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Active Immunization against Plasmodium berghei
Malaria in Mice, Using Different Preparations
of Plasmodial Antigen and Different Pathways

of Administration*
CHRISTOPH JERUSALEM' & WYNAND ELING2

With regard to the effectiveness of the antigens in inducing clinical immunity against
malaria parasites, the minimum amount ofliving antigen developed in mice during controlled
low parasitaemia with Plasmodium berghei has been estimated and compared with the
amount of non-living antigen obtained by various methods offreeing parasites from their
erythrocyte hosts.

Whereas about 100 mg of living antigen per kg of body-weight are sufficient to induce
a degree of hyperimmunity, 1240 mg/kg of a freshly prepared crude antigen are necessary
to enable the mice to survive a challenge infection while 3500 mg-7000 mg/kg of a vaccine
prepared from freshly isolated plasmodia are necessary to produce a degree of immunity
comparable with hyperimmunity. It appears, therefore, that every manipulation of the
parasitized erythrocyte or the isolated plasmodium outside the host organism, as well as
a storage time in excess of 36 hours, causes a reduction in antigenicity, up to a factor of
10-2. However, this decrease in antigenicity is disproportionate compared with the reduced
rate of infectivity of stored, parasitized erythrocytes and isolated parasites. After an incuba-
tion period of 18 hours, the ID 100 increases from 2 x 10 to 5 x 107 parasites. Therefore,
the differences between the essential amount of living plasmodia and non-living antigen may
be due to other, hitherto unknown, factors and not exclusively to degradation of the most
important antigen.

The saponin method offreeing parasites from their erythrocyte hosts was found to yield
the purest antigen. Preparations ofparasites obtained by treating parasitized erythrocytes
with anti-erythrocyte serum or with formalin were highly contaminated with remnants of
the host cells and showed no better antigenic qualities than the parasites isolated by means
of saponin.

Since the decrease of antigenicity associated with harvesting and isolation procedures
is constant, vaccination with a fractionated antigen pool should be possible.

In a previous paper (Jerusalem, 1969), attempts
to immunize Swiss mice actively against Plasmodium
berghei using a non-living vaccine were described.
From the results it was concluded that an unexpect-
edly large amount of non-living antigen would be
necessary to induce a satisfactory degree of clinical
immunity. Although as much as 10 000 mg/kg of
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body-weight had been administered, non-living
antigen was not able to induce the highest degree of
antiparasitic immunity which is generally seen after
extended contact with living parasites. The point in
question was whether the antigen that gives rise to
the protective immunity would be degraded by the
procedures of isolation and harvesting.
According to Zuckerman, Hamburger & Spira

(1967) and Zuckerman & Ristic (1968), the antigen
should be isolated in the native form and methods
for harvesting and preserving the infected cells, as
well as the isolation procedures, should do no harm
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to the parasite itself or, finally, to its antigens. The
method usually recommended for freeing plasmodia
from their erythrocyte host is the saponin method
(Christophers & Fulton, 1939; Sherman & Hull,
1960; Spira & Zuckerman, 1962; for further liter-
ature see also Zuckerman & Ristic, 1968). This pro-
cedure is assumed to do no harm to the plasmodial
antigens because parasites freed by this technique
remain infective; however, they show a reduced rate
of infectivity. The most physiologically based process
of separation seems to be a technique employing
haemolytic antiserum (Bowman, Grant & Kermack,
1960).
Up to the present time, no investigations have

been carried out concerning a possible relationship
between the viability and rate of infectivity of the
plasmodia and the native state ofthose antigens which
give rise to protective immunity in the clinical sense.
(Jerusalem, 1969). Furthermore, the problem of
whether an antigen can be degraded by macrophages
of the host has not been thoroughly studied because
intramuscularly administered antigen seems not to
induce the same degree of clinical immunity as
intraperitoneally injected homogenates of plasmodia
(Jerusalem, 1968b). Therefore, the aim of this study
was to determine the minimum amount of viable
antigen that could induce full protection against
P. berghei and to compare the antigenicity of plas-
modial antigens obtained by different methods of
separation, as well as to investigate the influence of
the different routes of inoculation.

MATERIAL AND METHODS

For all experiments young adult Swiss mice (TNO-
Zeist) weighing about 20 g at the beginning of each
experiment and the K 173 strain of P. berghei were
used. The strains of both the mice and the malaria
parasites were the same as described in a previous
paper (Jerusalem, 1969).

Five basic experiments were carried out (A-E)
and these were divided into groups (numbered 1-14)
and subgroups.
The degrees of acquired immunity have been clas-

sified (Jerusalem, 1968a) as follows: hyperimmunity
(HYPI), high antiparasitic immunity (HAPI), low
antiparasitic immunity (LAPI) and antitoxic immu-
nity (ATI).

(A) Amount of viable antigen necessary to induce
clinical immunity
Group 1. A total of 390 mice was divided into

3 lots of 130 each (a-c) and immunized by inducing

controlled low parasitaemia. The mice were kept on
a para-aminobenzoic acid (PABA)-free diet as de-
scribed by Jerusalem (1965, 1966) and Jerusalem &
Kretschmar (1967). Mice in subgroup la were inocu-
lated once, those in subgroup lb twice and those in
subgroup lc 3 times at intervals of 10 days with
2.5 x 104 living parasites. The PABA-free diet was
replaced by a standard laboratory diet 15 days after
the last injection.

Group 2. A total of 250 mice on a standard diet
were inoculated with 2.5 x 106 parasites and 5 days
later the standard diet was replaced by a PABA-free
diet for a period of 30 days.

Group 3. A total of 125 mice were immunized
with serum of infected mice as described by Jerusalem
& Bruchhausen (1966) and Jerusalem (1968a). The
mice were challenged with 2.5 x 104 parasites.

To avoid uncontrolled blood-loss, alternating
groups of 10 mice of each subgroup (la-Ic) and
from each of groups 2 and 3 were used to determine
the number of parasites and red cells, the packed
cell volume and the total amount of plasmodial
protein. Thin blood smears were made 3 times a
week and the parasite numbers were determined and
expressed in terms of number of parasites per 2000
erythrocytes. Haematocrit estimations as well as red
cell counts were carried out twice a week.
The total volume of plasmodia (expressed as

percentage of packed cell volume) and the amount of
plasmodial proteins present during different periods
of a patent infection were determined in thin blood
smears according to the method of Hennig (1957),
using a modified surface integration method (Gla-
goleff, 1933; Chalkley, 1943; Haug, 1955). As a
control for the calculated values, 20 mice of subgroups
la-ic showing a mean parasitaemia of 0.50% and
mice of group 2 which exhibited a mean parasitaemia
of 6 %, as well as 10 animals of a donor group (see
experiments 6-8) showing a mean parasitaemia of
25 %, were selected at random and bled from the
orbital plexus, as described by Reitsma (1967). The
blood of each group was pooled, the erythrocyte
volume determined and the plasmodia isolated as
described by Spira & Zuckerman (1962). Finally,
the volume of isolated plasmodia was determined
and the protein content of isolated plasmodia was
measured by the Kjeldahl micro-method. The degree
of purity was tested by means of electron microscopy.
From subgroups la, lb, Ic, and group 2, each 100
surviving mice were challenged 60 days after they
had received the first inoculum and 25 surviving mice
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of group 3 were once more reinfected with 2.5 x 104
parasites 90 days after the first challenge infection.

(B) Rate of infectivity (ID1OO) in relation to the
incubation medium, the duration of storage and the
incubation temperature
Group 4. Parasitized blood was withdrawn from

mice by orbital puncture on the fourteenth day of
infection. The citrated blood was pooled and the
erythrocytes were washed free from plasma with
citrated saline. Serial dilutions were prepared
containing 50-50 000 000 infected erythrocytes per
0.1 ml. Citrated saline, phosphate-buffered saline
(PBS) and mouse serum were used as the dilution
media. The suspensions were stored in roll tubes at
4°C, 22°C, 30°C and 37°C. All procedures were
carried out under aseptic conditions. After incuba-
tion periods of 2, 5, 10 and 18 hours, 0.1 ml of each
suspension was injected into Swiss mice in groups of
10; 3, 7 and 14 days after the inoculation blood
smears were made and parasite numbers were
determined.
Group 5. Parasitized erythrocytes were obtained as

described in experiment 4. The parasites were
liberated according to the method described by
Spira & Zuckerman (1962). To avoid conglomerates,
the isolated plasmodia were filtered through cheese-
cloth and suspended in citrated saline and isologous
serum. Serial dilutions, incubation and injections
were carried out as described above. In one series,
a standardized human serum (from Europeans) was
used as an incubation medium. The incubation
temperatures in this series were 4°C and 22°C. The
ID,o0 was regarded as the number of parasitized
erythrocytes per inoculum being able to infect 100%
of the mice.

(C) Antigenicity ofparasite preparations in relation
to the duration of storage
Twice a week, lots of about 200 mice were inocu-

lated with P. berghei. Between 10 and 14 days later
the surviving mice of these lots were bled from the
orbital plexus. The blood was collected in citrated
saline at 4°C.
To investigate the antigenicity of a freshly prepared

antigen it was necessary to kill all living parasites.
Since previous investigations had shown that homo-
genization at 20000 rev/min with an Ultraturrax
mixer was not sufficient to suppress completely the
infectivity of the parasitized blood (Jerusalem,
1968b), ultrasonic and formol treatments were pre-
ferred.

Group 6. The whole-blood pool (including the
plasma) was subjected to ultrasonic treatment
(20 000 c/s) for 15 s and during the treatment the
preparation was cooled with ice-cold methanol. The
homogenized whole blood was then immediately
injected in different amounts into 4 lots of 15 mice
(subgroups 6a-6c). By calculating the total blood
volume, the haematocrit reading and the number of
parasitized erythrocytes, the amount of plasmodial
protein was estimated (see experiments 1-3). Each
mouse in subgroup 6a received a total of 100 mg of
plasmodial antigen per kg of body-weight, those
in subgroup 6b received 500 mg/kg, subgroup 6c,
1240 mg/kg and subgroup 6d, 2500 mg/kg. The
period between withdrawal of the infected blood
from donor animals and the injection of the treated
blood into test animals was not longer than 45 min.
Group 7. Parasites were freed from their host cells

according to the method of Spira & Zuckerman
(1962). The isolated plasmodia were suspended
in buffered saline containing 0.1 % formol for
20 min at 4°C and were successively washed and
gently homogenized with a Potter homogenizer.
The preparation was administered intraperitoneally
to 4 lots of 15 mice: subgroup 7a received 500 mg/kg
of body-weight, subgroup 7b 1250 mg/kg, sub-
group 7c 3500 mg/kg and subgroup 7d 7500 mg/kg.
The injections were administered about 4 hours
after the withdrawal of the infected blood.

Group 8. Isolated plasmodia were treated as in
experiment 7 and the preparation was stored at
-18°C for about 6 weeks. The vaccine was then
inoculated into 4 lots of 15 mice; subgroup 8a
received 1250 mg/kg of body-weight, subgroup 8b,
3500 mg/kg, subgroup 8c 7500 mg/kg and sub-
group 8d 10 000 mg/kg.
Having regard to the toxicity of all the prepara-

tions (Jerusalem, 1969), the vaccine was administered
during a period of 6 weeks in 15-20 injections.
Nevertheless, some mice in subgroups 8b and 8c
died during the immunization period. Four weeks
after the last injection, from 9 to 14 surviving mice
in each subgroup were challenged with 2.5 x 105
parasites and the parasite number in these animals
was determined in blood smears. Red cell counts
and haemoglobin estimations were carried out.

(D) Antigenicity of parasite preparations ajter
different freeing methods
For experiments of groups 9-11, donor groups

were used to obtain the antigen as described for
experiments of groups 4-8.
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Group 9. Parasites were isolated from their
erythrocyte host cell according to the method of
Spira & Zuckerman (1962), using a 0.01 % saponin
solution in 0.9% saline.

Group 10. Parasitized erythrocytes were suspended
twice for 30 min at 37°C in a 10-fold larger volume
of anti-mouse-erythrocyte serum (AMES). The
preparation was centrifuged and then washed with
buffered saline. The AMES was obtained from
rabbits which were sensitized by weekly intravenous
injections of about 108 freshly prepared and washed
mouse erythrocytes per injection. Altogether 8 injec-
tions were administered; no adjuvant was used.

Group 11. Parasitized erythrocytes were treated
with a 100-fold larger volume of 0.1% formol in
PBS for 6 hours at 4°C. Thereafter, the preparation
was washed twice with PBS.

Small samples of all preparations in groups 9-11
were pre-fixed in glutaraldehyde, post-fixed in Os04,
embedded in Epon and examined under the electron
microscope. The protein content of all preparations
was determined by the Kjeldahl micro-method. The
real amount of plasmodial protein in preparations
of groups 10 and 11 was calculated after the degree
of contamination had been determined.

Preparations of groups 9-11 were stored for
36 hours at 4°C according to the method of Jerusalem
(1969) and then administered to 4 lots of mice.
Subgroup 1 la (25 mice) received 110 mg/kg of
body-weight, subgroup 1lb (15 mice), 330 mg/kg,
subgroup 1 Ic (15 mice), 1000 mg/kg and subgroup lId
(15 mice), 3000 mg/kg (Table 2). The injection
schedule was the same as used for experiments of
groups 6-8 (see also Jerusalem, 1969). Four weeks
after the last injection, the mice in subgroups lla-
lId were challenged with 2.5 x I05 parasites and the
developing parasitaemia was followed in blood
smears. Red cell counts and haemoglobin estima-
tions were carried out.

(E) Degree of immunity dependent on different
routes ofantigen inoculation

Isolated plasmodia were obtained and treated
with 0.1 % formol according to the methods
described for experiment 7. Instead of a Potter
mixer, an Ultraturrax mixer (20000 rev/min) was
used for homogenization. During homogenization
the preparation was cooled in ice-water.
The preparation was administered to 3 lots of

30 mice each mouse receiving 22.3 mg or 900 mg/kg
of body-weight. Inoculations were intravenous

(group 12), intraperitoneal (group 13) and intra-
muscular (group 14). The total amount of antigen
was administered over a period of 7 weeks and it was
necessary to start with small amounts (0.1 mg)
because the preparation was highly toxic, particu-
larly on intravenous administration. After the first
week (3 injections of 0.1 mg) increasing doses were
administered: 0.5 mg, 1.0 mg and 1.5 mg (each
dose being given 3 times) and 6 inoculations of
2.0 mg. No adjuvant was used.

RESULTS

Amount of viable antigen necessary to induce clinical
immunity (A)
The quantity of parasites metabolized by the host

during the period of controlled low parasitaemia
was determined by the following calculation: the
total blood volume of a mouse weighing 22 g is about
1.75 ml and the haematocrit reading in mice with
controlled low parasitaemia was 40% ± 0.75%.
Consequently, the total volume of erythrocytes is
about 700 pl. The proportion of the parasite volume
in the total blood volume is strongly dependent on
the number of parasitized erythrocytes but there is
no direct correlation between total parasite volume
and parasitaemia because, with the increase in
number and immaturity of polychromatophilic
erythrocytes, the size of the parasite increases as
well as the number of parasites per erythrocyte
(Fig. 1). When about 50% of the erythrocytes are
parasitized, the total parasite volume is about
22.5% ± 3.6% of the haematocrit reading. During
a low parasitaemia of about 5 %, the parasite volume
is only 0.8 % ± 0.1 %, and in about 1 % parasitaemia,
only 0.1 % ± 0.04% (Fig. 1).
The result of this calculation was confirmed by

the direct determination of the parasite volume in
infected blood (Fig. 1). In mice showing a mean
parasitaemia of 0.5 %, 0.13 ,ul of parasites per animal
was calculated but this volume must be corrected by
the factor 2.16 because, of the assumed total blood
volume (1.75 ml), only 0.81 ml was withdrawn.
Thus, a parasite volume of 0.28 pl (0.04%) of the
packed cell volume per animal can be calculated
(compare Table 1, subgroups la-Icl). In mice
showing 6% parasitized erythrocytes, after correc-
tion by the factor 2.04 (0.86 ml withdrawn blood),
5.62 pl of parasites (1.15% of the packed cell
volume) were calculated and in highly parasitized
blood (23%) 13.2 ,ul per animal (about 8% of the
packed cell volume). The correction factor for the
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FIG. I
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latter was 1.82 because an average of 0.96 ml of
blood could be withdrawn.
The total amount of plasmodial protein meta-

bolized by the host during a controlled or uncon-

trolled patent parasitaemia is dependent on both the
degree and the duration of parasitaemia. It can be
calculated by multiplying the plasmodial volume by
the factor 0.18, because the protein content of iso-
lated plasmodia was 18 ± 2.8 %ofthe parasite volume.
The results from investigations on metabolized

plasmodial protein are summarized in Table 1.
During the period of controlled low parasitaemia,
an average of 0.5% parasitized erythrocytes was
observed in most of the animals; thus, the parasite
volume was about 0.05 % of the packed cell volume
and not greater than 0.35 ,ul at the day of investiga-
tion. The patent parasitaemia lasted about 13 days
in mice of subgroup la, 24 days in mice of sub-
group lb and about 40 days in the animals of sub-
group Ic. Thus, assuming a 24-hour cycle for
P. berghei, a total amount of about 33 mg/kg of
body-weight (subgroup la), 60 mg/kg (subgroup lb)
and about 100 mg/kg (subgroup 1c,) were meta-
bolized during the different extended periods of
patent parasitaemia.

In some animals (subgroup lc2) the mean para-
sitaemia rose to 2.1 % during controlled low para-
sitaemia. In these animals the haematocrit reading
was low, averaging 33% ± 1.35 %. During a para-
sitaemia of 40 days in mice weighing 25 g, about
550 mg/kg of body-weight of plasmodial protein
were metabolized.

TABLE 1
PARASITE PROTEIN METABOLIZED DURING CONTROLLED LOW PARASITAEMIA (GROUP 1), IN MICE TREATED

WITH PABA-FREE DIET (GROUP 2) AND IN MICE ACTIVELY IMMUNIZED EXCLUSIVELY AGAINST
MALARIA TOXINS (GROUP 3)

Quantity of plasmodial
Parasitaemia Haematocrit a Quantity of parasites protein b Survival

Perkgf body- after
Group________________ __________w___ erigh of body- chal-Group ||Per weight of mice lenge in-

Duration Vol- Percentage Per Total mouse wihn: fectiong% (Duaysin ume of haemato- day )(mg) | g 2g |
(days) ~~~~(tl) crit ( mg)(mg)5 20

la 13 4.55 0.82 32.8 41 25

lb 0.5 ± 0.01 24 40 ±0.75 700 0.05 ± 0.01 0.35 8.4 1.51 60.4 75 62

1c, 40 14.0 2.52 101 126 92

Ic2 2.1 + 0.6 40 33+ 1.35 577 0.27 ± 0.06 1.56 62.4 11.2 448 560 96

2 6.3 ± 2.3 14 28 3.9 490 1.3 + 0.32 6.37 89.2 16.06 642 803 32

3 25 ± 6.32 56 10.65 ± 2.6 186 13.2 ± 1.7 24.55 1 375.0 247.5 9 900 12 375 96 d
13 760 c

a The calculation is based on the assumption that the total blood volume in mice weighing 22 g is about 1.75 ml.
b The protein content of isolated plasmodia is 18%+2.8% of the parasite volume.
c In mice showing a mean body weight of 18 g.
d After second challenge Infection.
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In mice given a PABA-free diet (group 2), a mean
parasitaemia of 6.3% lasting about 14 days was
observed. In animals weighing about 20 g, 800 mg/kg
of body-weight of plasmodial antigen were meta-
bolized.

In challenged mice that were immunized exclu-
sively against toxic products of plasmodial origin
(Jerusalem& Bruchhausen, 1966), enormous amounts
of antigen were metabolized because of the intense
and long-lasting parasitaemia (group 3). Taking into
account the loss in body-weight of the animals (the
mean body-weight during the period of 56 days of
patent parasitaemia was 18 g) it can be calculated
that nearly 14 g of antigen per kg of body-weight
were metabolized.
The results concerning the degree of acquired

immunity, as judged from mortality after challenge
infection, show the importance of both the amount
of antigen and the duration of parasitaemia. Using
living parasites, it can be computed that a minimum
of about 100 mg/kg should be metabolized during
a period of 5-6 weeks. The number of surviving
animals does not increase strikingly when the
amount of antigen increases by a factor of 4 (Table 1,
1c2) or even by a factor of 137 (group 3). On the
other hand, 642 mg of antigen per kg forming during
a period of 14 days are not able to induce the same
degree of protective immunity as 100 mg/kg meta-

bolized during a period of 40 days (group 2 anid
subgroup 1c2).

IDzoo in relation to the incubation medium and the
duration of storage at different temperatures (B)

The number of parasitized erythrocytes necessary
to infect 100% of the animals (ID10o) depended largely
on the incubation medium and the storage time as
well as on the incubation temperature. However, no
significant differences were observed in the decrease
of infectivity when parasitized erythrocytes were
incubated in salt-containing media (either citrated
saline or PBS) at room temperature (22°C) and at
30°C and 37°C (Fig. 2, left side, A). The decrease of
infectivity was less striking after an incubation in
either citrated saline or PBS at 4°C (Fig. 2, left side,
B). In this series of experiments, mouse serum
caused the lowest decrease in infectivity of parasitized
erythrocytes when the incubation temperature was
22°C (Fig. 2, left side, C). Compared with the number
of freshly withdrawn parasites necessary to infect an
animal (2 x 10) after an incubation period of
10 hours, between 225 times (incubation in mouse
serum at 22°C) and 350000 times (incubation in
salt-containing media at 22°C, 30°C and 37°C) more
parasitized erythrocytes are required to infect 100%
of the animals, and 10000 times and 2.5 million

FIG. 2
ID,oo OF PARASITIZED ERYTHROCYTES (LEFT SIDE) a AND ISOLATED
PARASITES (RIGHT SIDE) b AFTER DIFFERENT INCUBATION PERIODS

IN DIFFERENT MEDIA AT VARIOUS TEMPERATURES

NUMBER OF
PARASITES
-5x10 -

Storage time (hours) Wtc 90891

a Parasitized erythrocytes incubated (A) in citrated saline and in PBS at 220C, 300C and 37°C;
(B) In citrated saline and In PBS at 4°C; (C) In mouse serum at 220C.

b Isolated parasites incubated (a) in citrated saline at 22°C; in citrated saline at 4°C; (c) in
mouse serum at 22°C; (d) in standardized human serum at 22°C.
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times more, respectively, after an incubation period
of 18 hours.
The influence of the incubation temperature on

stored isolated plasmodia was not as marked as on
parasitized erythrocytes. Moreover, whereas after
incubation in citrated saline at 22°C for periods of
2-10 hours, the infectivity did not decrease by the
same factor (Fig. 2, right side, a) as stated for
parasitized erythrocytes (Fig. 2, left side, A), the
IDoOO increased after incubation in citrated saline at
4°C (Fig. 2, right side, b). After incubation in mouse
serum between 6-7 times (5-10 hours storage time)
and 35 times (18 hours storage time) more isolated
parasites were necessary to infect 100% of the
animals (Fig. 2, right side, c) than parasitized
erythrocytes which were stored in the same incuba-
tion medium for the same periods (Fig. 2, left side,
C). The most striking inhibition of the infectivity of
isolated plasmodia was seen after incubation in a
standardized human serum (Fig. 2, right side, d).

These results hold true for aseptic preparations.
A bacterial superinfection of the incubation medium
causes a rapid decrease of the viability of the
incubated plasmodia and parasitized erythrocytes,
particularly at higher incubation temperatures (22°C
or above).

FIG. 3
COMPARISON BETWEEN DECREASE OF INFECTIVITY
OF LIVING PLASMODIA (ID,oo) AND DECREASE OF ANTI-
GENICITY OF NON-LIVING ANTIGEN COMPARED WITH

THE STORAGE TIME (EXPERIMENTS 6 AND 7)
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Antigenicity ofparasite preparation in relation to the
duration ofstorage (C)
The effect of the preparations used as antigens was

judged by both the proportion of mice surviving the
challenge infection and the course ofthe parasitaemia
in challenged animals. Since the K 173 strain of
P. berghei produces a uniformly fatal infection in
Swiss mice, 70%-80% of surviving mice after active
vaccination was regarded as a satisfactory result.

This level of protection was obtained after the
administration of 1240 mg of preparation 6 per kg
(injected 45 min after the withdrawal of infected
blood), 3500 mg of preparation 7 per kg (injected
4 hours later) and 5000 mg of preparation 8 per kg
(injected after a storage time of about 6 weeks) as
shown in Fig. 3. The same amount as needed for
experiments of group 8 was necessary after a storage
time of 36 hours in groups 9, 10 and 11 (experi-
ment D) (Jerusalem, 1969).

In previous papers (Jerusalem, 1968a, 1969) it was
pointed out that a decrease in mortality does not
necessarily indicate the establishment of anti-
parasitic immunity. Also, an experimentally pro-
voked non-specific resistance or an acquired specific
antitoxic immunity causes a decrease in mortality.

A = minimum amount of living antigen necessary to induce the
highest level of antiparasitic Immunity (HYPI).

B = estimated maximum amount of living antigen metabolrzed
during chronic infection.

C = minimum amount of non-living antigen necessary to
induce a low level of antiparasitic immunity (LAPI) or
antitoxic immunity (ATI).

D = minimum amount of non-living antigen necessary to
induce a high level of antiparasitic immunity (HAPIl).

E = formol-treated isolated parasites.

However, when the change in degree of the parasit-
aemia indicates that there is an established anti-
parasitic immunity, it is necessary to administer
about twice the amount of the above-mentioned
total dose (Fig. 3).
Compared with the minimum amount of living

antigen able to induce the highest level of anti-
parasitic immunity (HYPI) during controlled tow
parasitaemia (subgroup l1c), the amount of "non-
living" antigen necessary to induce a high levef of
antiparasitic immunity (HAPI) increased by a
factor of 10-35, depending on the length of time the
preparation was stored. Long-term storage reduces
the antigenicity of a preparation considerably. It
should be recalled, however, that during a chronic
malarial infection in Swiss mice as much as 14 000
mg/kg of body-weight may be metabolized (Table 1).

- ~ ~ ~E V

_ _ _ __ _ _- -DC----

/
;
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There is, however, no direct correlation between
the rate of infectivity (IDIoo) and the antigenicity as
demonstrated in experiments of groups 4 and 5.
Every manipulation involving the parasitized erythro-
cyte or the isolated parasite caused a more rapid
decrease in antigenicity than in infectivity during the
first 4 hours of treatment. Between 4 and 18 hours
the number of parasites necessary to infect 100% of
the mice increased once again by about a factor
of 104, whereas the antigenicity of an antigen
preparation decreased by no more than the same
factor as during the first 4 hours even after a storage
time of 6 weeks (Fig. 3).

It was surprising, however, that mice vaccinated
with small amounts (100 mg/kg) of preparation 6
showed a significantly reduced survival (see also
experiments of groups 10 and 11).

Antigenicity of parasite preparations after diJefrent
freeing methods (D)
Electron microscopy. Parasites freed from their

erythrocyte host by the saponin method (group 9)
showed a slightly altered structure (e.g., no distinct
cell organelles were seen; Fig. 4A) though this
preparation was still highly infectious (Fig. 2). There
was no contamination by remnants of the host
cells. The electron photomicrographs of prepara-
tion 10 showed that after a treatment with haemo-

lytic antibodies the parasites were not really freed
from their host cells (Fig. 4B). Although nearly all
unparasitized erythrocytes were empty, the erythro-
cyte membranes were still present and appeared to be
thicker than normal. Perhaps the erythrocyte
membrane forms a complex with the antibody.
Polychromatophilic erythrocytes, the host cells most
likely to be infected, contained some electron-dense
granules and remnants of a smooth tubular system.
The parasites showed numerous vacuoles. Prepara-
tion 11 was also highly contaminated, particularly
with erythrocyte membranes. The membranes were

ruptured but did not look disintegrated (Fig. 4C).
Result of vaccination. As summarized in Table 2,

there were no significant differences in either survival
rate or degrees of acquired immunity in groups that
were vaccinated with the same amount of antigen
per kg of body-weight. This indicates that the method
of freeing parasites from their host cells is of secon-

dary importance. Corresponding to group 9, the
number of survivals increased in the groups 10 and 11

when the amount of antigen was increased from 330
to 3000 mg/kg (subgroups b-d). However, mice in
experiments of subgroups lOa as well as 1 la and 1 lb
showed a remarkably reduced mean survival time
due to an increase in mortality during the first
9 days of the challenge infection. This applies also
to subgroup lOb, though 1 animal survived the

TABLE 2
ANTIGENICITY OF PARASITE PREPARATIONS AFTER DIFFERENT FREEING METHODS

Group 9 experiments Group 10 experiments Gop1 xeiet
No. of animals (saponin treatment) (haemolytic ant)serum (formol haemolysis)

used for: Amount treatment)_____________________
Sub- of
group antigen Established Established Established

Chal- (mg/kg) No. of Immunity No. of immunity No. of immunityVacci- lenge su_rvivals survivals survivals
nation infection No. 1 Type a No. Type a No. Type a

a 25 25 110 0 - 0 - 0

b 15 10 330 0 _ 1 1 ATI 0

c 15 10 1000 3 1 HAPI 2 1 HAPI 4 1 HAPI

1 LAPI I ATI I LAPI

I ATI 2 ATI

d 15 10 3 000 6 3 HAPI 5 3 HAPI 5 3 HAPI

3 LAPI I LAPI I LAPI

I ATI I ATI

a HAPI = high antiparasitic immunity; LAPI =low antiparasitic immunity; ATI =antitoxic immunity.
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FIG. 4

ELECTRON-PHOTOMICROGRAPHS OF (A) PARASITES
FREED BY THE SAPONIN METHOD;
(B) TREATMENT OF PARASITIZED ERYTHROCYTES
WITH HAEMOLYTIC ANTISERUM;
(C) TREATMENT OF PARASITIZED ERYTHROCYTES
WITH 0.1 % FORMOL a

a Preparations B and C are contaminated with remnants of
the erythrocyte host.
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ACTIVE IMMUNIZATION AGAINST PLASMODIUM BERGHEI MALARIA IN MICE

FIG. 5
PERCENTAGE MORTALITY PER DAY AFTER CHALLENGE INFECTION OF MICE

IN EXPERIMENTS 10a, 10b, Ila and 11b,a AND OF NORMAL MICE DURING
PRIMARY MALARIA INFECTIONS b

._

WEam
X2

CL

Number of days 00o 90894

b B; 100 animals used.

challenge infection. Whereas 51 % of the control
animals did not survive the ninth day of the infection,
an average of 80.6% of the mice that were

vaccinated with 110 and 330 mg/kg of contaminated
antigen (subgroups lOa, lOb, la, 1 b) succumbed
during this period (Fig. 5). Surprisingly, most of the
animals of the groups 10 and 11 which died during
the first 9 days showed a lower degree of parasit-
aemia but a more rapid loss of red cells than un-

vaccinated controls.

Degree of immunity dependent on different pathways
of antigen administration (E)
The route of antigen inoculation was of an

unexpectedly great importance (Table 3). Intra-
venous injection of the antigen was found to show
the best results not only in the percentage of surviving
mice (38.1 %) but also in the degree of antiparasitic
immunity (HAPI; 53.8 %). However, intravenous
application resulted in a high rate of mortality
during the vaccination period, although having

TABLE 3
DEGREE OF IMMUNITY DEPENDENT ON DIFFERENT ROUTES OF INOCULATION

Vaccination Challenge infection

Type of acquiredGroup Route of No. of Mortality No. of Survival immunity a

inoculation animals (%) animals ( HAP L ATI

12 Intravenous 30 30 21 38.1 53.8 38.5 7.7

13 Intraperitoneal 30 3.3 26 17.3 37.5 33.3 29.2

14 Intramuscular 30 0 30 13.4 - 50.0 50.0

a HAPI = high antiparasitic immunity; LAPI = low antiparasitic immunity; ATI = antitoxic
immunity.

2

a A; 69 animals used.
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regard to the toxicity of the vaccine a special injection
schedule was used. Disappointing results were
recorded after intramuscular application (group 14)
though the animals received the same amount of
antigen as administered to the groups 12 and 13.
Only 13.4% of the mice survived the challenge
infection showing a low degree of antiparasitic
immunity (LAPI) or at best antitoxic immunity
(ATI). In some mice the parasitaemia did not rise to
high values, but lasted for 40-55 days and the
animals died of fatal relapses as shown in a previous
paper (Jerusalem, 1969).

DISCUSSION

A critical examination of the literature reporting
investigations on active immunization against
malaria parasites using non-living plasmodial prepa-
rations as antigens reveals that only partial successes
have been achieved. The use of Freund's adjuvants
was either optional or essential (Freund et al., 1945,
1948; Thomson et al., 1947; Targett & Fulton, 1965;
Targett & Voller, 1965; Zuckerman et al., 1967;
Voller & Richards, 1968) or the amount of antigen
necessary to induce clinical immunity was too large
to be able to put into practice the recommended
methods of vaccination against human malaria
(Zuckerman & Ristic, 1968; Jerusalem, 1969).
Furthermore, in no instance did the vaccination with
a non-living antigen give rise to the establishment of
a degree of immunity that would commonly be
acquired after contact with living plasmodia.

Jerusalem (1969) pointed out that the ratio of
amounts of living to non-living antigen necessary to
induce a high degree of protective immunity is
about 1: 50 and the author suggested that the antigen
that gives rise to the protective immunity is a labile
one and that every manipulation of the parasitized
erythrocyte and the parasite outside the host organ-
ism results in a rapid decrease of antigenicity.

Results reported in this paper have led us to
question whether this assumption can be sustained
in its entirety. It is known that about 100 mg of liv-
ing plasmodia per kg of body-weight are sufficient to
induce the observed degree of hyperimmunity when
this quantity is metabolized during a period of
about 40 days (Icl). On the other hand, a 12-fold
larger amount of freshly prepared antigen is essential
for the establishment of the lowest degree of immun-
ity which enables the mice to survive the challenge
infection (group 6). It should, however, be remem-
bered that the amount of antigen metabolized in

the course of a chronic malarial infection in mice
can be as much as 140 times that quantity which
generally induces a protective immunity.

After ultrasonic treatment (group 6) and formol
treatment (groups 7 and 8), as well as after a storage
time of 36 hours (groups 9, 10 and 11), a certain
decrease of antigenicity was noticed. Compared
with the activity of a freshly prepared antigen
(group 6), however, the decrease of antigenicity
after a storage period of about 6 weeks (group 8)
was only one-fourth of the decrease observed during
the first 45 min. Furthermore, the assumed degrada-
tion of the antigens was disproportionate to the
decrease in viability and infectivity of parasites
which were stored outside the host organism. The
significant influence of the storage temperature and
the incubation medium is of secondary importance
because, after a storage time of 18 hours, generally
200 000-2 500 000 times more parasites were neces-
sary to infect 100% of the mice. Human serum used
as an incubation medium is an exception; that is, it
kills the plasmodia rapidly because, in particular,
it extracts RNA from the cells (see Mayersbach,
1967). Also of secondary importance seems to be
the method by which the parasites were freed from
their erythrocyte host. No significant differences in
the antigenicity of plasmodial preparations were
observed after the use of saponin (Spira & Zucker-
man, 1962), haemolysis with anti-erythrocyte serum
(Bowman, Grant & Kermack, 1960)-a method
which Zuckerman & Ristic (1968) regarded as the
most "physiological "-and after treatment of
parasitized erythrocytes with formol (Targett &
Fulton, 1965; Voller & Richards, 1968).

Moreover, parasites freed from their erythrocyte
host by the saponin method generally show the
same reduced rate of infectivity as parasitized
erythrocytes when both preparations have been
exposed to the same incubation medium and to the
same storage temperature (groups 4 and 5). This
indicates that the erythrocytic membrane does not
protect the parasite against degradation phenomena.
Another fact also supports the use of saponin.
According to the electron-photomicrographs, only
the parasites were entirely isolated by the saponin
method. Parasite preparations obtained by incuba-
tion in haemolytic antiserum (group 10) and by
treatment of parasitized erythrocytes with formol
(group 11) were found to be highly contaminated by
remnants of the host cell. There is every reason
to believe that this contamination may give rise to
an immunopathological side-effect because it can
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stimulate an allergic response to allogeneic or even
autologous red cell antigens. This state of altered
reactivity might be harmful to the host. Perhaps
the fulminating course of the challenge infection in
mice vaccinated with small amounts of preparations
6, 10 and 11 was caused by reactions of clinical
hypersensitivity. However, why this phenomenon
was only induced after the administration of rela-
tively small amounts of the contaminated vaccine
remains open to question. This problem should be
studied in detail with regard to tropical anaemias.

Surprisingly, the route of inoculation of the vacci-
nating material was very important. After intra-
venous injection, not only the largest number of
surviving mice but also the greatest degree of anti-
parasitic immunity were seen. Presumably, repeated
intramuscular injections lead to a degradation of the
antigen by macrophages in the train of some Arthus
phenomenon. This might account for the assumption
that the mechanisms of protective malaria immunity
are of a complex nature and not restricted to the
mode A allergic reaction described by Coombs
(1968) by which a serum antibody acts (with or
without other molecular cofactors) as an antitoxin,
or the antibody alone might block a membrane

enzyme system or might activate a complement to
lyse a cell and kill the parasite. It is possible that
other modes of allergic response, e.g., actively or
passively allergized macrophages, play important
roles.
The present work indicates that the amount of

antigen which should be administered in order to
induce a satisfactory degree of protective immunity
competes with the toxicity of the material used for
vaccination. Since it can be expected that only a
small portion of the whole plasmodium is the anti-
gen that gives rise to clinical immunity (Curtain
et al., 1964; Targett & Voller, 1965; Weiss &
Degiusti, 1966), it seems to be a logical step to
fractionate the pool of antigens in order to eliminate
the unwanted material and to avoid, as much as
possible, secondary patho-histological and patho-
physiological effects.
From the present study it can be concluded that

the recommended methods for harvesting plasmodia
and freeing them from their erythrocyte host do
result in a certain decrease of antigenicity, but that
this decrease is not too serious. Therefore, vaccina-
tion with pooled fractionated antigen should be
possible.

R1tSUME'
IMMUNISATION ACTIVE DE LA SOURIS CONTRE LE PALUDISME A PLASMODIUM BERGHEI

PAR L'UTILISATION DE DIFFERENTES PREPARATIONS D'ANTIGENE PLASMODIQUE ET DE DIVERSES.
VOIES D'ADMINISTRATION

Le modele experimental constitue par l'infection de la
souris par Plasmodium berghei a servi 'a etudier les possi-
bilites d'immunisation active contre le paludisme par un
antigene non vivant. Les recherches, comportant 14 expd-
riences et la manipulation de plus de 9000 souris, ont porte
sur cinq points principaux: a) la quantite d'antigene
vivant necessaire pour susciter une immunite clinique;
b) la diminution du pouvoir infectant - exprime par la
dose entrainant une mortalite de 100% (Dlloo) - des
erythrocytes parasites et des plasmodes libres en fonction
de la duree de conservation, du milieu et de la tempera-
ture d'incubation; c) la perte d'antigenicite du mat6riel
non vivant en fonction de la duree de conservation;
d) l'influence des divers procedes de liberation des para-
sites sur l'antigenicite de ce materiel; et e) l'influence de
la voie choisie pour administrer l'antigene. L'efficacite
de la vaccination a e appreciee d'une part par la
mortalit6 quotidienne chez la souris apres injection
d'epreuve et d'autre part par la qualite de l'immunite
antiparasitaire.

I1 faut environ 100 mg/kg d'antigene vivant pour pro-
duire une immunit6 protectrice a la condition que la

transformation metabolique de cet antigene se poursuive
sans interruption pendant 5-6 semaines. Si la dur'e du
contact avec l'antigene vivant n'est que de deux semaines,
la protection est de moindre de valeur, meme si la quan-
tit6 de materiel parasitaire transforme par l'hote est de
640 mg/kg. La quantite d'antigene et la duree de la parasi-
temie ont donc toutes deux de l'importance.
Tous les traitements appliques aux erythrocytes para-

sites en vue de liberer l'antigene ou aux parasites libres en
dehors de l'organisme de l'hote, de meme que la conserva-
tion du vaccin, ont pour consequence une perte d'antig&e
nicite. L'administration de 1240 mg/kg d'antigene
45 minutes apres le prelevement du sang infecte chez le
donneur animal permet a la souris de survivre aL l'injec-
tion d'epreuve. Par contre, il faut injecter 3500 mg/kg et
7000 mg/kg pour obtenir une protection 6quivalente si
l'antigene a ete stock6 respectivement pendant 4 et 36
heures.

Cette perte d'antigenicite est toutefois minime en com-
paraison de la perte de pouvoir infectant qu'entraine la
conservation des erythrocytes parasit6s et des parasites
libres. Avec des erythrocytes parasites fraichement prele-
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ves, la D1,00 est de 2 x 10 parasites. Elle s'eleve a 5 x 107
parasites apres 18 heures de conservation.
La difference d'activite entre l'antigene plasmodique

vivant et I'antigene non vivant parait due a des facteurs
encore inconnus et n'a pas uniquement pour origine
I'alteration du materiel antigenique au cours de la recolte,
du traitement et de la conservation. La nature des
methodes utilisees pour libdrer le parasite n'a apparem-
ment qu'une importance secondaire. L'emploi de la
saponine permet d'obtenir des preparations tres purifiees.
Apres traitement des erythrocytes parasites par un
serum anti-erythrocytes de souris ou par la formaline, le
materiel antigenique est fortement contamine' par des
residus cellulaires.

La voie choisie pour I'administration du vaccin joue
un grand r6le. Apres injection intraveineuse, le nombre
d'animaux survivants et la valeur de I'immunite antipa-
rasitaire sont plus eleves qu'apres injection intramuscu-
laire.

Les presentes recherches indiquent que la quantite d'an-
tigene a administrer pour obtenir une immunite satisfai-
sante doit etre limitee en fonction du risque de toxicitd
du materiel vaccinal. D'autre part, les operations de
recolte et de liberation des plasmodes ont pour effet
d'attenuer dans une certaine mesure I'antigenicite. Les
auteurs estiment neanmoins possible une vaccination
effectuee it l'aide d'un antigene obtenu apres elimination
des fractions non directement immunogenes.
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