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Duration of immunity following a single vaccination
with irradiated sporozoites of Plasmodium berghei*

N. D. PACHECO, ' E. MCCONNELL,2 & R. L. BEAUDOIN3

A rodent modelofsporo-oi:e ilnmun4ation against malaria basedon asingle immuniz-
ing dose is described. The duration ofprotective immunity was measured as afunction of
dose, and the results suggest thar the percentage ofprotection follows a bimodal distribu-
tion. The first peak occurs between days 7-12 after immunization, while the second peak
occurs at approximately 28 days. Although the percentage ofprotection declines steadily
after thesecondpeak, somne imnmunity wasdetectableas longas 140daysqfrerimmunization
with the higher doses.

Rodent malaria provides an ideal system for exper-
imental studies on sporozoite immunization against
malaria, and indeed most workers in this field have
adopted immunization models that are based on the
Plasmodium berghet, Anopheles stephensi, and
mouse system.
The first report of successful immunization against

P. berghei established that measurable protection
would result from a single dose of irradiated sporo-
zoites (1). However, in an effort to improve protec-
tion, later workers increased the number of doses and
were able to produce life-long immunity in mice (2,
3). This success provided the impetus for later trials in
man and nonhuman primates; and, although protec-
tion was observed following immunization with
sporozoites of P.falciparum (4, 5), P. vivtax (6), and
P. cynomolgi (7), discrepancies between the design
and results of these studies and those xz ith the existing
mouse model suggested that a new model based on the
rodent system was needed.
The present study describes such a model and is ap-

propriate for clarifying the influence of dose, booster

* This work was supported by the Naval Medical Research and
Dcvciopment Comrnand, Work UniL No. ZFS1.524.009 0072 The
opinions or aiscrttons contained herein are the pr,Nate ones of the
authors and are not to be construed as offlcial or reflecting theC views
of the US Navy orthe naval seniceatlarge Thc experimenLs reported
hercin were conducted according to the principles set forth in the
Ourde for the care and use of laboratory animals, prepared by the
Institute of Laboratory Resources, National Research Council, and
published by the US DepartmenL of Hcalth. Education, and Welfare,
Bcthesda, MD, 1978 (DHEW Publication No. (NIH) 78-23).

Research Biologist, Malaria Dlvision, Immunoparasitology
Department, Naval Medical Research Inutitute (NMRI). Bethesda,
MD 20014, USA.

Head, Entomology Branch of the Malana Division, NMRI.
Head, Malana Division, NMRI.

interval, and antigen preparation on the stimulation
and duration of protective immunity.

MATERIALS AND METHODS

Anophelesstephensi mosquitos infected for 21 days
with P. berghei were irradiated at 80 Gy (8000 rad) at a
rate of 8 Gy (800 rad) per min for 10 min with a
cobalt-60 irradiator located at thc Armed Forces
Radiobiology Research Institute, Bethesda, MD,
USA. The sporozoites were then removed from the
whole mosquitos by grinding in a mortar and pestle
and were separated from mosquito debris by centri-
fugation in a discontinuous gradient (8). The result-
ing sporozoites were counted with a haemocytometer
and diluted to provide doses of 1000; 4000; 8000;
16 000; 32 000 and 64 000 sporozoites per 0. I ml for
the appropriate experiment. Doses of irradiated
sporozoites were inoculated intravenously into
groups of NIH/NMRI mice. Sporozoites from non-
irradiated mosquitos of the same cage were separated
and injected into other mice as controls to assure that
sporozoites were viable beforc irradiation. From
1-233 days after immunization, mice were challenged
intravenously with 30 000 viable, nonirradiated
sporozoites haivested in the same manner as the ir-
radiated sporozoites used for immunization. Normal
mice of the same age as the experimental mice were
also inoculated with challenge doses as controls.
Blood samples were taken 7 and 14 days after chal-

lenge. stained with Giemsa stain, and examined for
parasites. Any mouse that gave negative findings in
both examinations was considered immune.
A series of 5 experiments was designed to study in

detail the response to immunization with a single dose
of irradiated sporozoites. Experimental protocols
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were modified in order to control as many procedural
variables as possible (Fig. 1).
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Fig. 1. Protocols for single-dose immunization studies. In
every experiment, mice were inoculated on day 0 and
samples of these mice were challenged on days indicated by
the arrows. Experiment 1 consisted of groups of 120 mice
inoculated on one of 7 different dates. In each group, 20
mice were inoculated with 1 000, 4 000, 8 000, 16 000,
32 000, or 64 000 irradiated sporozoites Ten inoculated
mice from each dose were challenged on the day indicated
by the first arrow and the other 10 on the day indicated by
the second arrow. In experiment 2, three groups of 100 mice
were inoculated with 1 000, 8 000 or32 000 irradiated sporo-
zoites and 5 mice from each group were challenged again on
each day marked with an arrow. Experiment 3 was similar to
2 but the immunizing doses were 4 000, 16 000, or 64 000
and the challenge days varied somewhat. Experiments 4 and
5 were identical though started 6 weeks apart. In each of
them, 200 mice were immunized with 16 000 irradiated
sporozoites. A sample of 10 mice was challenged from each
experiment weekly for 20 weeks.

Experiment I

Se,ven groups of 120 mice each were used, providing
20 mice per group for each of the 6 immunizing doses.
All mice were vaccinated, followed by a challenge of
30 000 nonirradiated sporozoites per mouse 1-84
days later. For example, in one group, 20 mice welc
immunized per dose on day 0; 10 of these were then
challenged on day 1 and the other 10 on day 2.
Because the total number of mice in this experiment
could not be accommodated at one time, a group was
immunized on each of 7 different dates, necessitating
the use of 7 different batches of sporozoites.

Experiment 2

This experiment was designed to eliminnate any
variation in response resulting from differences in

batches of sporozoites used in preparing the vaccine
as described in experiment 1. Three groups (100 per
group) were each immunized with 1000; 8000 or
32 000 sporozoites per mouse, prepared from the
same batch of infected mosquitos and samples of 5
immunized animals from each group were challenged
2-233 days later.

Experiment 3
In an experiment similar to experiment 2, 3 groups

of 100 mice each were immunized with 4000; 16 000
or 64 000 sporozoites per mouse, again prepared from
a single batch of infected mosquitos, and samples of 5
immunized mice per group were challenged 2-231
days later.

Experiment 4

This experiment further defined the protection con-
ferred by a single dose of 16 000 sporozoites. A group
of 200 mice was immunized with 16 000 sporozoites
per mouse and, once a week for 20 weeks, 10 mice were
randomly selected from this group and challenged.

Experiment 5
Experiment 4 was repeated 6 weeks after its in-
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Fig. 2. The percentage of protection following challenge
conferred by the 6 immunizing doses from experiments 1, 2,
and 3. The upper curve (circles) is the combined response
(mean ± standard error) of the 16 000, 32 000, and 64 000
sporozoite vaccinating doses and the lower curve (squares)
is the combined response of the 1000, 4000, and 00 vac-
cinating doses
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itiation. Because the experiments overlapped, sporo-
zoites from the same separation could be used for
both challenges (e.g., challenge 7 at 49 days after
immunization in experiment 4 and challenge I at 7
days after immunization in experiment 5). Differ-
ences in response, due to time between immunization
and challenge, were expected. However, the design of
these two experiments eliminated the challenge sporo-
zoites as the cause of any unusual variance.

RESULTS

For the sake of clarity, the protective responses to
the 3 higher immunizing doses have been combined,
as have the 3 lower doses (Fig. 2). Immunization of
mice using single vaccine doses of 16 000, 32 000, and
64 000 irradiated sporozoites in experiments 1, 2, and
3 produced arapid riseinmean protection asmeasured
by survival of mice following challenge with 30 000
nonirradiated sporozoites. Protection increased from
O'o for mice challenged on day 2 following immuniz-
ation to 92% for those challenged on day 7 (Fig. 2).
Mean protection remained above 90°.o until day 12.
after which it fell to below 80/c and slow'ly tapered
off. Mean protection from immunizations with 1000,
4000, and 8000 sporozoites per mouse also rose
rapidly, but did not reach a peak until days 11 and 12
when 55%o of the mice challenged were protected.
There was a rapid fall, then a second, gradual incrcase
between days 15 and 25, followed once again by a de-
cline in the percentage of protection.

Results from experiments 4 and 5, in which immu-
nization was restricted to single doses of 16 000 ir-
radiated sporozoites, paralleled the results for that
same dose level in experiments 1 and 3. For con-
venience, the responses for the immunizing dose of

16 000 sporozoites in all 4 experiments were averaged
and plotted (Fig. 3). A rapid rise, peak, and decline in
protection occurred, followed by a second, noticeable
rise in the percentage of protection beging between
days 15 and 20, and reaching a peak around day 30. A
gradual decrease in protection occurred after day 30,
dropping to a level of approximately 10(/ 140 days
after immunization. Fluctuations occurred in this
gradual decrease, especially at 90 days.
Comparison of the results of paired challenges of

the overlapping experiments 4 and 5 demonstrates
that longitudinal variation in protection was not due
to corresponding variation in infectivity of the chal-
lenge inoculum (Fig. 4).
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Fig. 4. The percentage of protection from challenges in
experiments 4 (circles) and 5 (squares) which overlapped is
compared to determine the effect of challenge sporozoites.
The challenges from each experiment connected by a
dashed line used viable sporozoites from the same sporo-
zoite separation procedure.

DISCUSSION

Single immunizations with 1000 to 64 000 irradiated
sporozoites were followed by the early appearance of
protection to challenge. At dosage levels of 16 000,
32 000. and 64 000 sporozoites, protection reached a
peak of approximately 95%o in 7-12 days following
immunization. These results agree with those of
Nussenzweig et al. (9) in that nearly 100%o of their
mice were protected when challenged 7 days after im-
munization, and this protection decreased after
several ,veeks. At the lower dosage levels of 1000,
4000, and 8000 sporozoites in our experiments, peak
protecton of approximately 55% was slightly de-
layed, appearing on days 11 and 12. In the majority of
experiments, a rapid decline in protection observed
after 12 days was followed by a significant increase in
protection between days 25 and 30. Following this

DAYS BETWJEEN VMACC1AT10N AND CHA 1LENGE

Fig 3. This curve shows the mean percentage of protection
± standard error follow;ng challenge of the mice vaccinated
with 16 000 sporozoites in experiments 1, 3, 4, and 5.
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second rise in the percentage of protection, there was
a slow decline in measurable immunity as expected,
although immunity was still demonstrable as long as
140 days after immunization.

This second rise in protection was clearly apparent
when the response to the 16 000 immunizing dose was
carefully studied (Fig. 3). This second peak occurring
at 28 days was 77.5%7, which approaches the 85%
protection level seen on day 7. The reason for this
second peak is not understood, although several ex-
planations are possible. There may be a second phase
of antigen release from persisting parasites in the
liver, which might act as a booster. This hypothesis is
suggested by the observations of Vanderberg et al.
(10) and Warren et al. (11), who reported early
exoerythrocytic forms persisting in animals injected
with irradiated sporozoites and who postulated that
they might exercise a protective role. Another pos-
sibility is that the second rise in protectiorn may be as-
sociated with changes in immunoregulatory mechan-
isms. Or again, there may be an additive effect of age-
related immunity developing as the mice mature at
2J-3 months, since all experiments were begun with
6-week-old mice, and their approximate age 28 days
after immunization would correspond to this matur-
ation period. The apparent rise in protection at 90
days was not statistically significant and requires ad-
ditional experimentation to be adequatcly evaluated.

It was observed that protection by equal doses of ir-
radiated sporozoites varied considerably between ex-
perimenLs. In each experiment except the first, a single
sporozoite isolation was used for the immunizations to

minimize intra-experiniental variation. At the same
time, viable sporozoites from a single isolation were
used for the simultaneous challenge of groups of
inoculated and control mice in experiments 4 and 5.
Variations in response to challenge continued to occur,
however, which we believe were related to un-
determined variation in immunogenicity ofsporozoites
hanrested aild irradiated at different times or to
fluctuauons m protection inherent in the individual
mouse host. Of course, changes in protection occurred
with time, as expected, and the inherent fluctuations
just mentioned vere superimposed on these expected
changes.

All sporozoites used for irrumunization and chal-
lenge were from whole mosquitos infected 21 days
previously. For our large studies, we do not consider
it practical to separate salivary gland sporozoites
from abdominal sporozoites (8). While Vanderberg
(12) feels that contamination of salivary gland
sporozoites with oocyst sporozoites could invalidate
results, he has also reported that each immunization,
even with thorax sporozoites, involves a hetero-
geneous population of sporozoites (13). For that
reason, we believe that it would be impossible to
duplicate an exact stage in sporozoite development
from one experiment to the next.
The present study defines a rodent model well-

suited for the examination of the parameters of dose,
boosterinterval, and antigen preparation. In addition,
the model will provide the means of studying the ef-
fects of adjuvants and route of inoculation on the
magnitude and duration of protective immunity.

RESUMt

DURtE DE L'IMMUNITti CONFEREE PAR LA VACCINATION AU MOXEN D'UNE SEULE DOSE DE
SPOROZOIThS IRRADItS DE PLA4S.OI0UM BERGHEI

La pr6sente Etude visait A mettre au point un nouveau
modEle utilisant des rongeurs pour d6terminer l'influence de
la dose administr&e, de l'intervalle avant une injection eveln-
tuelle de rappel, et de ia preparation d'antig6ne utilis6e sur le
niveau et la durte de 1'immunit6 conf6r6e. Les exptriences
d&erites ont porte sur l'effet d'une dose variable unique de
spoiozoYtes irradits de Plasmodium berghei. Se]on Jes cons-
tatations faires, des doses uniques de 1000 A 64 000

spot oLoltes viables Lrradi6s protEgentefficacementcontreun
cssai ult&rieur d'infection au moyen de 30 000 sporozoles
viables non irradies. AprEs la vacciniation, le niveau de pro-
tection s'estrapidementaccru pouratteindreunmaximum le
7ehne jour. Sa dirninution apr6s Je 126me jour a it6 suivie,
entre les 256me ct 30eme jours, par un second rel6vement
dontla pointe se situait auM28mejour. Une protection mode-
r6e a encore ete not6e jusqu'S 140 jours apr&s la vaccination.
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