Table 3), and antigen
with saponin adjuvant (Table 4).
The data presented in Table 1 indicate that birds

and some rodents can be successfully protected with a
formalinized antigen vaccine without adjuvant,
whereas primates cannot. Immunization with vaccines
prepared from formalinized infected red blood cells
and free parasites reduced mortality from 100% to
0-50% in P. cathemerium-canary, P. lophurae-
duck, P. gallinaceum-chicken, P. berghei-mouse,
and P. yoelii-mouse systems.
The response of the mouse to formalinized vaccines

appears to be mouse-strain dependent, despite a
uniform susceptibility to infection. Only 13/o of Swiss
mice that had been vaccinated twice with a formalin-
ized P. berghei antigen survived challenge (4) whereas
33% of C57B1 x Balb/c(F1) (5) and 50% of B6D2
mice (6) survived after being similarly immunized. A
course of immunizing doses given on days 1, 3, 7, and
10 increased the survival rate in the B6D2 mouse to
100/o with suppression of parasitaemia to very low
levels (6), indicating that the number of immunizing
doses is also important. Similarly, all C57B1 x Balb/c
(F1) mice immunized with one dose of formalinized
P. berghei antigen (free parasites) died after challenge
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whereas 33/o of a group given two injections survived
(5). It should be noted that the free parasite antigen
used in these trials was obtained by saponin lysis of
infected erythrocytes. Saponin has been shown to
have a powerful adjuvant effect in the rat-P. berghei
system (7) and it is possible that a small amount was
present, in bound or unbound form, in the vaccines
used by Murphy (6) and Playfair et al. (5).

In contrast, antigen without adjuvant had no pro-
tective effect against P. knowlesi in rhesus monkeys
(8, 9). In one of the few trials of an asexual antigen
vaccine in man, a formalinized antigen was not
immunoprophylactic against P. vivax (10). Probably
the most remarkable result of this trial was that 8
injections of antigen given subcutaneously, intra-
cutaneously, and intravenously over a period of 2
weeks did not cause any marked reactions in the
volunteers.

Although Freund's complete adjuvant (FCA) could
not be incorporated into a vaccine for man its adju-
vant activity in protecting primates against P. know-
lesi and P.falciparum has made it the yardstick
against which other vaccines are measured. However,
there is a wide variation in its activity in avian and
rodent systems and in primates (Table 2). Vaccines
of formalinized antigen with FCA were not more
immunogenic for the duck (P. lophurae) (11) or the
turkey (P.fallax) (12) than the formalinized antigen
alone. In rodents, it is difficult to assess FCA activity
since there have been few experiments comparable to
the monkey trials. Four weekly injections of hom-
ogenized infected blood plus FCA failed to protect
Swiss mice against P. berghei (13). Mitchell et al. (14),
citing the unpublished results of Butcher, state that a
merozoite-FCA vaccine was not protective for mice
against P. yoelii. Details of these experiments were not
given but the vaccinating procedure was probably
similar to that used in their P. knowlesi/rhesus
monkey trials. In the two other rodent trials, on
P. berghei in the mouse (15) and P. berghei in the rat
(7), the FCA-antigen vaccine may have failed because
only a single immunizing injection was given (al-
though in the latter experiments a single injection with.
other adjuvants such as saponin, proved to be highly
protective). Thus, at present, on the basis of relatively
scanty experimental evidence it seems that FCA does
not have an adjuvant effect in rodents.

In contrast, rhesus monkeys can be protected
against P. knowlesi only when the vaccine incorpor-
ates FCA. The antigen preparation seems to be less
important than the adjuvant and high levels of protec-
tion (60-1000o survival with 1007. peak parasitaemia)
have been afforded with formalinized infected eryth-
rocytes (8), free parasites (9), freeze-thawed schizonts
(16, 17), merozoites (17), and a fraction of soluble
parasite extract (18) in FCA or FCA followed by FIA
(Freund's incomplete adjuvant). Similarly, Aotus has

been protected against P.falciparum with a vaccine
composed of FCA and merozoites or merozoites and
schizonts (14, 19). However, Voller & Richards (20)
failed to protect Aotus with a vaccine of FCA and
formalinized infected erythrocytes, a preparation that
Freund et al. (8) found to be effective against
P. knowlesi in the rhesus monkey. Reese et al. (21)
recently reported that P.falciparum merozoites
derived from parasites maintained in culture for one
year were ineffective as an immunogen in FCA fol-
lowed by FIA, although a larger inoculum of immun-
izing parasites in muramyl dipeptide and mineral oil
induced partial protection. Thus the available data
indicate that there is some difference between the
immunological response of the rhesus monkey to a
P. knowlesi vaccine and that of Aotus to a
P.falciparum vaccine. It is not known whether man
will react like an Aotus or a rhesus monkey or in some
other way. Furthermore, work is needed to determine
whether P.falciparum parasites decrease in immuno-
genicity after repeated subculture.
The differences that may occur in adjuvant activity

are exemplified by Bordetella pertussis (Table 3).
When added to antigen derived from P. berghei or
P. yoelii, a single injection of the vaccine provided a
relatively high level of protection in the mouse and rat
(7, 22, 23). In contrast, the single trial of B. pertussis
in primates showed that it had no adjuvant effect on a
P. knowlesi-merozoite vaccine (24). Neither the
rhesus nor the kra monkey was protected by this
vaccine, even after three immunizing injections.

This difference in adjuvant effect gives rise to a
problem that is bound to recur in considering vaccines
for human trials. B. pertussis is one of the very few
adjuvants that can now be used in man, yet it does not
appear to be effective against P. knowlesi in rhesus
monkeys. Should we, therefore, proceed to give it a
human trial in a P.falciparum vaccine on the basis of
its activity in rodent malaria vaccines or dismiss it
because of its failure in the P. knowlesi screen? Since
virtually nothing is known of the similarity of
response to any vaccine between man, monkey, and
rodent, B. pertussis might be considered for trial in
man if a safe P.fakciparum antigen were available.

Saponin (Table 4) is a surfactant and belongs to a
different family of adjuvants than either FCA or
B. pertussis. Saponin had no effect when incorporated
in a P. gailinaceum vaccine, i.e., it did not give any
greater protection in chickens than antigen without
adjuvant (25). However, when incorporated into a
non-living P. berghei vaccine, it potentiated a very
high level of protection in young rats after only one
immunizing injection (7,26). There has been only one
trial of a saponin vaccine in primates (24), in which
2 kra monkeys vaccinated with two injections of a
vaccine consisting of saponin and P. knowlesi mero-
zoites developed, after challenge, a patent para-
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sitaemia of less than 0.01 %, for not more than 2 days.
These monkeys were also highly protected against a
second challenge, 100 days later, while those
inoculated with a FCA-merozoite vaccine developed a
chronic infection upon heterologous rechallenge.

Standardization of vaccine trials in animals
Although the potency of antigens and adjuvants

must eventually be compared in a single facility under
standard conditions, their evaluation would be greatly
simplified by uniformity of reporting. This reporting
should, when possible, include indicators of toxicity
as well as efficacy.
There should be a quantitative estimate of the

antigen used. For whole parasite or merozoite prep-
arations, this should include the number of parasites
injected, while for cell-free preparations the amount
of protein in the vaccine should be estimated. The
methods of preparation and storage should be clearly
described. In principle, saponin should not be used in
lysing infected red cells as some may remain in the
membrane and act as an adjuvant. Since adjuvants do
not always destroy infectivity, parasites should be
inactivated by irradiation or chemical modification
(e.g., formaldehyde treatment). Immunization with
live parasites suppressed by chloroquine is to be
discouraged as transient infection may boost
immunity. Blood films should be obtained during the
vaccination period to detect infection.

After challenge, preferably by the intravenous
route, the features to be observed should include
prepatent period, peak parasitaemia, length of
parasitaemia, and mortality. In animals that survive,
the parasitaemia should be followed for at least two
months to monitor any recrudescence. Since monkeys
are a scarce resource, the parasitaemia should be
treated when it reaches approximately 20%, in order
to save the animals. Infections that reach this stage
should be considered as a vaccination failure. Blood
films should be obtained at the same time each day,
especially in synchronous infections such as
P. knowlesi. In this case, afternoon smears are prefer-
able when schizont rupture and merozoite reinvasion
are complete so as to minimize the effect of schizont
sequestration on parasitaemia.
Although initial trials are primarily for testing of

efficacy, reports should include indications of toxicity
such as changes in haematocrit or weight of the
animals during the vaccination and challenge period.
The injection site should be examined repeatedly for
reaction to adjuvant or antigen.

PRESENT PROBLEMS, ANTICIPATED DEVELOPMENTS,
AND FUTURE NEEDS

Despite the recent encouraging results of immuno-
prophylaxis in experimental systems, malaria vaccine

is still in the early stages of development. With the
exception of the partially purified soluble antigen
isolated by the New Mexico group (35), all vaccines
used to date have consisted of inactivated or killed
whole parasites or their homogenates. These antigens
are unacceptable according to the very reasonable
guidelines formulated in October 1978 at an NMRI/
USAID/WHO Workshop on the Immunology of
Malaria (27) for criteria to be met before a vaccine is
tried in human volunteers. The criteria considered to
be essential are:

1. The cellular substrates and reagents from which
the antigens are prepared should be free from adventi-
tious agents and extraneous antigens.

2. The final product should be free from materials
known to be harmful for man. Extraneous antigens
known to cause allergic reactions in man should be
excluded.
Thus vaccines derived from asexual stages, includ-

ing merozoites, must be free of erythrocyte antigen
and contaminating viruses, such as the hepatitis virus.
Moreover, these "total antigens" must prove to be
non-toxic in that they do not produce any unaccept-
able effects such as high fever, profound or prolonged
anaemia, or other haematological abnormalities. The
supply of immunogens with these properties from
present culture systems is difficult and it will require
great technical advances before suitable immunogens
can be obtained in sufficient quantity.

Although a whole parasite preparation may be used
for the initial trials in man, we anticipate that it is more
likely that a purified antigen, i.e., an isolated,
immunogenic component, will eventually be used in
vaccines. To date only one such purified protein has
been isolated. Kilejian (28) has isolated a histidine-
rich protein that was immunoprotective for ducks,
from the granule within P. lophurae asexual forms. It
seems likely that similar immunogenic proteins will be
isolated from other malarias including those of man.
The remarkable advances in immunological tech-
niques are just beginning to be applied to isolation of
plasmodial antigens and we foresee a burgeoning of
this effort. Purified antigens, free of host cell
materials, could be isolated by monoclonal antibodies
produced by hybridomas using affinity chroma-
tography. It is anticipated that within a relatively short
time, an extensive family of purified antigens will be
isolated by the use of hybridoma and other techniques
and will require testing for immunogenicity, mainly in
primates. Even more exciting is the possibility that an
immunogen can be produced by recombinant DNA
technology, a method that would circumvent the
problems and costs associated with present in vitro
culture methods.
The ideal vaccine will consist of an isolated,

purified, non-toxic, parasite antigen, whose potency
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will be stable after preservation and will be immuno-
genicperse, i.e., it will not require an adjuvant. In the
foregoing discussion we indicated our belief in the
existence of proteins that fulfil most of these ideals
and that can be isolated by available techniques. The
property for which we hold the most doubt is immu-
nogenicity. It may be that most currently available
whole-parasite antigens without adjuvant (particu-
larly those prepared from primate malarias) have
failed because of the presence of antigenic
components that depress or in some other way inter-
fere with the immune response. If this is true a purified
antigen could be more immunogenic than an antigenic
mixture. However, it is more likely that purified
antigens will require an adjuvant and as we note
elsewhere in this paper, adjuvant research presents a
set of problems that are different from and in many

respects independent of those of antigen research.
There is, then, a high probability that man can be

protected against malaria by vaccination, since it is
unlikely that his immune response differs radically
from that of the successfully immunized lower
animals. The present quandary is related to our
inability to predict which vaccine preparation would
be effective. The data reviewed in this paper indicate
that vaccines effective against one experimental
malaria may not be effective in another system. Until
faithful models of human malarias have been identi-
fied-and this can only come about after vaccination
trials in human subjects-the net should be cast wide
and all proven safe vaccine preparations, whatever
their experimental derivation, should be considered
for trial in man.

RtSUM1I

PERSPECTIVES EN MATIERE DE VACCINS ANTIPALUDIQUES

Nous avons reuni les resultats obtenus avec plusieurs
vaccins, constitues d'antigene et d'adjuvant, contre les
formes asexuees des plasmodiums dans differents systemes
h6te-parasite. Des donnees comparatives sont presentees
pour les types de vaccins ci-apres: antigene formole sans
adjuvant, antigene avec adjuvant de Freund complet,
antigene avec Bordetella pertussis comme adjuvant, et
antigene avec saponine comme adjuvant.

L'immunisation A l'aide de vaccins prepares A partir
d'erythrocytes infectes et de parasites formoles, sans
adjuvant, reduit la mortalite dans le paludisme aviaire et
celui des rongeurs. Chez la souris, la reponse semble etre
specifique de la souche de souris, bien que la sensibilite A
l'infection letale soit uniforme chez les animaux non
immunises. Au contraire, I'antigene sans adjuvant n'a pas
d'effet protecteur contre l'infection A Plasmodium knowlesi
chez le singe rhesus ou contre P. vivax chez l'homme.
La reponse aux vaccins avec adjuvant depend principale-

ment de l'h8te immunise. II existe une discordance
apparente en ce qui concerne l'antigene en adjuvant de
Freund complet, dans ce sens qu'il protege les primates,
mais que l'adjuvant n'augmente pas l'immunogenicite dans
les systemes aviaires ou de rongeurs. Le cas de Bordetella
pertussis fournit d'autres exemples des differences dans
l'activite adjuvante qui peuvent s'observer selon les hotes.
En effet, lorsqu'on l'ajoute A un antigene provenant de
P. berghei ou de P. yoelii, le vaccin procure un niveau de
protection relativement eleve dans le paludisme des
rongeurs. En revanche, il n'a pas d'effet adjuvant sur un
vaccin constitue de merozoites de P. knowlesi, chez les
primates. La saponine, substance tensio-active, potentialise

la reponse immunitaire aux antigenes du paludisme tant chez
les rongeurs que chez les singes.

D'apres ces donnees, il est evident qu'on en n'est qu'au
seuil de la mise au point de vaccins antipaludiques. Les
preparations d'antigene utilisees jusqu'ici sont des isole-
ments de parasites bruts, contamines par des erythrocytes de
l'hte et d'autres substances etrangeres. Les composants
immunogenes des preparations de parasites n'ont pas W
identifies. De plus, les antigenes necessitent vraisemblable-
ment un adjuvant, mais on n'a pas encore determine lequel
serait l'ideal pour l'utilisation chez l'homme. Comme il n'a
pas e procede A des essais de vaccins chez l'homme, il est
impossible de savoir A l'avance quel paludisme animal
constitue un modele fidele du paludisme humain, c'est-A-
dire laquelle, des reponses aux adjuvants chez le singe ou
chez les rongeurs, se rapproche plus de celle de l'homme.

Malgre ces difficultes et les incertitudes evidentes, il est
encourageant de noter que chacun des systemes animaux
immunises a e protege soit par l'antigene seul, soit par
l'antigene avec adjuvant. I1 est hautement probable,
croyons-nous, qu'il sera possible de proteger les etres
humains contre le paludisme par la vaccination. Les progres
remarquables qu'ont connus les techniques immunologi-
ques commencent seulement A etre appliques A l'isolement
de l'antigene de plasmodium. On peut s'attendre A ce que,
dans un avenir relativement proche, une vaste famille
d'antigenes purifies soit isolee grace A l'utilisation
d'anticorps monoclonaux provenant d'hybridomes. Les
antigenes purifies de P.falciparum, s'il se verifie qu'ils sont
des vaccins efficaces chez le singe et exempts d'effets
secondaires nocifs, pourraient etre eprouves chez l'homme.

Of0V
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