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Recombinant proteins directed against the circumsporozoite (CS) protein of Plasmodium vivax were tested
for safety, immunogenicity, and efficacy in Saimiri sciureus boliviensis monkeys. The monkeys were
immunized 3 times with either alum or muramyl tripeptide as adjuvant, and were challenged with 10000
sporozoites (P. vivax, Salvador I strain) from mosquitos infected by membrane feeding on gametocytes
from chimpanzees. Antibodies, measured by indirect immunofluorescent antibody tests and enzyme-linked
immunosorbent assays, were induced by all the vaccines. Six of 42 monkeys immunized with recombinant
or synthetically produced vaccines were protected. Two of 6 monkeys immunized with irradiated sporozo-
ites were protected. Saimiri appear to be less susceptible than are humans to sporozoite infection.
Therefore, the predictive usefulness of this model must await the results of comparable trials in monkeys
and humans.

Introduction
When developing recombinant and synthetic peptide
vaccines that induce protective antibodies to circum-
sporozoite (CS) proteins of Plasmodium falciparum
and P. vivax, the goal is to identify and produce a
vaccine that will be safe, immunogenic, and efficacious
in humans. Remarkable progress has been made in
describing the molecular make-up of the surface pro-
tein of the sporozoite, the main target of such a
vaccine, but the immunological function of the ele-
ments of the CS protein has not been determined.
Studies with mice, rabbits, and non-human primates
should greatly help to identify and select the parts of
the CS molecule essential to an effective vaccine.

Studies with nonhuman primates allow testing
and development of antisporozoite vaccines in
conjunction with trials in human volunteers. How-
ever, primate models are much less susceptible to
human malaria parasites than the natural host and, at
present, the interpretation of immunization results in
monkeys is handicapped by the lack of correlative
experience in humans. Once immunological para-
meters of human infection are identified, non-human
primate studies will become much more meaningful.
In the meantime, applicable models are being identi-
fied and studies initiated with New World monkeys.

As a result of extensive attempts to transmit
P. falciparum, it was concluded that none of the
available host-parasite models was usable. Transmis-
sion was most readily obtained using Aotus lemurinus
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griseimembra, a monkey species no longer available
from the wild and with only very limited availability
from laboratory breeding. A transmission rate of
approximately 85% occurred following the inocu-
lation of large numbers of sporozoites of the Santa
Lucia strain of P. falciparum. Transmission of other
strains of this parasite to other species of non-human
primates has been rare. We therefore concentrated
our efforts on P. vivax for developing systems to test
antisporozoite vaccines.

Methods and results
Four subspecies of Aotus were tested for susceptibility
to infection by sporozoite inoculation with different
strains of P. vivax (Table 1) (1-8). Not all monkeys
were susceptible; some strains or isolates of P. vivax
were more infective than others. We do not know if
some monkeys develop parasitaemia and others do
not because of differences in the ability of the parasites
to develop in the hepatocytes of different monkeys or
because of the susceptibility of their red blood cells to
infection by merozoites released from the schizonts
developed in the liver.

The percentage of successful transmission of in-
fection to Aotus monkeys was too variable (43.6%) to
consider using them in statistically meaningful trials
of sporozoite vaccines; thus, other monkey species
were evaluated. After some successful studies with
Saimiri (9), a concerted effort was made to identify
strains of P. vivax that would predictably infect this
host and under what conditions. Because many
S. sciureus boliviensis monkeys were most readily
available, studies were concentrated on this host. The
Chesson strain of P. vivax, extensively studied in
human volunteers between the 1940s and 1960s for
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Table 1: Transmission of Plasmodlum vivax to different species of Aofus via sporozolte Inoculation

Karyotype

VI
11, Ill, IV

V, X, Xi

Species of Aotus

A. azarae boliviensis
A. lemurinus griseimembra
A. nancymai
A. vociferans

Total

a Successful transmission/number attempted.
b Days after sporozolte inoculation.

the development of antimalarial drugs, was con-
sidered the prime candidate. The strain is character-
ized by frequent relapses from the fixed tissue; this
characteristic may prove useful to determining the
effect of antisporozoite immunity on the survival of
primary as well as latent forms of the parasite.

Transmission studies of the Chesson strain para-
sites to splenectomized S. sciureus boliviensis were
disappointing (10). Not all animals developed a
detectable level of parasitaemia despite inoculation
with a million or more sporozoites. The infections
were characterized by long periods of low-density
parasitaemia and by a moderate maximum parasite
density. We have discontinued our studies with the
Chesson strain in Saimiri monkeys, but serial sporo-
zoite transmission may yet demonstrate the usefulness
of this model.

The Salvador I strain of P. vivax also was exam-
ined in S. sciureus boliviensis. This strain induced
high-density infections in all animals that received
large numbers of sporozoites (Table 2) (11). Following
the inoculation of approximately 100 000 sporozoites,
the prepatent periods ranged from 14 to 22 days.
Injection of serial 10-fold dilutions of sporozoites
extended the prepatent periods and resulted in the
appearance of low-density or aborted (transient) in-
fections, or no infection at all. Criteria for measuring
inactivation of sporozoites included no infection, ex-
tended prepatent period, and low-density or transient
infection. Why transient infections occurred is yet to

No. of

attempts8

11/21
67/152
7/17
3/12

88/202

Prepatent periodb

Range

12-58
14-55
23-57
16-18

12-58

Mean

22.3
24.7
31.5
16.7

24.6

be determined; however, they are definitely associated
with the injection of fewer sporozoites. Because many
animals would have been needed to identify and
characterize other parasite strains, no further studies
were made to select alternative models.

Having identified a usable model, we initiated
studies to determine the safety, immunogenicity, and
efficacy of recombinant subunit vaccines directed
against the CS protein of P. vivax. Five products were
tested; with two recombinant vaccines, both alum and
muramyl tripeptide were tested as adjuvants. Our
premise was that S. sciureus boliviensis monkeys
would develop high-density infections if inoculated
with adequate numbers of sporozoites. Any marked
reduction in the number of sporozoites due to im-
munological activity would result in no infection, a
longer prepatent period, or transient infection.

Because the blood-stage infection in spleen-intact
monkeys is very unpredictable, all the monkeys were
splenectomized at 6 or 7 days after sporozoite chal-
lenge when exoerythrocytic schizont development
was nearly complete. This allowed for maximum sero-
logical response and the maximum effect of immuno-
logical activity on sporozoites and on exoerythrocytic
development.

In the initial trial, 12 monkeys were immunized
(12) with the recombinant VIVAX-1, derived from
plasmid-transformed yeast and consisting of approx-
imately 60% of the length of the CS protein. This
recombinant protein contains all the repeats of the

Table 2: Transmission of Plasmodlum vivax (Salvador I strain) to Salmirl aclureus boliviensls monkeys

No. of successful Prepatent period Peak level of
No. of sporozoites attempts Range Mean parasitaemia8 Dayb

100000 10/10 14-22 16.6 103000 50.5
10000 5/5 15-23 19.4 68100 45.8
1 000 4/5 24-35 28.3 61 100 58.3

" Number of parasites per mm3 of blood.
b Number of days after sporozoite inoculation.
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molecule plus 15 amino acids of the amino-terminal
and 48 amino acids of the carboxy-terminal sequences
that flank the repeat region. Twelve additional mon-
keys were immunized with NS181V20, a fused protein
produced in Escherichia coli that contains the repeat
region of the CS molecule plus 81 amino acids derived
from a nonstructural gene (NS1) of the influenza A
virus.

The vaccines were combined with either alum or
muramyl tripeptide (MTP) and administered three
times. The second and third immunizations were
made 6 and 12 weeks after the primary immunization,
and challenge was with 10000 sporozoites injected
intravenously 2 weeks after the final immunization.
Control animals were immunized with alum or MTP
or were not immunized. An additional positive con-
trol group of 6 monkeys were immunized by inocu-
lation with irradiated sporozoites.

In a second trial, two additional vaccines
(VIVAX-2 and VIVAX-3.1) were tested using the
same procedure, but using 9 animals per group and
with alum as the only adjuvant. Both vaccines are
based on the initial VIVAX-1 molecule; however,
VIVAX-2 has a C-terminal extension that includes
the putative T-cell epitope. This recombinant protein
contains 258 amino acids and includes the entire
repeat region of the P. vivax CS protein. The VIVAX-
3.1 vaccine is a chemically synthesized molecule that
covers the same C-terminal region that VIVAX-2
does and contains one of each of the repeats and the
N-terminal region. Control animals received no im-
munization or were immunized with alum. The im-

munization schedule was the same as in the first trial.
However, challenge by intravenous inoculation with
sporozoites of the Salvador I strain was at 4 weeks
after the third immunization.

Studies of haematological parameters and blood
chemistry studies indicated no serious effects from any
of the vaccines. Thus, there was no indication that the
products were unsafe for primates.

Serological studies included enzyme-linked im-
munosorbent assays (ELISA) with the VIVAX-1,
VIVAX-2 or VIVAX-3.1 proteins and indirect im-
munofluorescence assays (IFA) with glutaraldehyde-
fixed sporozoites of the homologous strain parasites.
Splenocytes obtained 6 or 7 days after sporozoite
challenge when all monkeys were splenectomized
were used to conduct lymphocyte proliferative assays
using VIVAX-1 antigen.

Immunogenicity is always difficult to interpret
since we are still unsure as to which serological test is
the most indicative or predictive of protection. All 42
monkeys that received the recombinant or chemically
synthesized vaccines with alum or MTP developed
sporozoite antibodies by the day of challenge (Table
3). Higher ELISA titres were obtained from those that
received alum. None of the 35 control animals had
a positive serological response. Antibody titres in-
creased after the second immunization, but then failed
to rise and, in some cases, decreased after the third
dose of vaccine. Whether this was due to the nature of
the vaccines or to the restrictive capability of the host
has yet to be determined. The highest IFA responses
were obtained with serum samples from the 6 mon-

Table 3: Serological and parasitological results of vaccine trials directed against the CS protein of Plasmodlum vivax
using Salmirl monkeys

No. of Antibody titre
No. Transient Prepatent period

Antigen Adjuvant animals IFAa ELISAb protected infection Range - Mean

Irrad. sporo. None 6 28 960 924 2 (33%) 1 17-44 29.0
VIVAX-1 Alum 6 5 120 1 055 1 (17%) 3 22-28 22.4
VIVAX-2 Alum 9 2 370 6 912 2 (22%) 2 16-24 21.1
VIVAX-3.1 Alum 9 235 12 800 0 1 19-28 23.6
NS151V20 Alum 6 5 120 2 992 0 0 15-22 17.5
VIVAX-1 MTP 6 403 169 2 (33%) 2 17-34 25.5
NS181V20 MTP 6 80 126 1 (17%) 0 16-22 19.4

Total 48 8 (17%) 9 (19%) 16-44 22.6

None Alum 14 <20 <25 1 (7%) 3 14-39 21.2
None MTP 6 < 20 < 25 0 3 14-25 20.2
None None 15 <20 <25 0 2 15-38 21.0

Total 35 <20 <25 1 (3%) 8 (23%) 14-39 20.9

a Twofold dilutions of sera were tested in fluorescent antibody tests, starting at 1: 20, with glutaraldehyde-fixed sporozoites: titres shown
are for day of challenge.
b ELISA titres are expressed in OD units (the dilution of sera that gave an optical density of 1.0).
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keys immunized with irradiated sporozoites. There
was no indication of an enhanced cell-mediated re-
sponse after immunization with any of the vaccines.

For this model system, the primary measure of
efficacy was the inhibition of infection, although
marked reduction in the prepatent period or transient
infection was considered an indication of antisporo-
zoite activity. With the VIVAX-1 vaccine (Table 3), 2
of 6 animals immunized with MTP and 1 of 6 immun-
ized with alum did not develop a detectable level of
parasitaemia during a 56-day observation period.
Two of 9 animals immunized with VIVAX-2 vaccine
also were totally protected. One of 6 monkeys immun-
ized with NS181V20 and MTP was protected. In
addition, one of the alum control monkeys did not
develop a detectable level of parasitaemia.

Monkeys immunized with VIVAX-1 and MTP
were protected at the same level as were the monkeys
that received irradiated sporozoites, although the IFA
response was markedly higher in the latter. Some
animals in both the immunized and control groups
developed low-density transient infections. Such infec-
tions occurred as frequently in the control monkeys as
in the immunized monkeys: 23% and 19%, respect-
ively. We believe, therefore, that such infections will
occur in this system in approximately 20% of mon-
keys that receive 10000 sporozoites. Increasing the
number of sporozoites used for challenge would prob-
ably reduce or eliminate the number of such infec-
tions; however, whether such an increase would also
reduce the number of protected monkeys remains to
be determined.

Thus, six monkeys were protected from infection
after immunization with VIVAX-1, VIVAX-2, or
NS18jV20 vaccine. However, there was no correla-
tion between protection and antibody titre measured
by ELISA or IFA tests.

A second, and perhaps more sensitive measure
of the efflicacy of these vaccines to induce protection,
is the in vitro inhibition of exoerythrocytic
schizont development in primary cultures of Saimiri
hepatocytes. The details of this procedure, recently
developed by Millet and others, will be reported
elsewhere (see pp. 60-65 in this supplement).

Determining the relationship between these re-
sults and those obtainable in man must await human
trials. Only then will it be possible to define clearly the
meaning and significance of the serological studies,
the invasion inhibition results, and the protection
obtained in this non-human primate model system.
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