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Preliminary studies on vaccination of rhesus monkeys
with irradiated sporozoites of Plasmodium knowlesi
and characterization of surface antigens of these
parasites*

R. W. GwADz,1 A, H. COCHRANE, V. NUSSENZWEIG,3 & RUTH S. NUSSENZWEIG4

Studies were conducted to develop an effective method ofinducing protection against
sporozoite-induced mnalaria in aprimate system and to obtain information regarding thesur-
face membrane antigens ofsporozoites. Immunization of rhesus monkeys was performed
with gamma-irradiated sporozoires ofPlasmodium knowlesi. Levels of antisporozoite anti-
bodies were mnonitored by inimunofluorescence, sporozoite neutralization, and the circum-
sporozoite precipitate reaction, and appeared to correlate wvell wvith protection. Only the
intravenous route was effective in inducing both protection and anrisporozoite antibodies.
Immunization with sporozoites mixed with Freund's complere adjuvantfailed completely to
induceprotection and resulted in a minimal antibody response. Mechanissms ofresistance to
sporozoitesprobably involve the interaction ofthe host's immunesystem wvith theparasite's
surface antigen(s). Sodium dodecyl sulfate-polyacrylamide gel elecirophoresis of suirface-
labelled, partiallypurifiedsporozoitesfollowed by autoradmography revealed the presence
of a small number of labelled proteins in the extract. Immunoprecipitation with specific
antisera to P.berghei detected prinarily one of these membrane components, with an
apparent molecular weighr of 41 000. The molecular weight of this nmain surface antigen in
sporozoites of P. berghei was differentfrom that in sporozoites of P. knowvlesi.

Immunization of mice with irradiated sporozoites
of Plasmodium berghei results in protection of more
than 90% of these animals against an othenrise lethal
challenge with viable sporozoites (1). Effective imru-
nization has also been observed in a small number of
human volunteers inoculated with irradiated sporo-
zoites of both P.falciparurn (2, 3) and P. vinax(4). In
this report, we present preliminary observatLions on
the immunization of rhesus monkeys with attenuated
sporozoites ofP. knowtesi [H strain] (5). This primate
model is also of particular interest because the course
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of infection of P. knowlesi in rhesus monkeys re-
sembles tbat observed in young children and adults
when first exposed to Pfa1ciparum. Furthermore,
much of the information regarding immunity against
merozoites (6) and gametes (7) has been obtained in
the P. knowlesi-rhesus system, thereby allowing the
comparison of results obtained by immunization with
different de%eloprnental stages of the same parasite.

Antibody response to irradiated sporozoires and
protective immunity

Four young adult rhesus monkeys were immunized
by the multiple intravenous injection of gamma-
irradiated sporozoites of P. knowvlesi. These parasites
were obtained from the thoraces of infected Anoph-
etes balabacensis that had been fed 15-18 days earlier
on P. knowlesi-infected rhesus nmonkeys. Thoraces of
these mosquitos, containing sporozoites localized
both in the salivary glands and thoracic haemoceles,
were collected in chilled tissue-culture Medium 199
(TC 199), triturated in a loose-fitting tissue homogen-
iser, and centrifuged at 18 g for 15 min to eliminate
the heavier mosquito fragments. Sporozoites con-
tained in the supernatant were concentrated by centri-
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Table 1. Intravenous immunization of rhesus monkeys with gamma-irradiated sporozoites of P knowlesi

Inital nimuruzationa Second coursa of immunization

Total nrptn ota Prapaterit
Monkey Penod No. of no of Resultso Prepat Pnotd No of Total Resuh of
No. (months) doses sporozoltes chullengeb pero (monthsl doses sporozoites secondchallenge days)(milionsu(dys (millions) las

248 6 7 300 Protected - 5 4 150 Protecledd -

ControlC - - - Infected 7 - - - Infected 7

252 6 7 300 Protected - 6 4 150 Infected 11
Control - - - Infected 7 - - - Infected 8

249 1 14 400 Infected 8
Control - - - Inetebd 7

a Monkey No. 253 ded after the last Immuning dose, pnor to challenge.
b The pars of animak were challenged by moequito bitas using a split-feeding technique Tame of challnge a indiated in Fig. 1.
c Difforent control animnals were used for the initial and second course of immunizaon
d Thu animal wa util protacted following a third challnge, 3 months after the lmt Immuniang dose.

fugation at 700 g for 30 mn and layered on a diethyl-
aminoethyl cellulose (DEAE-cellulose) column for
further purification of the parasites; The parasites
were eluted with Dulbecco's buffer as described else-
where in detail (8), and the sporozoite-containing
fractions were combined and parasite numbers deter-
mined. Normal rhesus serum obtained from pre-
immunization bleedings was added in order to obtain
a final serum concentration of 100 ml/litre.
Sporozoite suspensions were then irradiated at 300 Gy
(30 krad) at 4 IC and administered intravenously to
the 4 rhesus monkeys as indicated in Table 1. None of
these animals developed patent infection during the
course of immunization, indicating that the
irradiation had completely abolished sporozoite
infectivity.
Serum samples for determination of antisporozoite

antibodies were obtained at bimonthly intervals. The
level of antisporozoite antibodies was determined by
the circumsporozoite precipitation (CSP) reaction
described in earlier publications (9, 10). The CSP
titres fluctuated considerably between booster injec-
tions and remained at low levels during the initial
months of the immunization (Fig. 1). After receiving
several immunizing doses spanning a period of 4-5
months, 3 of the 4 monkeys had very high CSP anti-
body levels in their sera. Shortly thereafter, each pair
of immunized and control animals was challenged by
the bites of 10 infected mosquitos, using a split-feed-
ing technique that allows the same mosquitos to feed
on both animals. In addition to CSP determinations,
two additional tests were performed on serum samples
obtained just prior to challenge, namely, detenni-
nation of sporozoite neutralizing activity (SNA) and
measurement of antibodies to sporozoites by im-
munofluorescence (IF).

The sporozoite neutralization test was done by in-
cubating 1 ml of undiluted immune serum with an
equal volume of tissue culture medium containing
2 x I O sporozoites for I h at room temperature. Fol-
lowing this, sporozoite suspensions were injected
intravenously into normal rhesus monkeys. Control
animals received sporozoites of the same batch, incu-
bated with normal serum under the same conditions.
As can be seen in Table 2, the sera of 3 of the 4 immu-
nized animals had significant neutralizing activity as
evidenced by delayed patency of recipients (partial
protection) or their complete failure to develop an in-
fection (total protection). These same sera had
unusually high titres in the CSP reaction.
One of the animals (R253) died during the night

shortly after receiving a booster dose 1 week prior to
the scheduled time of challenge. We believe that this

Table 2. Antibody levels on day of challenge of rhesus
monkeys immunized bythe intravenous injection of gamma-
irradiated sporozoites and their correlation to protection

Monkey No CThe of SporozoiteMonkeyNo CSP reaction nleutralizing Protection

248 1:80 Completea Complete

252 1 40 partalb Complete

253 1.80 Partal C

249 1 5 Absent Absent

8 Neutralization was considered complete when the recipients of sporozoites
Incubated in inrnuno serum faded to become patent
b Neutraliration was considrd parbal when the prepatencywm prolonged

by 50% or more.
C Death of anlrnal just prior to chillenge.
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Fig. 1. Correlation between protection and levels of CSP antisporozoite antibodies in rhesus monkeys immunized by the
intravenous injection of gamma-irradiated P. knowlest sporozoites {open arrows = immunizing doses; solid arrows =

challenge by bite).
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death might have been due to anaphylactic shock.
The 2 other animals that had high levels of antisporo-
zoite antibodies were fully protected against a first
challenge (Table 1). One of them, R248, resisted a
second challenge and is still completely protected fol-
lowing a third challenge 3 months after the last immu-
nizing dose. Although the other animal, R252, did not
develop total resistance to a second challenge, it did
show partial protection as indicated by a considerably
prolonged prepatent period. Protection in this group
of animals was consistently associated with high CSP
titres (Table 2).
The present findings corroborate and extend an

earlier observation by one of us (R.W.G.) on one
rhesus monkey that developed protective immunity
following a period of multiple intravenious immuniz-
ation with irradiated sporozoites of P. knowlesi. The
protection was species-specific, since this animal was
fully susceptible to challenge with sporozoites of
P. cynomolgi at a time when it had repeatedly resisted
challenge with sporozoites of P. knowlesi.
We performed additional experiments using sporo-

zoites incorporated in Freund's complete adjuvant
(FCA) to determine if, under these conditions, a
smaller number of parasites and a shorter immuniz-
ation period would result in an effective immuniz-
ation. However, none of the 6 animals immunized by
the intramuscular administration of the parasite-
adjuvant emulsion developed any detectable degree
of protection (Table 3). Prepatent periods of immu-
nized and control animals did not differ. Three
animals had received a single immunizing dose of
5.0 x 107 sporozoites and 3 others bad received 2 im-
munizing doses totalling 1.2 x 10' sporozoites. Ident-
ical results were obtained whether the sporozoites
used for immunization had been irradiated or not
prior to their being mixed with FCA.
Animals R197 and R243, which received the non-

irradiated sporozoites, developed patency during the
course ofimmunization and were immediately treated
with curative doses of chloroquine. Sporozoites of
P. knowlesi thus remain viable after being emulsified
in adjuvant, in contrast to merozoites and other blood
stages which lose infectivity under similar conditions.
The lack of protection of the monkeys immunized
intramuscularly with the sporozoite-adjuvant mix-
ture coincided with a minimal humoral response. In
fact, one of the animals (R246) developed no detect-
able antisporozoite antibodies and in the other 5 ani-
mals the CSP reaction was positive only with undi-
luted sera.

Discussion of the abovefindings

The prescnt results demonstrate that rhesus mon-
keys can be successfully immunized against malaria

Table 3. Intramuscular immunization of rhesus monkeys
with sporozoites of P. knowlesi in Freund's complete ad-
juvant (FCAI

Immunzation schedule

Primary Bootr
doe of dose of Gamms- Prepltent

sporozoltes sporozoxtes irredton CSP per,odC
Monkey No. Imilihonsa (milons) of paratss ttreb (dya)

244 50 - Yes 1 1 7
Control - - - Neg. 8

245 50 - Yes 1:1 8
Control - - - Neg. 8

246 60 60 Yes Neg 7
Conterl - - - Nag 8

247 60 60 Yes 1.1 8
Control - - - Neg. 8

243 60 - Nod I I 9
Control - - - Neg. 8

197 60 60 Nod 1 1 8
Controt - - - Neg. 8

a Booster given 2 weeks after the pnimary immunization
b CSP determination at time of challenge.
C The pars of animals were challenged, one month after the last imrnmunizing

dose, by mosquito bites using a spht-feeding technque.
d These mDnkeys recved non-irradiatd sporozones emulsifd m FCA

using gamma-irradiated sporozoites of P. knowiesi,
and strongly suggest a more general validity of the
previous findings in a rodent malaria model (1). The
protection against sporozoite-induced P. knowlesi
malaria is very significant, since this is otherwise a
very acute infection in rhesus monkeys, characterized
by a rapidly rising parasitaemia following a
prepatency period, which usually ranges from 7 to 8
days. The finding that multiple injections of sporo-
zoites appear to be necessary to achieve a protective
immunity of several months' duration recalls a similar
observation in the immunization of mice against
P. berghei.
Of interest is the finding that sera of monkeys that

were fully protected had high titres of antisporozoite
antibodies, as detected by CSP, IF and SNA, while
nonprotected animals had lower levels of these anti-
bodies. This observation, in conjunction with the
finding that protection is achieved only by the intra-
venous route and not by the intramuscular injection
of sporozoites, raises the possibility that protective
immunity against P. knowiesi is mainly or exclusively
antibody-mediated. It also suggests that perhaps the
spleen is the most important source of the protective
antibodies. These observations are in contrast with
those in mice, where under certain experimental con-
ditions there is no apparent correlation between CSP
antibody levels and protection (11). It might there-
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fore be inferred that somewhat different mechanisms
of protection operate in the two host-parasite
systems. These key issues will be approached experi-
mentally in the P. knowlesi system in the near future.

In marked contrast with the present findings, effec-
tive immunization with merozoites of P. knowlesi has
so far been consistently achieved only when these
parasites are combined with FCA (6). This adjuvant
also appears to be essential for the development of
transmission-blocking imrnunity using a gamete
antigen in the rbesus-P. knowlesi system (7). the
intravenous route being ineffective. In contrast. the
intravenous route of immunization using a gamete
antigen without adjuvant is very effective in inducing
transmission-blocking immunitv in an avian malaria
system (12, 13).

All these observations emphasize the complexity of
the immune mechanisms against Plasmodia, which
during their development in the vertebrate host inter-
act with and penetrate different target cells, display
different antigens on their surface membranes, and
may even come into contact with the immune system
in different locations.

It appears likely that resistance to infection with
sporozoites is mediated by the interaction of anti-
bodies and/or cells with antigen(s) from the mem-
brane of the parasite, before it penetrates one of the
host's hepatocytes. If this assumption is correct, the
possibility of developing a malaria vaccine would be
greatly enhanced if the membrane antigen(s) involved
were characterized chemically and immunochemi-
cally. For these reasons, we are at present stdying the
membrane proteins of P. berghei and P. knowlesi.

Analysis of the inembrane proteins of sporozoites
Our initial findings concerning the membrane pro-

teins of sporozoites of P. berghei, to be reported
elsewhere in detail (Yoshida, Nussenzweig & Nussen-
zweig, unpublished results), and of sporozoites of
P. knowlesi, were obtained by using the following
protocol.

Preparations of sporozoites purified by layering on
a DEAE-cellulose column were labelled by lactoper-
oxidase-catalysed l291-iodination (14). The parasites
were dialysed overnight in cold phosphate buffered
saline to eliminate unbound iodine. They appeared
intact when examined by phase microscopy but we
have not yet determined whether thev retain their in-
fectivity. These parasites were disrupted by using a
French pressure cell operated at 138 x 105 Pa
(2000 lbf/in2). Following centrifugation of these pre-
parations at 3000 g, approximately 80M/o of the radio-
activity was in the supernatant (total parasite extract).

In the case of P. berghei sporozoites. aliquots of
this supernatant were incubated with either normal

mouse serum or serum obtained from sporozoite-
immunized protected mice. We used pooled sera from
animals that had been immunized either by the bite of
P. berghei-infected irradiated mosquitos or by the
intravenous injection of irradiated sporozoites. For
comparison, we also used the serum of mice immu-
nized intravenously with sporozoites of a simian
malaria species, P. cynornolgi.

Following a short incubation of the mixture at
room temperature, the immune complexes were
bound to Staphylococcus aureus (I5). After repeated
washings, the complexes were dissociated from the
surface of the Staphylococcus preparation by boiling
in a buffer containing sodium dodecyl sulfate, urea
and 2-mercaptoethanol. Samples of these prepar-
ations were then subjected to electrophoresis on a slab
of sodium dodecyl sulfate-polyacrylamide gel (SDS-
PAGE) under reducing conditions. The gel was dried
and examined by autoradiography. Labelled markels
of known molecular weight were subjected to electro-
phoresis in the same gels, in addition to the total para-
site extract (Fig. 2 and 3).
The total extract of sporozoites of P. berghei was

observed to have few labelled bands, which we have
designated A co F. These bands varied in motility and
position depending on the gel concentration.

After immunoprecipitation of aliquots of the total
parasite extract with many antisera to P. berghei, we
observed only one specific band, namely, band C.
This band was not precipitated byantisera to P. know-
lesi, P. cynomolgi or to normal mosquito extracts.
Band B is of mosquito origin because t is not recog-
nized by the antisera absorbed with normal mosquito
tissue. Band E is probably not a sporozoite membrane
component but rather a bacterial or fungal contami-
nant, since it was also present in sample 5 of Fig. 3 ob-
tained upon precipitation of the extract with normal
mouse serum. Our earlier experience using inuuno-
fluorescence has shown that sporozoites of P. berghei
do not react with normal mouse serum.
Another interesting finding is also depicted in

Fig. 3. The immunoprecipitation produced by the
sera of animals immunized by the bite of infected ir-
radiated mosquitos (preparation 8, Fig. 3) does not
contain band B, although band C is clearly present.
This is certainly the mode of immunization that intro-
duces the least amount of extraneous material, sug-
gesting again that band B does not represent a sporo-
zoite component but rather a contaminant.
We bave plotted the relative migration of the

labelled markers into the SDS-gel against their mol-
ecular weight, and compared it with the relative
migration of band C of the P. berghei sporozoite
extract (Fig. 4). Under reducing conditions, the ap-
parent molecularweight ofthis sporozoite component
is approximately 41 000. Under nonreducing con-
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Fig. 2 Autoradiography of a 5-15% stab SDS-PAGE of a
P. berghei extract. Parasites were partially purified by pass-
age through DEAE-cellulose. The membrane proteins were
radiolabelled with 251 by the lactoperoxidase method. A de-
tailed protocol will be published elsewhere. After iodination,
the parasites were disrupted in a French pressure cell and
centrifuged at 3000 g for 30 min. More than 80% of the
counts were recovered in the supernatant. The parasite ex-
tract ima buffer containing 20g of SDS, 6 mol of urea, 50g of
2-mercaptoethanol and 100 ml of glycerol per litre, was
heated in steam and subjected to electrophoresis. These gels
were stained with Coomassie blue 10.4 gflitre) in methanol
1100 mI/litre) and acetic acid (70 mlIlitre). Autoradiography
was carried out by exposing the dried gel to a X-omat R film
XR-S at -700C Six major bands were detected in several
preparations of P. berghei.
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Fig. 3. Results of immunoprecipitation
of P. bergheiextracts with specificanti-
sera The partially purified parasites
were radiolabelled and an extract pre-
pared as described in Fig. 2. Samples
of the extract and specific antisera
were incubated for 5 minutes at room
temperature and the immune com-
plexes were removed by addition of a
suspension of Staphylococcus aureus.
After centrifugation the pellets were
washed several times and the bound
immune complexes removed by incu-
bation in steam in a buffer containing
20g of SDS, 6 mol of urea, 50g of 2-
mercaptoethanol and 100 ml of
glycerol per litre. The elu ates were sub-
jected to electrophoresis in 12% SDS-
PAGE, under reducing conditions,
stained, and autoradiographs prepared
as in Fig. 2. Antisera against P. berghei
were prepared as described in the text.
Some samples of antisera were ab-
sorbed with material from the salivary
glands of normal mosquitos. All anti-
sera to P. berghei, but not to
P. knowlesi or P. cynomolgi (not
shown) immunoprecipitated the anti-
gen in band C. Band B is of mosquito
origin since it was not recognized by
the anti-P. berghe, antiserum after
absortiton with normal mosquito
material (top arrow, compare tracks 6
and 7) . Band E is probably not a sporo-
zoite membrane antigen, since it is
recognized by normal mouse serum
tbottom arrow, track 5) Our previous
experience with immunofluorescence
has shown that sporozoites of
P. berghei do not react with normal
mouse serum. 1 - total parasites, 2-
markers; 3-markers; 4-immune
serum (a); 5-normal mouse serum;
6-immune serum (b), absorbed; 7-
immuneserum (b), non-absorbed; 8-
immune serum (mosquito bite).
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Fig. 4. Determination of the apparent molecular weight of
band C antigen (FIg. 3) by SDS-PAGEelectrophoresis under
reducing conditions. Molecular weight markers: serum
albumin (67 000), ovoalbumin (OA, 43 000), carbonic an-
hydrase (CA, 30 000), soybean trypsin inhibitor (TI, 20 100),
alpha-lactalbumin (a-LA, 14 400).

ditions, band C had the same apparent molecular
weight, indicating that it consists of a single polypep-
tide chain.
A preparation of sporozoites of the H strain of

P. knowlesi was also surface labelled and processed by
the same techniques. Immunoprecipitation was per-
formed with the sera of rhesus monkeys that we had
immunized intravenously with irradiated sporozoites
of P. knowlesi and that were protected against chal-
lenge. At least 10 bands were obtained in the gels, but
Again only one was specifically immunoprecipitated
by the monkey antisera. The molecular weight of this
protein was close to 100 000.

In short, these preliminary experiments with two
different malarial species suggest that the surface
membrane of sporozoites contains relativelv few pro-
teins. Therefore, the identification and isolation of
the antigenic components capable of inducing protec-
tion appears to be an attainable goal.
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RuSUML

ETUDES PRALMMINAIRES SUR LA VACCINATION DE SINGES RHPSUS AU MOYEN DE SPOROZOI IRRADII-S
DE PLASMODIUM KIOWLES) ET LA CARACTRSATION DES ANTIGENES DE SURFACE DE CE PARASITE

Ces 6tudes ont et6 entreprises en vue de mcttre au point
une mtthode pouvant induire chez un primate une protec-
tion efficace contrc 'infection palud&enne causic par des
sporozoutes et d'obtenir des renseignements sur les antigSnes
presnts i la surface de la membrane de ces sporozoTites. On
a immunis, des smges rhesus au moyen de sporozoites de
Plasmodium know/est ayant subi une irradiation ganmma.
Les titres d'anticorps anti-sporozoites, d6termin6s par
l'immunofiuorescence, I'activit6 neutralisante des immun-
serums A l'6gard des sporozoites et la r6action de pr6cipi-
tation circumsporozoltaire, ont paru prEsenter une bonne
corrHtation avec Ia protection. Seule la vaccination par voie
intraveineuse a r6ussi A induire une protection efficace asso-
cife A la production d'anticorps anti-sporozoTtaires.
L'iinmunisadon par administration intramusculatre de
sporozoites 6mulsionunts dans l'adjuvant de Freund complet

(AFC) n'a pas pernis de proteger les animaux et n'a deter-
min6 qu'une r6ponse minimale en anticorps. I1 est possible
que les mEcanismes A la base de la resistance aux sporozoites
soient induits par l'interaction entre le systime immunitaire
de Ph6te et le ou les antigane(s) de surface du parasite.
L'autoradiographie, suiNant une Electrophor6se en gel de
dodecylsulfate de sodium-polyacrylarnide (SDS-PAGE) de
sporozoites radiomarqu&s partiellement purifies, a montr6
que 1'extrait prepar6 ne contenait qu'un petit nombre de
prot6ines marqu6es. L'immunoprecipttation avec des anti-
s6rums sp6cifiques de P. berghes a revele essentiellement la
presence d'un de ces constituants de la membrane, de poids
mol6culaire apparent de 41 000. Le poids moleculaire de cet
antigFne de surface majeur des sporozoites de P. berghei est
difterent de celui q ul a ft6 not6 dans le cas des sporozoltes de
P. knowlesi.
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