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Vaccination of mice with yeast-secreted Plasmodium yoelii-derived 19-kilodalton merozoite surface protein 1
(yMSP1,,) has been shown to afford protection from challenge with a lethal strain of P. yoelii. Sterile immunity
can be achieved when MSP1,, is emulsified in Freund adjuvant but not when it is adsorbed to aluminum
hydroxide gel (alum). Because complete Freund adjuvant is not an acceptable adjuvant for use in humans,
alternative adjuvants must be identified for formulating MSP1,, as a vaccine for use in humans. To determine
whether oligodeoxynucleotides with CpG motifs (ODN), reported to be a powerful new class of adjuvants, could
enhance the immunogenicity of yMSP1,,, C57BL/6 mice were vaccinated either with yMSP1,, formulated with
Freund adjuvant, with alum, or with ODN plus alum and challenged intravenously with P. yoelii 17XL asexual
blood-stage parasites. Adsorption of immunogen and adjuvant to alum was optimized by adjusting buffer
(phosphate versus acetate) and pH. We found that the adjuvant combination of ODN plus alum with yMSP1,,,
injected intraperitoneally (i.p.), increased immunoglobulin G (IgG) yMSP1,,-specific antibody production
12-fold over Freund adjuvant given i.p., 3-fold over Freund adjuvant given subcutaneously (s.c.), 300-fold over
alum given i.p., and 48-fold over alum given s.c. The predominant antibody isotype in the group receiving
alum-ODN-yMSP1,, was IgG1l. Increased antibody levels correlated to protection from a challenge with P.
yoelii 17XL. Supernatant cytokine levels of gamma interferon in yMSP1,,-stimulated splenocytes were dra-
matically elevated in the alum-ODN-yMSP1,, group. Interleukin-10 (IL-10) levels were also elevated; however,
no IL-5 was detected. The cytokine profile, as well as the predominant IgG1 antibody isotype, suggests the
protective immune response was a mixed Th1/Th2 response.
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Malaria, an infectious disease caused by species of the par-
asite genus Plasmodium, is a leading healthcare concern in the
world today. In the estimated 300 to 500 million clinical cases
of malaria each year (49), mortality rates are approximately
one million per year. The majority of these deaths occur
among young children at an estimated rate of one death every
30 s. The associated morbidity of this disease is incalculable
because many of the children who survive are repeatedly in-
fected, with resultant poor nutrition, impaired development
and, perhaps, increased susceptibility to comorbid infections
and associated disease.

Approaches to controlling malaria, including vector control
measures and improvements in the development and use of
drugs for prophylaxis and treatment of infection, have not
proven effective in the long term. Development of vaccines
directed against proteins expressed during various times of the
complex Plasmodium life cycle (16) holds great promise for
combatting malaria. In this study, we have used a murine
model to analyze the immune correlates associated with im-
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munogenicity and protection of a blood-stage vaccine candi-
date by using various adjuvants, including the recently de-
scribed oligodeoxynucleotides with CpG motifs (ODN) (24).
The nineteen-kilodalton C terminus of merozoite surface
protein 1 (MSP1,,), a leading blood-stage malaria vaccine can-
didate, was found in monkey challenge trials (28) to elicit a
protective immunologic response only when Freund complete
adjuvant (FCA) was used; however, FCA is not acceptable for
prophylactic vaccine use in humans. In a murine study in which
protective immunity was induced with MSP1,, the effective
adjuvant was again FCA (15). These studies and others con-
clude that MSP1,, would be a good candidate for prevention
of disease and/or prophylaxis from Plasmodium infection based
on murine and nonhuman primate studies. In a human phase
I clinical trial of MSP1,, (21), fewer than half of the subjects
immunized produced an antibody response when aluminum
hydroxide (alum) was used as the adjuvant, and several appar-
ent hypersensitivity reactions were reported. We report here a
candidate adjuvant that may be both capable of adequate im-
munostimulation and suitable for human use.
Oligodeoxynucleotides with an increased frequency of un-
methylated CpG dinucleotide motifs (CpG) have been found
to be immunostimulatory and useful as adjuvants for peptide
vaccines against a variety of pathogens (1, 7, 8, 44, 48). The
immunostimulatory effects are determined by the sequence of
the nucleotides and are species specific, implying a receptor-
mediated mechanism. Hemmi et al. (14) reported a Toll-like
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receptor, TLR-9, that was required for immune activation with
CpG. These immunostimulatory effects may have evolved as a
nonspecific immune response linked to the presence of viral or
bacterial DNA breakdown products released after infection
(25, 26). Several groups using alum as a coadjuvant with CpG
(1, 7, 8, 44, 48) found that specific immune stimulation to
antigens was markedly increased over the use of alum and
antigen alone and that the immune response, despite the pres-
ence of alum, was predominantly a Th1-type response.

We investigated whether the combination of ODN and alum
with recombinant MSP1,, improved the immunogenicity of
this protein over other formulations and measured correlates
of protection to elucidate possible mechanisms of immunity in
a murine malaria model.

MATERIALS AND METHODS

Proteins for vaccine formulation. Recombinant MSP1,, of Plasmodium yoelii
was produced as a Hisg-tagged protein in Saccharomyces cerevisiae (yMSP1,9) as
previously described (47) and stored at —70°C in phosphate-buffered saline (PBS;
pH 7.0). Lot number y980325Z was used in the first trial, and lot number y990309Z
was used in the second trial. Recombinant epidermal growth factor 3 (EGF3),
the third EGF-like domain of the Plasmodium falciparum antigen Pfs25, was
prepared as described elsewhere (45). EGF3 is nonimmunogenic in mice and was
therefore used as a control for protein in this study (lot number 981105zbim-
rum01/02) and was stored at —70°C in PBS (pH 7.0).

Adjuvants for vaccine formulation. The oligodeoxynucleotide designated
1826, 5'-TCCATGACGTTCCTGACGTT-3’, with a phosphorothioate back-
bone (ODN) is an especially strong stimulator of B cells, monocyte-derived cells,
and NK cells (32). ODN was purchased from Oligos, Etc. (Wilsonville, Oreg.) as
alevel I (90 to 95% purity as determined by high-pressure liquid chromatogra-
phy) sodium salts preparation. Lyophilized ODN was diluted with 10 mM Tris-1
mM EDTA (pH 7.0) to an approximate concentration of 3 to 4 mg/ml and stored
at —70°C. Complete and incomplete Freund adjuvant (Sigma ImmunoChemi-
cals, St. Louis, Mo.) were used as control adjuvants. Aluminum hydroxide gel
adjuvant, 2% (alum; Superfos Biosector, Vedbaek, Denmark), batch number
2179, was used as a control and coadjuvant for ODN.

Buffers for vaccine formulation. PBS buffer was prepared at pH 6.0, 6.4, 6.8,
7.2, 7.6, and 8.0; the pH was adjusted with hydrochloric acid or sodium hydrox-
ide. Sodium acetate buffer (0.1 M) was prepared at pH 6.0, 7.0, and 8.0. The pH
was adjusted with acetic acid or sodium hydroxide.

Alum-binding assays to determine optimal pH and buffer conditions. In prep-
aration for vaccine formulation, optimal conditions for adsorption of proteins
(yMSP1,4 and EGF3) and the ODN to alum were determined. ODN (300 wg/ml)
and either yMSP1,4 (500 pg/ml) or EGF3 (250 pg/ml) (equimolar concentra-
tions) were mixed with the various buffer preparations. The solution was divided
in half; 500 pg of alum per ml was added to one aliquot, and to the other aliquot
a volume of buffer equal to the volume of alum was added. The mixture was
incubated at room temperature for 30 min and then centrifuged at 16,000 X g for
5 min in a microcentrifuge. DNA concentrations from the solutions with alum
([aDNAY]) and without alum ([DNA]) were determined by measuring the optical
density (OD) of the supernatant fluid at 260 nm (Ultrospec 2000; Pharmacia
Biotech, Cambridge, United Kingdom). Protein concentrations from both the
with-alum ([aProt]) and without-alum ([Prot]) samples were measured by using
a bicinchoninic acid microtiter plate protocol (Pierce, Rockford, Ill.). The per-
centage of the DNA or protein bound in the samples was determined using the
following formulae (Table 1):

[DNA] — [aDNA]
Percent DNA bound = | ———<c 5| 100

[DNA]

. [Prot] — [aProt]
Percent protein bound = [W] 100
To determine whether changes in the buffer or pH had an effect on the protein
already adsorbed to alum, with or without ODN, the alum pellet was resus-
pended in a volume of PBS buffer (pH 7.4) equal to the volume of sodium
acetate buffer that was removed. The resuspended alum-PBS buffer mixture was
incubated at room temperature for 30 min and then centrifuged at 16,000 X g for
5 min. Protein concentrations in the supernatant fluid of the PBS-treated alum
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(pProt) were determined, and the percentage of protein released was determined
by using the following formula:

[pProt] ] 100

Percent protein released = [m

The optimal concentration of alum was determined as follows: mixtures of alum
and yMSP1,, were made in sodium acetate buffer with increasing concentrations
of alum. The percentage of the protein bound was determined, as described
above, and a graph of the concentration of alum versus the percentage of protein
bound was made (see Fig. 1).

The optimal adsorption condition for the vaccine material was 0.1 M sodium
acetate buffer (pH 6.0). The concentrations of the materials in this buffer for
immunization were as follows: ODN, 300 wg/ml; yMSP1,,, 500 wg/ml; EGF3, 250
pg/ml; and alum, 4 mg/ml.

Vaccination schedule, parasite c ge material, and description of groups.
All in vivo experiments were performed under the auspices of the NIH Animal
Research Advisory Committee and its guidelines. C57BL/6 mice, 9 to 12 weeks
old (Harlan-Sprague-Dawley, Indianapolis, Ind.) were immunized four times at
3-week intervals. Then, 100 .l of the material was injected either subcutaneously
(s.c.) or intraperitoneally (i.p.), as described below. The amounts of materials in
each 100-pl dose were as follows: ODN, 30 pg; yYMSP1,4, 50 ng; EGF3, 25 ng;
and alum, 400 pg (all in 0.1 M sodium acetate buffer at pH 6.0). The parasites
used for challenge were from a frozen stock of P. yoelii 17XL, originally obtained
from the laboratory of Carole A. Long. Five days prior to challenge, the frozen
parasite stock was thawed and 0.5 ml was immediately injected i.p. into each
donor mouse. The percent parasitemia was monitored over the next several days;
when the percent parasitemia was between 2 and 10%, blood from the donor mouse
was obtained by cardiac puncture in the presence of the anticoagulant, citrate
phosphate dextrose (Baxter Healthcare Corp., Deerfield, Ill.). The parasites were
then diluted to either 10* or 107 parasites per 100 pl with normal saline and
immediately injected into the mice intravenously, via the tail vein, for challenge.

Trial 1. Six groups of mice, eight animals in each group, were immunized as in
the schedule above; all immunizations were i.p. The formulations for each group
are as follows: alum plus ODN and yMSP1,,, Freund adjuvant plus yMSP1,,,
alum plus yMSP1,5, ODN plus alum alone, EGF3 plus ODN and alum, and
sodium acetate buffer with no antigen (see Table 2 for descriptions of the
groups). The Freund adjuvant group received four i.p. immunizations as follows:
for the first immunization, an equal volume of FCA was emulsified with 1,000 wg
of yMSP1,4 per ml, with a final concentration of yMSP1,, of 500 pg/ml; the
second and third immunizations were similarly prepared, except that Freund
incomplete adjuvant was used; for the fourth immunization, yMSP1,, in sodium
acetate buffer without adjuvant was injected i.p. At 10 days after the final
immunization, three mice from each group were sacrificed, and their spleens
were removed and processed for cytokine determinations. At 14 days after the
last immunization, five mice in each group were challenged with 107 P. yoelii
17XL blood-stage parasites via tail vein injection.

Trial 2. Twelve groups of mice, with five mice in each group, were immunized
as described in the schedule above. The formulations and routes of immuniza-
tions for the groups were as follows: alum plus ODN and yMSP1,, given i.p. or
s.c., Freund adjuvant plus yMSP1,4 given i.p. or s.c., alum plus yMSP1,, given
s.c., ODN plus yMSP1,, given s.c., ODN plus alum alone given s.c., and no
immunizations. The immunization material was prepared as described above for
the Freund groups. The s.c. injections were given as one or two injections in the
nape of the neck, and the fourth immunization, without adjuvant, was injected
i.p. In addition to varying the route of immunization, some groups of mice
received a challenge of 107 parasites, while others received a challenge of 10*
parasites (Table 2). At 19 days after the last immunization the mice were
challenged with P. yoelii 17XL with either the 10* or 107 parasites via the tail vein.
In addition, 2 days prior to the challenge, a group of six mice that had not
received any immunizations was injected with ODN alone at 30 wg/ml in sodium
acetate buffer i.p. and then challenged with either 10* or 107 P. yoelii 17XL
parasites, via the tail vein, with the same schedule as the rest of the groups.

Cytokine secretion. Ten days after the fourth immunization, spleens from
three mice in each of the six groups in trial 1 were collected, mechanically
disrupted to single-cell suspensions, and subjected to osmotic lysis with ammo-
nium chloride in potassium bicarbonate buffer (ACK; BioWhittaker, Walkers-
ville, Md.) to deplete them of red blood cells (RBC). The cells were cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM glutamine,
100 pg of penicillin per ml, 100 pg of streptomycin per ml, 25 mM HEPES, 1 mM
sodium pyruvate, nonessential amino acids, and 50 pM 2-B mercaptoethanol at
37°C in 5% CO, (18). All culture medium material was purchased from Gibco-
BRL (Grand Island, N.Y.). Spleen cells from three mice in each of the groups in
trial 1 were pooled, and 1.0 ml of a 10°-cell/ml suspension per well was cultured

hall
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FIG. 1. Binding of yMSP1,, to alum with or without ODN.

in 24-well plates (Costar, Corning, N.Y.). The cells were then stimulated with
either concanavalin A (ConA; 5 pg/well) or yMSP1,, (10 or 30 pg/well) for 72 h,
and then the supernatant fluids from these cultures were collected and frozen at
—70°C. Gamma interferon (IFN-y), interleukin-5 (IL-5), and IL-10 were mea-
sured by specific sandwich enzyme-linked immunosorbent assay (ELISA) (33,
41). Cytokine concentrations were calculated by reference to standard curves
prepared with known amounts of recombinant cytokine.

ELISA for antibody levels. The wells of Immulon-4 microtiter plates (Dyna-
tech Laboratories, Chantilly, Va.) were coated with yMSP1, at 1 pg/ml in
sodium bicarbonate buffer (pH 9.5) and incubated overnight at 4°C. The wells
were washed three times with PBS containing 0.05% (vol/vol) Tween 20 (PBS-
Tween). The uncoated sites were blocked with 3% (wt/vol) milk powder in
PBS-Tween at room temperature for 6 h. The plates were washed again with
PBS-Tween. Threefold dilutions of the sera were made by using PBS-Tween with
1% (wt/vol) milk powder; 100 wl of the diluted sera was pipetted into duplicate
wells, and the plates incubated at 4°C overnight. After washing, horseradish
peroxidase-conjugated rabbit anti-mouse sera, the second antibody, was added
and incubated at room temperature for 3 to 4 h. The rabbit anti-mouse sera were
rabbit anti-mouse immunoglobulin G (IgG; H+L), IgG1, IgG2a, IgG2b, and
1gG3 (Zymed, South San Francisco, Calif). The dilution of the second antibody
to total IgG was 1:2,000; for the remaining secondary antisera, the dilution was
1:1,000. The wells were washed again, and bound antibody was detected by
adding 2,2"-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) peroxidase sub-
strate (Kirkegaard and Perry Laboratories, Gaithersburg, Md.) for 5 min. The
reaction was stopped by adding 10 pl of 10% (wt/vol) sodium dodecyl sulfate,
and the absorbance (OD) was measured at 410 nm by using an ELISA plate
reader (Dynatech Laboratories, Guernsey, Channel Islands, United Kingdom).
The average OD of the duplicates versus the inverse of the dilution was graphed.
Antibody levels were determined by choosing two points from the steepest
portion of this graph and multiplying the OD value at each of these two points
by the corresponding dilution value. The two products were averaged, and the
resulting antibody level was expressed in arbitrary units (17).

Percent parasitemias. Daily tail snips for blood smears were performed to
determine the percent parasitemias, starting 3 days after challenge and continu-
ing until the day 38, with one exception. One mouse in trial 2 had a high
parasitemia on day 38 and was monitored until there was zero parasitemia for 3
days in a row, i.e., to day 58. The blood smears were stained with modified
Giemsa stain (Sigma Diagnostics, St. Louis, Mo.), and the percent parasitemias
were determined in the following manner. When a scan of the blood smear
showed more than ~3% parasitemia, 200 RBC were counted, and the number of
parasitized RBC was determined. If it appeared there was <3% parasitemia,
then 10 fields of 200 cells per field (i.e., 2,000 cells) were scanned, and the
number of parasitized cells was determined.

Virulence study. As the trials progressed, it was noted that some of the mice
self-cured in spite of parasitemia levels that were as high as 75%. To determine
whether the parasites in these mice had changed to a less-virulent strain, para-
sites from these mice were collected by tail snip, diluted with normal saline, and
injected i.p. into naive mice. Total red cell counts and percent parasitemias were
determined as described above. Two immunologically naive mice received a dose
of 7 X 10° parasites from a donor immunized with alum-ODN-yMSP1,, i.p.
(mouse 006). Two other naive mice received a dose of 8 X 10° parasites from a
donor immunized with Freund-yMSP1,, given s.c. (mouse 016). Daily parasitemia
levels were monitored as described above, beginning 2 days after challenge.

RESULTS

Vaccine formulation: adsorption of protein to alum in the
presence or absence of ODN. To determine the optimal con-
ditions for adsorption of protein alone and protein-ODN to
alum, binding assays were performed with various pH and
buffer combinations (Table 1). Adsorption of ODN alone to
alum was highest when sodium acetate buffer (pH 7.0) was
used. Maximum adsorption of yMSP1,, occurred at pH 6.0
with sodium acetate buffer, while EGF3 had maximum adsorp-
tion in PBS at pH 6.0. When ODN was added to either protein,
adsorption of the protein was highest when sodium acetate
buffer at pH 6.0 was used. Although the adsorption of the
ODN to alum in the presence of protein was lower than that of
ODN alone, it remained highest when sodium acetate (pH 6.0)
was used.

To determine whether protein deadsorbs from alum when
buffer conditions change, as would be expected in vivo, the
percentage of protein released in PBS (pH 7.4) was deter-
mined as described above. The amount of yMSP1,, released
was 72%, and the amount of EGF3 released was 41%. The
presence or absence of ODN had little effect on the amount of
protein released.

The optimal concentration of alum was determined as fol-
lows. Mixtures of alum and yMSP1,, were made in sodium
acetate buffer (pH 6.0) with increasing concentrations of alum
(Fig. 1). For immunizations the concentration of the material
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in the sodium acetate buffer included ODN (300 pg/ml),
yMSP1,, (500 wg/ml), EGF3 (250 pg/ml), and alum (4 mg/ml),
and each immunization was 100 .l

Cellular immune responses. To determine the contribution
of cytokines associated with Th1 or Th2 immune responses, the
levels of IFN-y, IL-5, and IL-10 were measured in the super-
natant fluid collected from cultured splenocytes specifically
stimulated with yMSP1,, (Fig. 2). Only in mice vaccinated with
alum-ODN-yMSP1,, were IFN-y levels detected. Both the al-
um-ODN-yMSP1,, group and the alum-yMSP1,, group had
detectable levels of IL-10, while only the alum-yMSP1,, group
had detectable levels of IL-5.

Humoral immune responses: yMSP1,,-specific total and
isotype-specific IgG levels. To determine the level of antibody
response and the isotype associated with Th1 or Th2 immune
responses, both total IgG and isotype IgG1, IgG2a, IgG2b, and
1gG3 yMSP1,4-specific antibody responses were measured. In
trial 1, the total IgG level was highest in the alum-ODN-
yMSP1,, i.p. group: it was 12-fold higher than that in the
Freund-yMSP1,, i.p. group and more than 300 times the level
in the alum-yMSP1,, i.p. group (Fig. 3A). The yMSP1,,-spe-
cific IgG response in animals that received EGF3 was similar
to that of the alum-yMSP1,, group and likely represents pro-
duction of antibody to one of the cysteine-rich EGF-like do-
mains in MSP1 (5, 31). In trial 2, the alum-ODN-yMSP1,, i.p.
response was again 12 times higher than that of the Freund-
yMSP1,, i.p. group but only three times higher than that of the
Freund-yMSP1,, s.c. group. Of note, the alum-ODN-yMSP1,,
i.p. group had antibody levels 30 times greater than those of
the s.c. group. The response of the Freund-yMSP1,, i.p. group
was almost five times lower than that of the comparable s.c.
group (Fig. 3B).

Antibody levels for all IgG isotypes (IgG1, 1gG2a, IgG2b,
and IgG3) were greater in the alum-ODN-yMSP1,, i.p. group
compared with either the Freund-yMSP1,, i.p. group or the
alum-yMSP1,, i.p. group (Fig. 4). Specifically, in comparison
with the Freund-yMSP1,, s.c. group or the alum-yMSP1,, i.p.
group, the alum-ODN-yMSP1,, i.p. group elicited a higher
IgG2a (Thl type) response; however, the ratio of the alum-
ODN-yMSP1,, i.p. group geometric mean for IgGl, IgG2a,
IgG2b, and IgG3 antibody levels to those of the alum-yMSP1,,
i.p. group were 152.0, 12.4, 61.6, and 40.0, respectively, sug-
gesting that a Th2-type response (IgG1 isotype) is the domi-
nant antibody isotype response in the alum-ODN-yMSP1,, i.p.
group (Fig. 4).

Protective immune responses: parasite challenge and anti-
body responses. The ultimate test of a potential vaccine is its
ability to control pathogens in a safe and efficacious manner. In
trial 1, the only mice that survived the challenge of 107 P. yoelii
17XL were mice immunized with alum-ODN-yMSP1,, i.p.
(Fig. 5). Of the five mice in that group (Fig. 5A), one mouse
died within 5 days of challenge, with a parasitemia of 82%, one
mouse had a transient parasitemia of 0.1%, and three mice
developed patent but delayed parasitemias; all four of these
latter mice self-cured. The parasitemias in mice in the other
groups were similar: all developed high parasitemias and died
within 5 to 7 days (Fig. 5B, C, and D). A challenge of 107 P.
yoelii parasites is an extraordinarily large inoculum; in our
experience, no previous murine studies with this virulent par-
asite have ever shown mice surviving such a large challenge.
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FIG. 2. Cytokine responses. Splenocytes were harvested from mice
immunized with material as indicated and then stimulated with ConA
as a control or yMSP1,,. Supernatants were analyzed for IFN-y (pg/
ml), IL-5 (pg/ml), and IL-10 (units/ml) by ELISA.

Antibody responses were determined three times (days 23,
36, and 60) during the course of infection in the four surviving
mice (Fig. 6). In the one mouse with low-level parasitemia, the
antibody level did not change substantially from the day of
challenge (day 0) level (Fig. 6D). In the other three mice, all of
which developed patent parasitemias of >0.1%, the antibody
levels declined as the parasitemias increased.

When the study was repeated in trial 2, three of five mice
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TABLE 1. Percentage of ODN (DNA) or protein adsorbed to alum under different buffer conditions”

% DNA bound

Buffer pH

% Protein bound

% DNA bound % Protein bound

(ODN + EGF3)

ODN ODN + MSPI,, MSP1,, ODN + MSP1,, EGF3 ODN + EGF3
PBS 6.0 0.4 2.0 7.1 17.2 8.6 26.5 41.8
6.4 0.0 1.0 1.8 6.0 0.2 18.9 20.6
6.8 32 0.3 7.0 9.3 12.2 9.2 8.2
7.2 6.9 0.1 3.1 9.1 24.3 6.6 5.3
7.6 1.6 0.1 38 2.9 5.9 2.8 9.8
8.0 0.0 2.0 3.7 5.9 0.0 12.8 13.8
Sodium acetate 6.0 62.0 72.1 24.8 27.0 354 134 57.1
7.0 85.9 41.8 17.2 13.7 33.6 11.5 41.5
8.0 76.6 53.7 16.3 20.8 16.0 12.9 46.9

“The percentage of DNA or protein adsorbed to 500 wg of alum per ml at differing pH values, with either PBS or sodium acetate buffer, is indicated. The
concentration of ODN was 300 pg/ml; the concentrations of yMSP1,, and EGF3 were 500 and 250 pg/ml, respectively. The highest values are indicated in boldface.

immunized with alum-ODN-yMSP1,, i.p. survived the chal-
lenge of 107 P. yoelii 17XL (Fig. 7A and Table 2). One mouse
had a peak parasitemia of 0.1% and then self-cured. The two
other surviving mice in this group developed a delayed para-
sitemia on day 10 and day 15 that peaked at 43 and 36%,
respectively, and subsequently self-cured. Of the two mice that
died, one had a parasitemia of 81% and died on day 14 and the
other died on day 37 after a delay in developing a high para-
sitemia that peaked at 72% on day 31.

In trial 2, three groups of mice were immunized with
yMSP1,, in Freund adjuvant; one group was immunized i.p.
and, as in trial 1, challenged with 107 P. yoelii 17XL parasites;
another group was immunized s.c. and challenged with 107
P yoelii 17XL parasites; and a third group was also immunized
s.c. but challenged with only 10* P. yoelii 17XL parasites (see
Table 2 for details concerning immunization and challenge
regimens and Fig. 7 for parasitemia data). Mice that received
L.p. immunizations with yMSP1,, in Freund’s adjuvant did not
survive a challenge of 107 P. yoelii 17XL; all died with high
parasitemias within 5 days of the challenge (Table 2). Of the
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mice that received s.c. immunizations, three of five mice sur-
vived the challenge with either 10* or 107 parasites (Fig. 7B and
Table 2).

It was noted that high antibody levels were associated both
with overall survival and with a delay of parasitemia. Spear-
man’s rank correlation comparing the level of total IgG anti-
body specific to yYMSP1,, to the days of survival was highly
significant (P < 0.001; statistics program Stato 6.0).

Change in virulence of breakthrough parasites. Several
mice in the alum-ODN-yMSP1,, i.p. group and in the Freund-
yMSP1,, s.c. group developed high parasitemias and self-cured
(Fig. 7). To determine whether there was a change in virulence
in these parasites, a few drops of blood from the tail vein of two
mice that had developed high parasitemias were injected into
each of two naive mice. The four recipient mice all died with
high parasitemias; however, the time to death was delayed by
at least 2 to 7 days (11.2 £ 2.4 days after infection) when
historically compared with the parasite challenge of naive mice
in trial 2 (7.2 £ 0.4 days after infection) (Fig. 8).
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FIG. 3. Total yMSP1,,-specific IgG. (A) Results from trial 1. All immunizations were done i.p. (B) Results from trial 2. Routes of immunization
as indicated. The bars represent geometric means of arbitrary units = 1 standard deviation (SD).
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Administration of ODN 2 days before challenge. In trial 2,
six mice received i.p. injections of 30 pg of ODN 2 days before
the parasite challenge. Three mice received a challenge of 10*
P. yoelii 17XL parasites, and three mice received a challenge of
107 parasites. The average number of days to death for the
mice that received a challenge of 10* was 12.0 = 6.1 days; for
the mice that received a challenge of 107, the average number
of days to death was 9.0 = 2.0 days. The average number of
days to death for the mice in trial 2 that did not receive any
immunizations and were challenged with 10* parasites was
7.2 = 0.4 days (data provided for review).

DISCUSSION

Adsorption of protein, ODN, or protein with ODN to alum.
Proteins and alum have pH-dependent surface charges that
play an important role in the adsorption of proteins by alum
(4). Pretreatment of alum (pI 11) with phosphate anions re-
duces the positive surface charge of alum and may increase the
adsorption of basic proteins such as lysozyme (pI 11) (39). In
vitro, the adsorption of yMSP1,, (pI 4.8) was significantly
reduced when PBS buffer of any pH was used; in contrast,
sodium acetate buffer enhanced adsorption. EGF3, on the
other hand, with a pI of 8.4, had higher level of adsorption to
alum in the presence of PBS and a lower level of adsorption

when buffered with sodium acetate. The adsorption of ODN, a
DNA molecule with many negatively charged phosphate ions,
was also highest when buffered with sodium acetate and neg-
ligible when buffered with PBS. The phosphate anions in ODN
presumably neutralized the charge on the alum and increased
the adsorption of EGF3, whereas the ODN phosphate anions
had minimal to no effect on the adsorption of yMSP1,, in
sodium acetate buffer (Table 1).

In 1977 the World Health Organization recommended ad-
sorption of 80% or more of tetanus toxoid and diphtheria
toxoid on aluminum adjuvants. The U.S. Minimum Require-
ment (1956) for adult tetanus and diphtheria toxoid is at least
75% adsorption of diphtheria toxoid component on the alumi-
num adjuvants (38). With these values in mind, we sought to
obtain a binding of 75 to 80% of yMSP1,,. By increasing the
amount of alum to 4 mg/ml, we were able to increase the
percent adsorption of yMSP1,, to 78% (Fig. 1). The amount of
ODN adsorbed when 4 mg of alum per ml was used in sodium
acetate buffer (pH 6.0) was 98%, and the amount of EGF3
bound under these conditions was 99%. There were no appar-
ent adverse effects in mice that were immunized with 400 g of
alum. These data suggest that pre-vaccine formulation testing
for adsorption to alum is important to maximize the actual
amount of antigen bound to alum and delivered at the time of
immunization. When the buffering conditions of the alum-
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bound protein, with or without ODN, were changed by using
PBS (pH 7.4), there was a release of the protein into the
solution. The degree to which protein release occurs and the
implications of that protein release in vivo remain unclear, in
part because the adsorption of proteins to alum is dependent
on complex interactions of multiple substances with different
alum adsorption coefficients (13). Attempts to predict the re-
lease of proteins in vitro by bathing alum-bound proteins in
interstitial fluid have been made (42), but there are many
variables that confound this model in vivo. The adsorption of
antigens and coadjuvants (i.e., ODN) to alum is best maxi-
mized by adjusting buffering conditions prior to immunization,
thus enhancing the depot effect of this adjuvant.

Immune responses and protection. It is unclear what mech-
anisms are required for the protection of C57BL/6 mice from
challenge with P. yoelii 17XL; both innate and humoral immu-
nity appear to be essential for the control of blood-stage in-
fection by P. yoelii 17XL in the murine infection (46). IFN-y
plays a critical role in early parasite control (9, 10, 37, 46). In
trial 1, mice that survived the parasite challenge—i.e., mice
immunized with alum-ODN-yMSP1,,—secreted very high lev-
els of IFN-y from their yMSP1, o-stimulated splenocytes, while
the level of IFN-y produced by splenocytes of mice from the
other groups was undetectable. In addition, injection of ODN
alone is known to increase IFN-vy levels transiently in murine
intracellular bacterial infection models, and these mice were
protected from various intracellular pathogens (22, 23, 27). In
a recent study by Gramzinski et al. (10), ODN alone stimulated
a strong Thl response that was protective against a P. yoelii
sporozoite challenge. However, in our blood-stage model,
ODN alone was not protective. Two days prior to blood-stage

P. yoelii challenge in trial 2, six mice were injected with ODN
alone. These mice died with high parasitemias, but the
prepatent period was longer compared with that for mice who
received no immunizations prior to challenge (data submitted
for review), suggesting at least a transient protective property
associated with increased IFN-vy levels.

Increased MSP1,, antibody levels have correlated with pro-
tection to challenge from P. yoelii 17XL (6, 15), and transfer of
MSP1,,-specific antibody has similarly been associated with
protection (6, 29, 43). In trial 1, the only mice that survived the
parasite challenge were mice immunized with alum-ODN-
yMSP1,, and with antibody levels in the range of 67,000 to
136,000 arbitrary units. Mice immunized i.p. with Freund ad-
juvant and yMSP1,, had antibody levels in the range of 5,700
to 9,000 arbitrary units; none of these mice survived lethal
challenge. In trial 2, a comparison of the length of survival in
days versus the antibody level was statistically significant (P <
0.001), and high antibody levels were associated with protection.

Thus, in summary, mice with high antibody levels contained
the initial infection by delaying an increase in the parasitemia
compared with all other groups (Fig. 5 and 7) and, in the
antibody response and parasitemia throughout the infection
(Fig. 6), there appears to be an initial consumption of antibody
with increasing parasitemia. In two of three mice (Fig. 6A and
C), there was a recovery of the antibody level associated with
undetectable levels of parasitemia. The third mouse (Fig. 6B),
with no recovery of antibody levels, contained the infection but
took longer for the percent parasitemia to drop to undetect-
able levels. The fourth surviving mouse (Fig. 6D) maintained a
high antibody level and had a low to undetectable level of
parasitemia throughout the observation period.
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FIG. 6. Trial 1. Individual mouse parasitemias and yMSP1,,-specific total IgG antibody levels were monitored throughout the course of
infection in the four mice that survived a challenge with 107 P. yoelii 17XL. The line at 0.01 represents the level of detection for parasitemia. The

squares represent antibody levels.

IFN-v levels were extremely high in the alum-ODN-
yMSP1,, group, a finding clearly indicative of the Th1 response
typically found with ODN stimulation of the immune response
(12, 24, 40), although the predominant antibody isotype was
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IgG1, and the level of IL-10 was elevated in this group— both
indicators of the Th2-type response seen when alum is used as
the adjuvant (2, 3). The highest rate of survival after parasite
challenge was seen in mice with the highest combined Th1 and
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Th2 response, i.e., mice that received the alum-ODN-yMSP1,,
immunizations.

Immune responses and the site of immunization. Differ-
ences were noted in the level of antibody production based on
the adjuvant and the site of immunization. When alum-ODN-
yMSP1,, was injected i.p. both the Thl and the Th2 immune
responses were striking, and yet when the same preparation
was injected s.c. there was minimal antibody response. Con-
versely, when yMSP1,, was combined with Freund adjuvant
and injected i.p. the response was minimal and yet, when it was
injected s.c., the antibody level was high. It has been suggested
that the mechanism of action of repository adjuvants such as
Freund adjuvant or aluminum salts is primarily the slow re-
lease of antigen into draining lymph nodes (likely to the fol-
licular dendritic cells of the draining lymph node) to stimulate

TABLE 2. Description of immunization groups
and numbers of survivors®

Challenge dose No. of
Trial and formulation Route (no. of survivors/
parasites) total no.
Trial 1
yMSP1,4-alum-ODN ip. 107 4/5
yMSP1,,-Freund ip. 107 0/5
YMSP1,,-alum ip. 107 0/5
Alum-ODN ip. 107 0/5
EGF3-alum-ODN ip. 107 0/5
Sodium acetate buffer, ip. 107 0/5
pH 6.0
Trial 2
yMSP1,,-alum-ODN ip. 107 4/5
yMSP1,4-alum-ODN s.C. 107 0/5
yMSP1,,-alum-ODN s.C. 10* 2/5
YMSP1,,-Freund ip. 107 0/3
yMSP1,,-Freund s.C. 107 2/2
YMSP1,,-Freund s.C. 10* 1/3
yMSP1,,-ODN s.C. 10* 0/5
YMSP1,5-alum s.C. 10* 1/5
Alum-ODN ip. 107 0/5
Alum-ODN s.C. 107 0/5
Alum-ODN s.C. 10* 0/5
No immunization 10* 0/5

“ Immunization formulae, routes of injection, numbers of parasites in the
challenge dose, and the numbers of mice surviving 35 days after challenge are as
indicated.

continued antibody production by follicular B cells (2). One
difference between s.c. and i.p. injections is the site of the
draining lymph nodes: cervical and submandibular sites for s.c.
injections (near the nape of the neck) and a mesenteric site for
i.p. injections. Another possible difference is the immunologic
cellular milieu of the two sites; the peritoneum of a mouse is
rich with CD5™" B-1 cells, whereas the s.c. site is not. CD5" B-1
cells are known to produce IL-10 (36), are associated with
production of autoimmune antibodies (11, 35), and are func-
tionally a part of the first-line defense by producing “low-
affinity, broad-specificity germ line antibodies that react with
ubiquitous organisms” (20). Peritoneal B-1 cells may have
influenced a localized cytokine response when alum-ODN-
yMSP1,, was injected i.p.

In summary, we have shown that by combining the adjuvants
ODN and alum with the recombinant protein yMSP1,, under
buffer conditions that maximize adsorption, we could control a
large inoculum of a lethal murine Plasmodium species, P. yoelii
17XL, in a mouse-parasite challenge model. The apparent
mechanism of protection is a combination of Thl and Th2
responses, as evidenced by a high IFN-vy level and undetectable
levels of IL-5 (Thl), as well as high IgG1 antibody levels and
elevated IL-10 (Th2) in mice immunized i.p. with this combi-
nation. It is particularly interesting that we were able to gen-
erate such a strong combined Th1/Th2 response with an adju-
vant combination that may be acceptable for use in humans.
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