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An important aspect of malaria vaccine development is the identification of an appropriate adjuvant which
is both capable of stimulating a protective immune response and safe for use by humans. Here, we investigated
the feasibility of using novel immunostimulatory molecules as adjuvants combined with a crude antigen
preparation and coadsorbed to aluminum hydroxide (alum) as a vaccine against blood-stage Plasmodium
chabaudi AS malaria. Prior to challenge infection, immunization of genetically susceptible A/J mice with the
combination of malaria antigen plus recombinant interleukin-12 (IL-12) in alum induced a Th1 immune
response with production of high levels of gamma interferon (IFN-�) and diminished IL-4 levels by spleen cells
stimulated in vitro with parasite antigen compared to mice immunized with antigen alone, antigen in alum, or
antigen plus IL-12. Mice immunized with malaria antigen plus recombinant IL-12 in alum had high levels of
total malaria-specific antibody and immunoglobulin G2a. Compared to unimmunized mice, immunization with
antigen plus IL-12 in alum induced the highest level of protective immunity against challenge infection with P.
chabaudi AS, which was evident as a significantly decreased peak parasitemia level and 100% survival.
Protective immunity was dependent on CD4� T cells, IFN-�, and B cells and was long-lasting. Replacement of
IL-12 as an adjuvant by synthetic oligodeoxynucleotides (ODN) containing CpG motifs induced a similar level
of vaccine-induced protection against challenge infection with P. chabaudi AS. These results illustrate that it
is possible to enhance the potency of a crude malaria antigen preparation delivered in alum by inclusion of
immunostimulatory molecules, such as IL-12 or CpG-ODN.

Malaria vaccine development efforts during the past 20 years
have been aimed at antigen identification, gene cloning, and
expression of recombinant molecules (17). This has resulted in
a number of promising blood-stage-derived recombinant anti-
gens for inclusion in subunit vaccines, including MSP1, MSP2,
MSP3, MSP4, MSP5, AMA1, PfEMP1, RESA, RAP1, and
RAP2 (10, 18). Clinical trials with many of these candidates
have been conducted or are ongoing (10, 13, 18). It is antici-
pated that the success of these trials may potentially lead to a
vaccine capable of saving millions of lives each year from
malaria.

An important aspect of vaccine development against infec-
tious diseases, including malaria, is the identification of an
appropriate adjuvant which is both capable of stimulating a
protective immune response and safe for use by humans. Alu-
minum hydroxide, usually referred to as alum, which is ap-
proved as an adjuvant for use by humans, is not always the
most appropriate adjuvant, given its potential to stimulate a
Th2 type immune response characterized by immunoglobulin
G1 (IgG1) and IgE production and the lack of induction of
cytotoxic T-cell responses (5). This is particularly problematic
in the development of vaccines against diseases caused by
intracellular pathogens such as protozoan parasites, including
intraerythrocytic Plasmodium parasites, the causative agent of

malaria. Protective immunity against intracellular pathogens is
generally dependent on Th1 type immune responses. However,
protective immunity against blood-stage malaria is particularly
complex and requires a concerted effort by a Th1 type cellular
immune response and humoral immunity possibly involving a
Th2 type response (24, 29). Rodent studies have revealed a
role for CD4� T cells, B cells, and antibody in mediating
naturally induced immunity against primary blood-stage infec-
tion (24, 29). The importance of CD4� T cells in immunity
induced by vaccination with a defined antigen, such as MSP1,
is less clear, although high titers of antigen-specific antibody
correlate with protective immunity induced in mice by vacci-
nation with the 19-kDa carboxyl-terminal fragment of MSP1
derived from Plasmodium yoelii (reviewed in reference 13).

Interleukin-12 (IL-12) plays an essential role in the differ-
entiation of CD4� lymphocytes by promoting Th1 while sup-
pressing Th2 cell development, thereby favoring gamma inter-
feron (IFN-�) production and elevated IgG2a levels (31).
Because of its potent immunoregulatory properties, this cyto-
kine has been used successfully as a vaccine adjuvant in models
of intracellular infections, such as Leishmania major (1, 21)
and Listeria monocytogenes (27), which require induction of
Th1 responses for protective immunity. Consistent with the
ability of IL-12 to promote a Th1-dependent immune response
and to dampen a Th2 response, Wynn and colleagues (46–48)
demonstrated that, as an adjuvant, IL-12 not only influences
the promotion of protective Th1-dependent vaccine-induced
immunity against Schistosoma mansoni but also prevents Th2-
dependent pathology associated with this helminth parasite.
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Furthermore, as a vaccine adjuvant, IL-12 enhances both cell-
mediated immune responses and augments antigen-specific
IgG1, IgG2a, and IgG3 antibody levels, especially when the
antigen and IL-12 are simultaneously coadsorbed to alum (19,
48).

In previous studies, our laboratory demonstrated that treat-
ment of genetically susceptible A/J mice with exogenous IL-12
during primary Plasmodium chabaudi AS infection induces
protective type 1 immunity, resulting in a less severe course of
infection and survival (37). Studies with IL-12 p40-deficient
mice confirmed the key role of IL-12 in inducing protective
Th1 responses involving IFN-� during the acute phase of in-
fection and demonstrated that IL-12 is also important for an-
tibody-mediated immunity during the chronic stage and in a
challenge infection (39).

In the present study, we investigated the potential of using
IL-12 as an adjuvant in a vaccine against blood-stage P. chabaudi
AS malaria in A/J mice. Since our focus was to define the efficacy
and characterize the protective immune mechanisms induced by
the combination of an immunostimulatory molecule with malaria
antigen, we used murine recombinant IL-12 together with a crude
preparation of whole antigen from P. chabaudi AS parasitized red
blood cells (PRBC). With this combination coadsorbed to alum,
we report the induction of a protective antimalarial immune re-
sponse in susceptible A/J mice characterized by the production of
high levels of IFN-� and parasite-specific IgG2a and protection
against challenge infection with blood-stage P. chabaudi AS. Pro-
tective immunity was found to be dependent on CD4� T cells, B
cells, and IFN-� and to be long-lasting. Replacement of IL-12 as
an adjuvant by synthetic oligodeoxynucleotides (ODN) contain-
ing CpG motifs was found to induce a similar level of vaccine-
induced protection against challenge infection with P. chabaudi
AS.

MATERIALS AND METHODS

Mice. Age- and sex-matched mice, 6 to 8 weeks old, were used in all experi-
ments. A/J mice were purchased from the Jackson Laboratory (Bar Harbor,
Maine) and C57BL/6 mice were purchased from Charles River Laboratories (St.
Constant, Quebec, Canada). IFN-� knockout (GKO) mice on the C57BL/6
background were bred in the animal facility of the Montreal General Hospital
Research Institute from breeding pairs of GKO mice, which were originally from
Genentech, Inc. (South San Francisco, Calif.) and backcrossed onto the C57BL/6
strain for eight generations by F. P. Heinzel (Case Western Reserve University
School of Medicine, Cleveland, Ohio) (16). B-cell-deficient �-MT with targeted
disruption of the membrane exon of the immunoglobulin �-chain gene or B-cell
knockout (BKO) mice were originally derived on a 129 � C57BL/6 background
and backcrossed to the C57BL/10 background for 12 generations (20, 22). B-cell-
deficient �-MT and wild-type C57BL/10SgSnAi mice were obtained from Tac-
onic Farms, Inc. (Germantown, N.Y.).

CD4� T-cell depletion. Monoclonal anti-CD4 antibody from the hybridoma
clone GK1.5 was raised as ascites fluid in BALB/c mice as previously described
(33). The ascites fluid was delipified, dialyzed, and quantitated for the concen-
tration of rat IgG. Mice were treated with the first dose of 500 �g of anti-CD4
antibody intraperitoneally (i.p.) 3 days prior to infection. Following infection, 200
�g was administered i.p. 3 times per week until the end of the experiment.
Control mice received purified rat IgG at similar dosages and timing. Treatment
with GK1.5 monoclonal antibody consistently depletes �98% of CD4� T cells
based on fluorocytometric analysis (33, 37) and functional studies (33).

P. chabaudi AS infection and antigen preparation. P. chabaudi AS was main-
tained as previously described (33). Naive and immunized mice were infected i.p.
with 106 PRBC. The course and outcome of infection were monitored by previ-
ously described procedures (33). For the determination of cytokine and antibody
levels in sera, mice were sacrificed at the indicated times and blood was obtained
by cardiac puncture, allowed to clot for 30 min at 4°C, and centrifuged at 3,000
� g for 3 min. Sera were collected and stored at 4°C for measurement of IL-12

p70 or at �20°C for determination of the levels of other cytokines and malaria-
specific antibodies.

Antigen was prepared by modification of a freeze-thaw protocol described by
Amante and Good (2). Briefly, blood from A/J mice with parasitemias of 40 to
45% was collected, pooled, and centrifuged at 300 � g for 10 min. The red blood
cell pellet was subjected to 2 rounds of lysis with distilled H2O and centrifugation
at 10,000 � g for 25 min. After 2 washes with phosphate-buffered saline (PBS),
the parasite pellet was resuspended in PBS and subjected to 3 cycles of freeze-
thaw at �70°C and 37°C. The suspension, containing both soluble and particulate
antigens, was further disrupted by passage 2 to 3 times through a syringe with a
25-gauge needle.

Immunization protocol. An amount of malaria antigen equivalent to 1 � 107

to 1.5 � 107 PRBC was mixed with 1 �g of murine recombinant IL-12 (a kind gift
from Wyeth Genetics Institute, Cambridge, Mass.) to a volume of 50 �l with
PBS. An equal volume of alum (Imject alum; Pierce Chemical Co., Rockford,
Ill.) was added, and the suspension was mixed thoroughly. Mice were immunized
subcutaneously (s.c.) with 0.1 ml on the nape of the neck. Other groups of mice
were also immunized in a similar manner with the following vaccine combina-
tions: antigen suspended in PBS, antigen admixed in alum, and antigen admixed
with 1 �g of murine recombinant IL-12 in PBS. Three weeks later, the antigen-
treated groups were boosted with the same amount of antigen in 0.1 ml of PBS
injected i.p. Mice were challenged i.p. with 106 PRBC 2 weeks later.

CpG DNA. ODN containing CpG motifs (CpG-ODN no. 1826) and control
ODN (no. 1982) were a kind gift of Coley Pharmaceuticals Canada (Ottawa,
Ontario, Canada). One hundred micrograms of CpG-ODN or control ODN was
admixed with antigen and alum and used according to the standard immuniza-
tion protocol described above.

Spleen cell culture and proliferation assay. Spleens from immunized mice
were removed aseptically and pressed through a sterile fine-wire mesh with 10 ml
of RPMI 1640 (Gibco-Invitrogen, Burlington, Ontario, Canada) supplemented
with 5% heat-inactivated fetal calf serum (HyClone Laboratories, Logan, Utah),
25 mM HEPES (Gibco-Invitrogen), 0.12% gentamicin (Schering, Montreal,
Quebec, Canada), and 2 mM glutamine (Gibco-Invitrogen). Cell suspensions
were centrifuged at 350 � g for 10 min. Red blood cells were lysed with 0.175 M
NH4Cl, and the cells were washed twice in fresh medium. Membrane debris was
removed by filtering the cell suspensions through sterile gauze. The viability of
the cells was determined by trypan blue exclusion and was always �90%. Total
cell counts were performed on individual samples. For proliferation assays,
spleen cells were adjusted to 2.5 � 106 cells/ml and aliquots of 0.1 ml were plated
in triplicate in 96-well flat-bottom plates, stimulated with 106 washed PRBC/ml
(as the malaria parasite antigen) or medium (as the control), and incubated for
72 h at 37°C in a humidified CO2 incubator. During the last 16 h of culture, 1 �Ci
of [3H]thymidine (specific activity, 6.7 Ci/mmol) was added to each well, the cells
were harvested with an automatic cell harvester, and the incorporated radioac-
tivity was measured in a liquid scintillation counter. For determination of cyto-
kine production, spleen cells were adjusted to 5 � 106 cells/ml and aliquots of 1
ml were plated in triplicate in 24-well tissue culture plates in the presence or
absence of 106 PRBC, as described above, and incubated for 48 h at 37°C in a
humidified CO2 incubator. Supernatants were collected, centrifuged at 350 � g
for 5 min, and stored at 4°C or at �20°C until assayed for cytokine levels.

Cytokine ELISAs. Cytokine levels in sera and spleen cell supernatants were
measured by using two-site sandwich enzyme-linked immunosorbent assays
(ELISAs) for IFN-� and tumor necrosis factor alpha (TNF-�) as previously
described (34, 37). For IL-4, the capturing and detecting antibodies were BVD4-
1D11 monoclonal antibody (MAb) and biotinylated BVD6-24G2 MAb, respec-
tively. For IL-10, JES5.2A5 MAb (American Type Culture Collection, Rockville,
Md.) and biotinylated SXC-1 MAb (BD Bioscience, Mississauga, Ontario, Can-
ada) were used as the capturing and detecting antibodies, respectively. Standard
curves for each cytokine were generated by using recombinant cytokines (BD
Bioscience). Reactivity was revealed by using 2,2�-azinobis(3-ethylbenzthiazo-
linesulfonic acid) (ABTS) substrate (Roche, Laval, Quebec, Canada) and optical
density (OD) values were read in a microplate reader at 405 nm, with a reference
wavelength of 492 nm.

Malaria-specific antibody ELISA. Serum levels of P. chabaudi AS-specific
antibody isotypes were determined by ELISA. P. chabaudi AS antigen was
prepared as described previously (49). Immulon II plates (Dynatech, Chantilly,
Va.) were coated with parasite antigen at a concentration of approximately 4 to
5 �g/ml in PBS based on an OD at 280 nm overnight at 4°C and subsequently
blocked with 1% bovine serum albumin in PBS for 1 h. Individual serum samples
were serially diluted twofold, and 50 �l of each dilution was added to the plate
and incubated for 2 h at room temperature. The data shown are based on values
obtained at the following dilutions: total Ig, 1:20; IgG1, 1:10; IgG2a, 1:10. After
extensive washing, horseradish peroxidase-conjugated goat anti-mouse isotype
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antibodies (SBA, Birmingham, Ala.) were added and incubated at room tem-
perature for another 2 h. Reactivity was visualized with ABTS substrate, and OD
values were read in a microplate reader at 405 nm, with a reference wavelength
of 492 nm. Antibody levels in serum are expressed as relative OD.

Statistical analysis. Data are presented as means 	 standard errors of the
means. The statistical significance of differences in means between experimental
and control groups was analyzed by Student’s t test with SAS/STAT software
(SAS Institute, Cary, N.C.). A P value of 
0.05 was considered significant.

RESULTS

Immunization with malaria antigen plus IL-12 in alum in-
duces a Th1 immune response. Since a strong Th1 immune
response is associated with protective immunity to acute blood-
stage P. chabaudi AS during a primary infection, the type of
immune response induced by inclusion of IL-12 in a vaccine
formulation was first evaluated. P. chabaudi AS susceptible A/J
mice were immunized s.c. with a freeze-thaw preparation of
blood-stage malaria antigen alone, antigen in alum, antigen
plus IL-12, or antigen plus IL-12 in alum and boosted 3 weeks
later by i.p. injection with antigen alone. Two weeks later, prior
to challenge infection, immunized mice and untreated, control
A/J mice were sacrificed and proliferation and cytokine pro-
duction by spleen cells were analyzed in vitro. As shown in
Table 1, immunization with either antigen in alum or the com-
bination of antigen plus IL-12 in alum resulted in significantly
increased antigen-specific proliferation compared to the re-
sponse of control A/J mice (P � 0.02 and P � 0.037, respec-
tively). However, the combination of antigen plus IL-12 in
alum resulted in a greater than twofold increase in prolifera-
tion compared to antigen in alum, which represents a signifi-
cant difference between the two groups. Furthermore, in com-
parison with spleen cells from mice immunized with antigen in
alum, spleen cells from mice immunized with the combination
of antigen plus IL-12 in alum produced significantly higher
levels of the Th1 cytokines, IFN-� and TNF-�, and significantly
lower levels of IL-4. Spleen cells from mice immunized with
the combination of antigen plus IL-12 in alum also produced
modest levels of IL-10, which were significantly higher than the
response of cells from mice immunized with antigen in alum.

The levels of total malaria-specific antibody and IgG1 and
IgG2a in the sera of immunized A/J mice were also analyzed 2
weeks after boosting prior to challenge infection. Total malar-
ia-specific antibody was significantly and similarly increased in
the three groups of immunized animals compared with the
levels of total specific antibody in mice immunized with antigen

alone (Fig. 1A). Malaria-specific IgG1 was significantly in-
creased in the groups immunized with antigen in alum and the
combination of antigen plus IL-12 in alum compared to IgG1
levels in mice immunized with antigen alone (Fig. 1B). How-
ever, the level of malaria-specific IgG1 was significantly higher
in the group immunized with antigen in alum than in those
immunized with the combination of antigen plus IL-12 in alum.
The levels of specific IgG2a were significantly increased com-
pared to controls only in mice immunized with the combina-
tion of antigen plus IL-12 in alum (Fig. 1C). These findings
demonstrate that immunization with the combination of ma-
laria antigen plus IL-12 in alum induced high levels of produc-
tion of the Th1 cytokine IFN-� and parasite-specific IgG2a. In
addition, mice immunized with this combination produced sig-
nificantly lower levels of antigen-specific IL-4 and IgG1 than
did mice immunized with antigen in alum in the absence of
IL-12.

Immunization with malaria antigen plus IL-12 in alum in-
duces protection against challenge infection with blood-stage
P. chabaudi AS. To compare the efficacy of vaccination with the
various combinations in conferring protective immunity,
groups of A/J mice, immunized as described above, were chal-
lenged i.p. with P. chabaudi AS 2 weeks after boosting and the
course of parasitemia and the outcome of infection were mon-
itored. Similar to control mice, mice immunized with antigen
alone or antigen in alum suffered a severe course of para-
sitemia with high peak parasitemia levels and high mortality
(Fig. 2A and C). Mice immunized with antigen plus IL-12 or
antigen plus IL-12 in alum experienced less severe courses of
infection with significantly lower peak parasitemia levels than
control mice (P 
 0.001 and P 
 0.001, respectively) (Fig. 2B).
In the case of mice immunized with antigen plus IL-12 in alum,
there was a delay of 1 to 2 days in peak parasitemia level
compared to nonimmunized mice. Although antigen plus
IL-12 was effective in significantly reducing peak parasitemia
compared to control mice, only 60% (9 of 15) of mice immu-
nized with this combination survived while 100% (25 of 25) of
mice immunized with the combination of antigen plus IL-12 in
alum survived challenge infection with P. chabaudi AS. These
results indicate that antigen plus IL-12 in alum was the best
combination for conferring protection against blood-stage ma-
laria in terms of reduced parasitemia and enhanced survival.

Immunization with malaria antigen plus IL-12 in alum in-
duces long-lasting protection. An important characteristic of

TABLE 1. Antigen-specific spleen cell proliferation and cytokine responses in immunized mice prior to P. chabaudi AS challenge infection

Treatment groupa Antigen proliferation
(cpm 	 SEM)

Level of cytokine (Mean 	 SEM):

IFN-� (ng/ml) TNF-� (pg/ml) IL-4 (pg/ml) IL-10 (pg/ml)

Untreated 526 	 71 0.39 	 0.39 98.41 	 10.22 254.27 	 52.80 0.76 	 0.01
Antigen 486 	 44 5.13 	 0.36 122.03 	 17.78 178.55 	 45.13 1.07 	 0.11
Antigen � alum 1,162 	 128 3.83 	 0.86 175.03 	 20.93 234.52 	 20.60 1.27 	 0.10
Antigen � IL-12 768 	 130 11.14 	 2.27 189.85 	 28.58 134.19 	 33.22 1.01 	 0.09
Antigen � IL-12 � alum 2,768 	 622b 43.13 	 5.20c 341.94 	 44.26c 165.87 	 42.82d 1.44 	 0.14e

a Groups of A/J mice (5 per group) were immunized s.c. with malaria antigen alone, antigen in alum, antigen plus 1.0 �g of IL-12, or antigen plus 1.0 �g of IL-12
in alum and boosted 3 weeks later by i.p. injection with antigen. Data from one of two replicate experiments are presented.

b P 
 0.05 for antigen plus alum versus antigen plus IL-12 plus alum.
c P 
 0.0001 for antigen plus alum versus antigen plus IL-12 plus alum.
d P 
 0.01 for antigen plus alum versus antigen plus IL-12 plus alum.
e P 
 0.008 for antigen plus alum versus antigen plus IL-12 plus alum.
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an effective malaria vaccine is that the elicited immunity is
long-lasting. To address this issue, A/J mice were immunized
with the combination of antigen plus IL-12 in alum and chal-
lenged as before, that is, 2 weeks after boosting, or 12 weeks
after boosting. Similar to mice challenged 2 weeks after boost-
ing, A/J mice challenged at 12 weeks were solidly immune
(Table 2). Long-lasting protection induced in these animals by
malaria antigen plus IL-12 in alum was evident by a number of
parameters. Importantly, there was a significant decrease in
peak parasitemia compared to nonimmunized A/J mice (P 

0.001). In addition, the number of days required to clear par-
asites from the blood of mice challenged 12 weeks after boost-
ing was similar to that for mice challenged 2 weeks after boost-
ing, and there was 100% survival among all immunized mice
regardless of the time of challenge infection.

Protective immunity induced by immunization with malaria
antigen plus IL-12 in alum requires CD4� T cells and IFN-�.
To investigate the mechanism of protective immunity induced

by vaccination with the combination of antigen plus IL-12 in
alum, immunized A/J mice were depleted of CD4� T cells by
treatment with GK1.5 MAb 3 days prior to and three times per
week during the challenge infection with P. chabaudi AS. Par-
asitemia and survival were monitored for 4 weeks post-chal-
lenge infection. Consistent with the results shown above, intact
immunized A/J mice suffered a mild course of infection and
survived challenge infection. In contrast, CD4�-T-cell-de-
pleted mice experienced fulminant infections with significantly
higher peak parasitemia levels than rat IgG-treated mice (P �
0.008) (Fig. 3A), and the animals died by day 11 postchallenge.

To determine the role of IFN-� in vaccine-induced protec-
tion, GKO mice on the resistant C57BL/6 background and
wild-type C57BL/6 mice (36) were immunized with antigen
plus IL-12 in alum. Immunized as well as untreated, control
GKO and wild-type mice were challenged with P. chabaudi AS
as described above. The course of parasitemia and outcome of
infection were monitored for 4 weeks in control and immu-
nized mice of both genotypes (Fig. 3B and C). As shown
previously, control GKO mice developed significantly higher
levels of peak parasitemia on day 7 than their wild-type coun-
terparts (64.2 	 3.35 versus 38.7 	 4.43, respectively; P 

0.0001). Furthermore, immunized wild-type C57BL/6 mice had
a significantly lower peak parasitemia level which occurred 1
day later than that for wild-type mice without immunization (P

 0.0001) (Fig. 3B), indicating that immunization with antigen
plus IL-12 in alum induced protection in resistant C57BL/6 as
well as susceptible A/J hosts. In contrast to increased protec-
tion, as defined by the level of peak parasitemia, observed in
wild-type mice, there was no significant difference in peak
parasitemia levels in immunized versus untreated GKO mice
(55.31 	 1.37 versus 64.2 	 3.35, respectively; P � 0.05). The
timing of the peak parasitemia was delayed from day 7 to day

FIG. 1. Levels of malaria-specific antibodies in the sera of A/J mice immunized s.c. with antigen (Ag) alone, antigen in alum, antigen plus IL-12,
or antigen plus IL-12 in alum and boosted 3 weeks later by i.p. injection with antigen. Two weeks later, sera were collected from immunized mice
and the levels of total malaria-specific antibody, IgG1, and IgG2a were determined by ELISA. Data represent OD values for individual mice and
are pooled from 2 experiments.

TABLE 2. Long-term protection against blood-stage malaria
induced by immunization with malaria antigen plus IL-12 in alum

Treatment groupa (n) % Peak parasitemia
(mean 	 SEM) Clearance by day: % Survival

Untreated (10) 41.25 	 1.29 0
2 wk postboost (5) 15.80 	 2.29b 14 100
12 wk postboost (5) 28.65 	 1.29c 15 100

a Groups of A/J mice (n � 5) were immunized s.c. with antigen plus 1.0 �g of
IL-12 admixed in alum and boosted 3 weeks later by i.p. injection with antigen.
For each immunization group, age-matched untreated and immunized mice were
infected i.p. with 106 PRBC at 2 or 12 weeks postboost. Since there were no
significance differences in peak parasitemia or survival between the two un-
treated groups (n � 10), data have been pooled.

b P 
 0.001 compared to control.
c P 
 0.001 compared to control.
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9 in immunized mice compared to control GKO mice. How-
ever, 100% of GKO mice, whether immunized or not, suc-
cumbed to challenge infection by day 12 (40; data not shown).
Taken together, these results demonstrate the crucial roles of
CD4� T cells and IFN-� in the development of protective
immunity against blood-stage malaria induced by immuniza-
tion with P. chabaudi AS antigen plus IL-12 coadsorbed to
alum.

Protective immunity induced by immunization with malaria
antigen plus IL-12 in alum requires B cells. As shown above,
immunization of A/J mice with malaria antigen plus IL-12 in
alum induced high levels of total malaria-specific antibody,
IgG2a, and IgG1, and conferred the highest level of protection
against challenge infection with blood-stage P. chabaudi AS.
These observations suggested to us that the B-cell response is
an integral component of the mechanism of protective immu-
nity induced by immunization with the combination of malaria
antigen and IL-12 coadsorbed to alum. The role of B cells in
protective immunity induced by vaccination with antigen plus
IL-12 in alum was further investigated by using B-cell-deficient
�-MT mice on the resistant C57BL/10 background (36). As
previously observed (41, 43, 44), nonimmunized male (Fig. 4A)
and female (Fig. 4C) B-cell-deficient mice compared to intact
C57BL/10 mice (Fig. 4B and D) experienced recurrent bouts of
recrudescent parasitemia until the experiment was terminated
90 days after challenge infection. Following immunization,
peak parasitemia levels in male and female intact C57BL/10
mice were significantly decreased (P 
 0.001 for male mice and
P 
 0.05 for female mice). Challenge infection was cleared in
both male and female immunized C57BL/10 mice, although
female mice experienced several recrudescent parasitemias be-
tween 5 and 10%. Despite immunization, male and female
B-cell-deficient mice experienced peak parasitemias which
were not significantly reduced compared to nonimmunized,
B-cell-deficient mice. Although immunized B-cell-deficient
mice suffered fewer and significantly lower recrudescent para-
sitemias than their nonimmunized counterparts, they were un-
able to clear the infection completely and low levels of para-
sitemia (1 to 5%) persisted throughout the chronic stage of
infection until the experiment was terminated on day 90.

CpG-ODN can replace IL-12 as an adjuvant for immuniza-
tion against blood-stage malaria. It is possible that other
agents, such as CpG-ODN, with potent immunostimulatory
properties could also be useful as an adjuvant in a vaccine
against blood-stage malaria. CpG-ODN has been shown to
induce production of IL-12, which, in turn, enhances IFN-�
production, antibody production by B cells, and cytotoxicity of
NK cells and CD8� T cells (4, 5, 7, 15, 23). To determine
whether CpG-ODN can replace IL-12 as an adjuvant in the
blood-stage malaria vaccine, A/J mice were immunized with
malaria antigen plus 100 �g of CpG-ODN or control ODN in
alum, by using the standard protocol, and challenged with P.
chabaudi AS. As shown in Fig. 5, CpG-ODN was as effective as
IL-12 in inducing protection against challenge infection with P.
chabaudi AS. Mice immunized with malaria antigen plus CpG-
ODN in alum had a course of parasitemia and 100% survival
following challenge infection with P. chabaudi AS, which was
similar to mice immunized with antigen plus IL-12 in alum.
There was a significant decrease in the peak parasitemia levels
of mice immunized with antigen plus CpG-ODN in alum com-

FIG. 2. Course of parasitemia and survival in A/J mice immu-
nized s.c. with antigen (Ag) alone, antigen in alum, antigen plus
IL-12, or antigen plus IL-12 in alum and boosted 3 weeks later by
i.p. injection with antigen. Two weeks later, immunized and un-
treated control mice were challenged i.p. with 106 P. chabaudi AS
PRBC. The percentage of PRBC in peripheral blood (A and B) was
determined for each group of 5 mice. Data from one of two repli-
cate experiments are presented. Mice were examined twice daily for
the duration of the experiment for survival (C). Cumulative data
from 6 experiments are presented.
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pared to mice immunized with antigen plus control ODN in
alum (P 
 0.001), and mice in the former group cleared the
parasite by 2 weeks postinfection. The combination of antigen
plus control ODN in alum was not protective, and 100% of the
mice in this group succumbed to challenge infection, with ful-
minant parasitemia levels by day 10 postinfection.

DISCUSSION

Previous studies demonstrate that coadsorption of antigen
and IL-12 to alum promotes both type 1 cytokine and antibody
responses (19, 21). Since both cellular and humoral responses
have been implicated in protective immunity to malaria, we
reasoned that immunization with the combination of malaria
antigen and IL-12 coadsorbed to alum may enhance protective
immunity to blood-stage malaria. To investigate this possibil-
ity, we examined the feasibility of using crude malaria antigen
coadsorbed with IL-12 to alum as a vaccine against blood-stage
malaria in the mouse model of P. chabaudi AS. Cellular and
humoral immune responses were compared in A/J mice im-
munized with antigen plus IL-12 in alum as well as antigen
alone, antigen in alum, or antigen plus IL-12 and boosted 3
weeks later with antigen alone prior to challenge infection.

A/J mice are susceptible to primary P. chabaudi AS infection
and experience fulminant and lethal parasitemia by 10 to 13
days postinfection (36). During the first week of infection,
spleen cells from these mice produce high levels of IL-4 and
low levels of IFN-� in vitro in response to the parasite antigen
(38). Determination of proliferation and cytokine production
in vitro by spleen cells from A/J mice immunized with the
various vaccine combinations revealed that spleen cells from
mice immunized with malaria antigen plus IL-12 in alum had
the highest levels of proliferation as well as of IFN-� produc-
tion in response to the specific antigen. Spleen cells from these
mice also produced lower levels of the Th2 cytokine IL-4 and
the Th1 cytokine TNF-� and low levels of IL-10.

The finding of high levels of production of IFN-� is consis-
tent with observations in previous studies with IL-12 as an
adjuvant together with antigen for vaccination against L. major
(1), S. mansoni (46–48), or Listeria (27), which demonstrate
that inclusion of this cytokine in the vaccine formulation in-
duces a strongly polarized type 1 cytokine response with pro-
duction of high levels of IFN-�. In these studies, the combina-
tion of IL-12 and antigen was administered as a vaccine in the
absence of alum or another adjuvant. However, Jankovic et al.
(19) observed that administration of IL-12 and human immu-
nodeficiency virus type 1 gp120 induces a shift from a type 2 to
a type 1 cytokine profile only when coadsorbed to alum. In the
case of vaccination against L. major (1) or S. mansoni (46–48)
with the combination of parasite antigen and IL-12, Th2 cyto-
kine production, including IL-4 production, is markedly dimin-
ished. Taken together, these findings in various infection mod-

FIG. 3. Course of parasitemia and survival in immunized CD4� T
cell depleted A/J mice or in wild-type or GKO C57BL/6 mice. To
deplete CD4� in vivo, A/J mice were treated i.p. with GK1.5 mono-
clonal antibody or with an equivalent amount of rat IgG as a control 3
days prior to challenge infection and three times per week during
infection. Two weeks after boosting, mice were challenged i.p. with 106

P. chabaudi AS PRBC and the course of parasitemia was determined
(A). Female wild-type (B) and GKO (C) C57BL/6 mice were immu-
nized with antigen (Ag) plus IL-12 in alum, and 2 weeks after boosting,

mice were challenged i.p. with 106 P. chabaudi AS PRBC and the
course of parasitemia was determined. Similar results were obtained in
a replicate experiment using male wild-type and GKO mice. In panel
A, the asterisk designates a P value of 
0.001 for control versus
CD4�-T-cell-depleted mice. In panel B, the asterisk designates a P
value of 
0.0001 for untreated versus immunized C57BL/6 mice.
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els with mice are in accordance with the ability of IL-12 to
promote the differentiation of CD4� Th1 cells (12).

Our observations that the combination of malaria antigen
plus IL-12 in alum induced high levels of total malaria-specific
antibody and IgG2a antibody as well as moderate levels of
malaria-specific IgG1 are consistent with previous studies uti-
lizing IL-12 in a vaccine formulation. The present study did not
address whether the increased protection seen in the group of
mice immunized with the combination of malaria antigen plus
IL-12 in alum is due to a particular subclass or isotype of
antibody or due to a generalized increase in antibody titers.
Wynn et al. (48) demonstrated that mice vaccinated with a
combination of IL-12 and irradiated S. mansoni cercariae have

significant increases in parasite-specific IgG2a, IgG2b, and
IgG1. Studies by Jankovic et al. (19) demonstrated that mice
vaccinated with IL-12 and recombinant gp120 envelope pro-
tein from human immunodeficiency virus type 1 coadsorbed to
alum have high levels of specific IgG2a, IgG2b, and IgG3
isotypes as well as significantly increased gp120-specific IgG1
isotype levels compared to mice immunized with antigen in
alum. Interestingly, in these two studies, enhanced IgG1 pro-
duction occurred in the face of suppressed IL-4 production
when IL-12 was included in the vaccine formulation. Similarly,
our results indicate that vaccination with the combination of
malaria antigen plus IL-12 coadsorbed to alum induced a Th1
immune response in vaccinated mice. The induction of a Th1

FIG. 4. Course of parasitemia in immunized B-cell-deficient �-MT (BKO) and wild-type (WT) C57BL/10 mice. Groups of BKO (male, n �
6; female, n � 8) and WT (male and female, n � 10) mice were immunized s.c. with antigen plus IL-12 in alum and boosted i.p. with antigen 3
weeks later. Two weeks later, mice were challenged i.p. with 106 P. chabaudi AS PRBC and the course of parasitemia was determined in male (A
and B) and female (C and D) BKO (A and C) and wild-type (B and D) mice. �, P 
 0.001; #, P 
 0.05 for nonimmunized versus immunized mice.
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immune response by administration of malaria antigen plus
IL-12 coadsorbed to alum is relevant given the important role
of type 1 cell-mediated and humoral immune responses in
mediating naturally induced immunity against malaria in mice
infected with blood-stage P. chabaudi AS and possibly in hu-
mans (24, 29, 39, 40).

Importantly, immunization with the combination of malaria
antigen plus IL-12 in alum induced strong protective immunity
against challenge infection with blood-stage P. chabaudi AS in
both susceptible A/J and resistant C57BL/6 mice. In contrast to
control A/J mice, which experience a severe course of para-
sitemia and 100% mortality (36), immunization with either
antigen plus IL-12 or antigen plus IL-12 coadsorbed to alum
resulted in less severe courses of infection and significant de-
creases in peak parasitemia levels. However, only mice immu-
nized with antigen plus IL-12 in alum experienced 100% sur-
vival. Moreover, the protection induced by this formulation
was long-lasting since mice challenged 3 months after boosting
were still completely protected against P. chabaudi AS. This
group of animals had significant decreases in peak parasitemia
levels and time to parasite clearance comparable to mice chal-
lenged 2 weeks after boosting. In both instances, there was
100% survival of vaccinated mice.

Although CD4� T cells are known to play an important role
in immunity to primary blood-stage P. chabaudi AS (24, 29),
little is known about the role of these cells in vaccine-induced
immunity to blood-stage malaria. Earlier studies by Langhorne
and colleagues (25) demonstrated that depletion of CD4� T
cells from immune C57BL/6 mice results in a low, transient
parasitemia following challenge with P. chabaudi AS, which is
eventually cleared. In contrast, our results in CD4�-T-cell-
depleted, immunized mice indicate that CD4� T cells play a

critical role in immunity induced by vaccination with malaria
antigen and IL-12 in alum. We observed that immunized
CD4�-T-cell-depleted mice experienced severe and lethal in-
fections when challenged with P. chabaudi AS.

It is likely that CD4� T cells participate in immunity induced
by immunization with malaria antigen and IL-12 coadsorbed to
alum by producing IFN-�, although the studies performed here
did not address the cellular source of this cytokine in immu-
nized mice. Both CD4� T cells and NK cells were found to
produce IFN-� in mice vaccinated with L. major antigen and
IL-12 (1). NK cells may also be a source of IFN-� in mice
immunized with malaria antigen and IL-12 in alum. NK cells
have been found to produce IFN-� early in infection with
various species of mouse malaria parasites, including P.
chabaudi AS (8, 28). Recent studies with humans demon-
strated that Plasmodium falciparum-infected red blood cells
induce IFN-� production by NK cells from individuals infected
with P. falciparum and nonexposed donors (3). IFN-� is con-
sidered to be a major component of innate and acquired im-
munity to primary blood-stage P. chabaudi infections (11, 24,
40, 42). The inability to protect GKO mice, compared to wild-
type C57BL/6 mice, against challenge infection as shown here
indicates that IFN-� is also a critical cytokine in vaccine-in-
duced immunity following immunization with malaria antigen
and IL-12 coadsorbed to alum. In humans, IFN-� production
has been found to correlate with resistance to reinfection with
P. falciparum as well as with protection from clinical attacks of
malaria (6, 9, 26). Based on these observations, it has been
concluded that IFN-� production should be considered an
important hallmark of effector T-cell function for the develop-
ment of an effective malaria vaccine (14, 32). Our results in the
present report support this contention.

During primary P. chabaudi AS infection, mice rendered
B-cell deficient by treatment from birth with anti-IgM antibod-
ies or �-MT mice with targeted disruption of the membrane
exon of the immunoglobulin �-chain gene can control acute
parasitemias in a manner similar to that of intact mice (41, 44).
However, B-cell-deficient mice maintain a chronic low level of
parasitemia, indicating that effective parasite clearance at the
later, chronic stage of infection requires the presence of B cells
(41, 44). In addition to their ability to produce antibody, B cells
may also play a role via production of IL-10 (41) in the switch
from Th1 cells producing IFN-�, which mediates control of
acute parasitemia, to Th2 cells which provide help for antibody
production leading to clearance of primary blood-stage P.
chabaudi AS infection. Studies in �-MT mice also showed that
B-cell-deficient animals are unable to control a challenge in-
fection and develop parasitemia levels similar in magnitude to
a primary infection (44). These findings suggest that B-cell-
dependent mechanisms may be important for an effective
memory response to P. chabaudi AS infection (44). In the
present study, we observed that immunization of B-cell-defi-
cient �-MT mice with malaria antigen and IL-12 coadsorbed to
alum is ineffective in providing enhanced protection against
challenge infection with P. chabaudi AS, suggesting a role for
a B-cell-dependent mechanism(s) in vaccine-induced immu-
nity.

We also examined the possibility of replacing IL-12 with
immunostimulatory CpG-ODN. Because of its ability to induce
a type 1 pattern of cytokine production dominated by IL-12

FIG. 5. Course of parasitemia in A/J mice immunized with antigen
plus IL-12 in alum or antigen plus CpG-ODN in alum. Groups of 5 A/J
mice were immunized s.c. with either antigen plus IL-12 in alum
(IL-12), antigen plus CpG-ODN in alum (CpG-ODN), or antigen plus
ODN in alum (Control ODN) and boosted i.p. with antigen 3 weeks
later. Two weeks later, mice were challenged i.p. with 106 P. chabaudi
AS PRBC and the course of parasitemia was determined. �, P 
 0.001
for day 9 parasitemia between antigen plus ODN in alum versus
antigen plus CpG-ODN in alum and P � 0.114 for antigen plus CpG-
ODN in alum versus antigen plus IL-12 in alum.
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and IFN-� with little secretion of type 2 cytokines, CpG-ODN
have been found to be useful as adjuvants for vaccines, includ-
ing peptide vaccines, against a variety of pathogens (4, 5, 7, 15,
23, 30, 35, 45). Near and colleagues (30) recently demonstrated
that vaccination with the combination of CpG-ODN and P.
yoelii MSP119 in alum resulted in a dramatic elevation of IFN-�
production as well as elevated production of IL-10 by MSP119-
stimulated splenocytes, suggesting induction of a mixed Th1
and Th2 response. In mice vaccinated with this formulation,
IgG1 was found to be the predominant antibody isotype in
sera, although increased levels of MSP119-specific IgG2a,
IgG2b, and IgG3 isotype antibodies were also observed. Fur-
thermore, increased antibody levels were found to correlate
with protection against challenge infection with a high dose of
P. yoelii PRBC. Our experimental results demonstrate that
inclusion of immunostimulatory CpG-ODN instead of IL-12 in
the vaccine formulation provided strong protection against
blood-stage P. chabaudi AS infection in A/J mice. Studies in
progress in our laboratory demonstrate that immunization with
CpG-ODN and crude malaria antigen in alum induces high
levels of malaria-specific IgG2a in A/J mice before challenge
infection in comparison to immunization with control ODN
and antigen in alum (unpublished data).

In conclusion, the results of this study illustrate that it is
possible to enhance the potency of a crude malaria antigen in
alum vaccine formulation by inclusion of agents with immuno-
stimulatory properties, such as IL-12 or CpG-ODN. Although
alum is the most commonly used adjuvant and is approved for
use by humans by the U.S. Food and Drug Administration, our
data indicate that this adjuvant is weak in promoting vaccine-
induced protective immunity against blood-stage malaria. Fur-
thermore, immunity induced by immunization with malaria
antigen and IL-12 coadsorbed to alum induced a long-lasting,
Th1 immune response required for protection against chal-
lenge infection with P. chabaudi AS infection.
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