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The Plasmodium falciparum major merozoite surface protein (gp195) is a protective antigen against lethal
malaria. However, increasing evidence indicates that the efficacy of a malaria vaccine will require a strong
adjuvant that is safe for human use. We compared the efficacies of two low-toxicity synthetic immunomodu-
lators, B30-MDP (a lipophilic muramyl dipeptide derivative) and LA-15-PH (a synthetic equivalent of
monophosphoryl lipid A), with that of Freund complete adjuvant (FCA) in eliciting an antibody response to
gp195. Rabbits were imunized with native gp195 and B30-MDP, LA-15-PH, or the two in combination, with
Uposomes as the vehicle. Aluminum hydroxide and FCA were used as reference adjuvants. Results showed that
adjuvant formulations based on B30-MDP alone or in combination with LA-15-PH induced high antibody titers
to gp195, as compared with FCA. LA-15-PH alone was less effective. Aluminum hydroxide induced
significantly lower antibody titers. The functional activity of the rabbit anti-gp195 antibodies induced by
different adjuvants was evaluated in an in vitro parasite growth inhibition assay previously shown to correlate
with anti-gp195 immunity in the Aotus monkey model. AU rabbits immunized with B30-MDP-LA-15-PH and
two of three rabbits immunized with B30-MDP alone produced sera that strongly inhibited parasite growth.
The degree of growth inhibition was similar to that with FCA. The antibody titers of the rabbits receiving
B30-MDP-LA-15-PH strongly correlated with the degree of in vitro growth inhibition. Our findings provided
strong evidence that adjuvant formulations based on synthetic B30-MDP and LA-15-PH can replace FCA as
adjuvants in stimulating protective inmunity specific for gp195.

In the design of synthetic peptide and recombinant poly-
peptide vaccines, the need for a safe and effective adjuvant
has received increasing attention. Although native proteins
are good immunogens, subunit vaccines often have reduced
immunogenicity. In addition, protective immunity against
many pathogens may require the participation of both hu-
moral and cell-mediated immunities, and the induction of
these immunities may depend on the administration of a
strong adjuvant. At present, aluminum hydroxide (alum) is
the only adjuvant approved for human use and is efficacious
in a limited number of vaccine systems (3, 25, 31). While
studies have shown that alum-type adjuvants can potentiate
humoral immunity, they are poor inducers of cell-mediated
immunity (6). Recent clinical vaccine trials with malaria
sporozoite and blood-stage antigens and with alum as an
adjuvant showed that the immunogenicity of these antigens
was poor and that the protection afforded by these vaccines
was modest (5, 11, 23). These results indicate that stronger
adjuvants are needed to improve the overall efficacy of
malaria vaccines. Freund complete adjuvant (FCA) is re-
garded as the most potent stimulator of both parts of the
immune response. It remains a challenge to develop an
adjuvant formulation with an efficacy similar to that of FCA
but lacking its harmful side effects.

Bacterial cell wall derivatives such as muramyl peptides
(MDP) and lipid A derivatives (monophosphoryl lipid A, or
MPL) are two major classes of immunomodulators currently
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being investigated as potential human vaccine adjuvants
(40). Among the antigens tested with MDP adjuvants are
herpes simplex virus type 1 envelope glycoprotein (30),
hepatitis B surface antigen (4), human immunodeficiency
virus type 1 envelope glycoprotein (29), and simian type D
retrovirus (19). MPL has been used in immunogenicity
studies for ovalbumin (15), herpes simplex virus proteins
(22), Epstein-Barr virus (21), and cholera toxin (1). In
malaria vaccine development, MDP derivatives have been
tested with blood-stage and circumsporozoite (CSP) proteins
(8, 18, 34). MPL purified from Escherichia coli has been
shown to induce high antibody titers to recombinant CSP
antigen (27), and the parent lipid A compound has been
shown to enhance antibody responses to synthetic CSP
peptides (1).

Previous studies showed that vaccination of Aotus and
Saimiri monkeys with the Plasmodium falciparum major
merozoite surface protein, gp195, protected these animals
against lethal malaria parasite infections (10, 24, 33). How-
ever, protection was dependent on the administration of
FCA as an adjuvant. Recently, two synthetic, low-toxicity
derivatives ofMDP and MPL, namely, B30-MDP (lipophilic
MDP) and LA-15-PH (synthetic equivalent of MPL), respec-
tively, were shown to induce potent antibody and cell-
mediated responses to a variety of antigens, including the
influenza A split vaccine and the hepatitis B surface antigen
(15, 37-39). The objective of the present study was to
evaluate the ability of these two synthetic immunomodula-
tors to potentiate the antibody response to gp195 in rabbits.
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We found that two formulations based on these immuno-
modulators were as effective as was FCA in eliciting anti-
gp195 antibodies which could inhibit parasite growth in
vitro, an assay that has been shown to correlate with the
induction of protective immunity in gpl95-vaccinated mon-
keys (14). These results provide strong evidence that adju-
vant formulations based on B30-MDP and LA-15-PH may be
efficacious in a gp195-based vaccine.

MATERIALS AND METHODS

Parasites. The P. falciparum Uganda Palo Alto isolate was
used throughout this study. Parasites were cultured by
established methods (13, 36), and whole parasites were
collected by saponin lysis. Synchronized parasite cultures
were obtained by a single sorbitol lysis treatment (16).

Parasite gp195. gpl9S proteins were isolated from Nonidet
P-40 extracts of in vitro-cultured parasites by monoclonal
antibody affinity chromatography (32). In brief, saponin-
lysed parasites were extracted with 1% Nonidet P-40, and
the lysate was clarified by ultracentrifugation. The extracts
were passed through a protein G-Sepharose column cova-
lently conjugated with a gpl95-specific monoclonal antibody
(5.2). After being extensively washed to remove nonspecific
binding, the bound proteins were eluted with 0.1 M glycine
(pH 2.5) and neutralized with 1 M Tris-HCl (pH 8.0). The
purity of the isolated gp195 was examined by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis, silver stain-
ing, and immunoblotting with gp195-specific monoclonal
antibodies. The proteins isolated were the 195-kDa precur-
sor protein and several lower-molecular-mass processing
fragments of gpl95.

Adjuvant components. The synthetic immunomodulators
B30-MDP and LA-15-PH were chemically synthesized and
purified as described previously (15, 37, 39). The optimal
dose of each immunomodulator for use in rabbits was
previously determined to be 200 ,ug per injection. Liposome
components (cholesterol, L-a-phosphatidylcholine dimyris-
toyl, and dicetyl phosphate) were purchased from Sigma
Chemical Co. (St. Louis, Mo.).
gp195 and immunomodulators in liposomes. Multilamellar

liposomes were used as vehicles, since it was previously
determined that liposomes are better vehicles than are
squalene-water emulsions in inducing anti-gp195 antibodies
in rabbits (35a). Furthermore, studies have shown that
liposomes can reduce the toxicity of lipid A compounds (9,
28). Liposomes were prepared as described by Alving et al.
(2), except that the lipids content was increased fivefold,
since pilot studies with iodinated gpl95 showed that antigen
entrapment increased with the packed volume of liposomes.
Therefore, 50.5 mg of L-a-phosphatidylcholine dimyristoyl,
21.8 mg of cholesterol, and 4.5 mg of dicetyl phosphate and
200 jig of B30-MDP, LA-15-PH, or B30-MDP and LA-15-PH
in combination were dissolved in chloroform-methanol (4:1)
and shell evaporated under a vacuum on the wall of a
Wheaton 50-ml rotoflask. gp195 (50 ,ug) in 0.5 ml of borate-
buffered saline was added to the rotoflask together with 10
glass beads, and multilamellar liposomes were formed by
gentle shaking at 4°C for 30 min. The final emulsion showed
an increase in L-a-phosphatidylcholine dimyristoyl from 10
to 50 mM, while the L-a-phosphatidylcholine dimyristoylV
cholesterol/dicetyl phosphate molar ratio remained at 1:0.75:
0.11.

Other adjuvants. gpl95 in FCA was prepared by emulsi-
fying 50 jig of gp195 with an equal volume of FCA (GIBCO,
Grand Island, N.Y.). For subsequent booster immuniza-

tions, the amount of mycobacteria in the emulsion was
successively halved. gpl95 (50 jig) was also adsorbed to
alum (Alhydrogel; Accurate Chemical & Scientific Corp.,
San Diego, Calif.) in accordance with the manufacturer's
instructions.
Immunization procedure. A total of 26 New Zealand White

rabbits (approximately 5 kg) were used. Rabbits (three to six
animals per group) were immunized intramuscularly four
times at 4-week intervals, each time with 50 ,g of gp195 in
different adjuvant formulations as follows: gpl95-FCA,
gpl95-B30-MDP-liposomes, gpl95-LA-15-PH-liposomes,
gpl95-B30-MDP-LA-15-PH-liposomes, gpl95-liposomes,
gp195-alum, and gp195-saline. Serum samples were col-
lected 1 week before immunization and weekly after each
immunization.

Rabbit anti-gp195 antibody assays. Serum anti-gp195 anti-
bodies from rabbits were assayed by an enzyme-linked
immunosorbent assay (ELISA) with purified gp195 as the
coating antigen at a concentration of 200 ng per well (7).
Wells were blocked with 1% bovine serum albumin, and
serial dilutions of rabbit sera were incubated in duplicate
wells. After seven successive washings with borate buffer,
wells were incubated with goat antirabbit immunoglobulin
G-peroxidase (Zymed) at a 1/1,200 dilution. Wells were
washed and incubated with 100 ,lI of H202-ABTS [2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonate)] (Zymed),
and the absorbance was measured with a Dynatech ELISA
reader. Endpoint titers were determined from ELISA titra-
tion curves, and an optical density of 0.2 was chosen as the
endpoint absorbance, a value more than fivefold above the
mean absorbance value plus 1 standard deviation of preim-
mune sera. Anti-gp195 antibodies were also measured by an
indirect immunofluorescence assay (IFA) with in vitro-
cultured P. falciparum schizonts or merozoites as antigens
as previously described (32). The endpoint IFA titer was
defined as the highest serum dilution that gave detectable
immunofluorescence.

Antibody avidity determination. The relative avidities of
the anti-gp195 antibodies were determined by ammonium
thiocyanate elution of anti-gp195 antibodies in an ELISA
(26). We previously determined by an ELISA and by immu-
noblotting that the antigenicity of gp195 coated on plastic
plates or immobilized on immunoblots was not altered after
exposure to ammonium thiocyanate at concentrations as
high as 8 M. Rabbit sera were diluted to a point on the linear
portion of the ELISA titration curve. The diluted sera were
allowed to react with gp195-coated plates. After washing
was done to remove unbound antibodies, ammonium thio-
cyanate of various molar concentrations (8.0 to 0.2 M) was
added to the wells for 15 min. After seven successive
washings were done, the bound antibodies were detected by
incubation with a goat antirabbit immunoglobulin G-peroxi-
dase conjugate as described above. The molar concentration
of thiocyanate ion required to elute 50% of the bound
antibodies (avidity index) was used to compare the relative
avidities of the rabbit antibodies.

In vitro parasite growth inhibition assay. The ability of
rabbit anti-gp195 sera from different adjuvant groups to
inhibit parasite growth in vitro was examined with an in vitro
assay as previously described (14). Serum samples (preim-
mune sera) collected from each rabbit prior to immunization
were used as controls. For some experiments, rabbit anti-
bodies were isolated by protein G affinity chromatography.
The bound antibodies were eluted with 0.1 M glycine (pH
2.5), neutralized with 1 M Tris (pH 8.0), and dialyzed against
RPMI 1640 medium. Parasite cultures were synchronized by
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FIG. 1. gp195-specific ELISA titers of sera from rabbits immu-
nized with gp195 and different adjuvant formulations. Sera were
obtained 14 days after the primary (14D1), secondary (14D2),
tertiary (14D3), and quarternary (14D4) immunizations. Endpoint
tiers are defined as serum dilutions having an optical density of 0.2
and are expressed as the geometric mean + standard deviation. The
antibody titers of the FCA, B30-MDP, and B30-MDP-LA-15-PH
(B30/LA) formulations were significantly higher than were those of
the other adjuvant formulations (P < 0.05, one-tailed t test) for the
14D2, 14D3, and 14D4 bleedings. Titer differences among the FCA,
B30-MDP, and B30-MDP-LA-15-PH formulations were not signifi-
cant.

sorbitol lysis to select for late trophozoite and schizont
stages. Infected erythrocytes were adjusted to a parasitemia
of approximately 0.5% and a hematocrit of 0.8%. Rabbit
preimmune or immune sera were added to a final concentra-
tion of 15%, and 200 ,lI of the culture suspension was added
in duplicate wells to a 96-well microtiter plate. Cultures were
incubated for 72 h, and the parasitemia was determined by
microscopy. Inhibition assays were performed twice, and
the results represent the averages of two separate experi-
ments.
Datum analysis. Comparisons among adjuvant formula-

tions were made with the geometric mean values of each
formulation. The data were log transformed, and statistical
analyses were performed with the Student t test and the
Pearson correlation analysis.

RESULTS

Anti-gp195 antibody responses. Serum antibodies of rab-
bits immunized with gp195 in combination with various
adjuvants were assayed for anti-gp195 antibody titers by an
ELISA with purified gp195 as the antigen. Figure 1 shows
the ELISA titers of rabbit sera taken 14 days after each
immunization. Primary antibody responses were detected in
most adjuvant formulations; however, the ELISA titers
were low (<1/2,000). After boosting, high titers of anti-gp195
antibodies were detected by the ELISA in several adjuvant
formulations. Animals immunized with gpl95 in FCA, B30-
MDP-liposomes, and B30-MDP-LA-15-PH-liposomes con-
sistently produced higher antibody titers than did those
immunized with gp195 in other adjuvant formulations (P <
0.05, one-tailed t test), with peak titers of 1/254,000 +
1/159,000, 1/303,000 + 1/176,000, and 1/177,000 + 1/107,000,
respectively. There were no significant differences in titers
among these three adjuvant formulations. Rabbits receiving
gp195 in liposomes and with alum had lower levels (1/72,000
± 1/33,000 and 1/44,000 + 1/32,000, respectively) of anti-
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FIG. 2. Relative avidities of rabbit anti-gp195 antibodies as de-

termined by ammonium thiocyanate elution (see the text). The
avidity index is expressed as the molar concentration of ammonium
thiocyanate ion required to elute 50%o of the bound anti-gp195
antibodies in an ELISA. (a) Relative avidities of rabbit antibodies
obtained 14 days (14D1) and 28 days (28D1) after the primary
immunization. Values for FCA and B30-MDP-LA-15-PH (B30/LA)
were significantly higher than those for the others (P < 0.05,
one-tailed t test). (b) Relative avidities of rabbit antibodies obtained
14 days after the primary (14D1), secondary (14D2), tertiary (14D3),
and quarternary (14D4) immunizations. The data shown are the
geometric mean ± standard deviation.

gp195 antibodies. gp195 in LA-15-PH-liposomes induced
antibody levels similar to those induced when alum and
liposomes were used. gp195 in saline was weakly immu-
nogenic (<1/10,000). The ability of different adjuvants to
induce antibodies reactive with native gp195 on mature
schizonts or merozoites was investigated by an IFA with
acetone-fixed infected erythrocytes as the antigens. All
rabbit sera had antibodies that reacted with gp195 on mero-
zoites. IFA reactivity was highest among animals immunized
with FCA, B30-MDP, and B30-MDP-LA-15-PH, with titers
of 1/27,000 + 1/10,000, 1/115,000 + 1/72,000, and 1/31,250,
respectively, while IFA reactivity was lower with LA-15-PH
(1/4,600 i 1/2,900), alum (1/6,250), liposomes (1/14,600 +
1/14,000), and saline (1/2,900 + 1/2,800). Anti-gp195 anti-
body responses, as determined by the IFA, correlated well
with ELISA titers (r = 0.74, P < 0.01).
Antibody avidity. The avidity of the anti-gp195 antibodies

was examined by the ammonium thiocyanate elution method
in an ELISA. Figure 2 shows the avidities of anti-gp195
antibodies from the primary through the quartemary immu-
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FIG. 3. In vitro parasite growth inhibition by rabbit anti-gp195
sera taken 14 days after the quarternary immunization. The degree
of inhibition was determined on the basis of the percentage of
inhibition of growth over a 72-h period by comparing the increase in
the percent parasitemia in cultures containing the preimmune rabbit
serum at 72 h (P) with the increase in the percent parasitemia from
0 h in cultures containing the respective immune rabbit serum at 72
h (7), according to the following formula (14): 100 x [(P - 0 h) - (T
- 0 h)/(P - 0 h)]. Each datum point represents the mean value for
each rabbit serum. B30/LA, B30-MDP-LA-15-PH.

nizations. Antibodies collected after the primary immuniza-
tion showed maturation (increase in avidity indexes) of
avidity between 14 and 28 days after immunization (Fig. 2a).
The relative avidities differed among the adjuvant formula-
tions during the primary immunization. Antibodies induced
by FCA and B30-MDP-LA-15-PH-liposomes had higher
avidities than did those induced by B30-MDP-liposomes,
LA-15-PH-liposomes, alum, and saline (P < 0.05, one-tailed
t test). With subsequent booster injections, the relative
avidities of all adjuvant formulations increased and differ-
ences among adjuvant formulations were no longer appar-
ent. In general, there was a slight increase in avidity with
each immunization. There was no correlation between
ELISA or IFA titers and the avidities of the anti-gpl95
antibodies.

In vitro inhibitory activities of rabbit anti-gp195 sera. The
biological activity of the anti-gpl95 antibodies induced by
the adjuvants was examined by an in vitro parasite growth
inhibition assay. Figure 3 shows the percent growth inhibi-
tion of each rabbit anti-gpl95 serum (14 days after the
quatemary immunization) for different adjuvant formula-
tions. Serum samples from the six rabbits immunized with
gp195-FCA had inhibitory activities ranging from 50 to 96%
(average, 75.3% + 19%). Immunoglobulin G purified from
pooled sera from these rabbits inhibited parasite growth by
80% + 1% at a concentration of 750 jig/ml. B30-MDP-LA-
15-PH-liposomes induced anti-gpl95 antibodies that inhib-
ited parasite growth by 60 to 96% (average, 80.6% + 13%).
B30-MDP alone produced less consistent inhibition. Serum
samples from two of three rabbits inhibited parasite growth
by 60 and 90%, while a serum sample from the third rabbit
had low (14%) inhibitory activity. LA-15-PH-liposomes did
not induce significant levels of inhibitory activity (average,
10% ± 11%). Similarly, little or no inhibition was observed
for sera from rabbits immunized with gpl95 in alum, lipo-
somes alone, or saline.
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FIG. 4. Correlation between antibody responses to gp195 and
the degree of parasite inhibition by sera from rabbits immunized
with gp195 in different adjuvants. Each datum point represents the
antibody titer and serum inhibitory activity of an individual rabbit.
Sera were obtained 14 days after the quaternary immunization. For
FCA, r = 0.54, not significant; for B30-MDP-LA-15-PH (B30/LA),
r = 0.92, P < 0.05; for B30-MDP, r = 0.54, not significant; for all
other adjuvants, no significant correlation.

The relationship between the anti-gp195 antibody titer
(ELISA) and the degree of parasite growth inhibition is
illustrated in Fig. 4. All rabbit sera with inhibitory activities
of .50% had anti-gp195 antibody titers of 1/70,000. How-
ever, not all sera with anti-gpl95 antibody titers of greater
than 1/70,000 had inhibitory activities of greater than 50%.
For example, all sera from rabbits receiving the FCA and
B30-MDP-LA-15-PH formulations and sera from two of
three rabbits receiving the B30-MDP formulation had
ELISA titers of .1/70,000 and inhibited growth by .50%.
On the other hand, sera from one rabbit each from the
groups receiving the alum, liposome, LA-15-PH, and B30-
MDP adjuvant formulations had ELISA titers of .1/70,000

but inhibited growth by <50%. When rabbit sera were
chosen on the basis of having an inhibitory activity of .50%
or an ELISA titer of .1/70,000, there was a correlation
between the ELISA titer and the degree of parasite growth
inhibition (r = 0.54, P < 0.05). When these sera were
analyzed separately according to adjuvant formulation, the
B30-MDP-LA-15-PH-liposome formulation showed a much
more linear correlation between the degree of parasite
growth inhibition and the ELISA titer (r = 0.92, P < 0.05).
In contrast, although all rabbits immunized with gp195-FCA
had inhibitory antibodies (>50% inhibition), the correlation
between the degree of parasite growth inhibition and the
ELISA titer was not significant (r = 0.54, P = 0.14 [not
significant]). Similarly, no significant correlation was ob-
served for the other adjuvant formulations, although it is
recognized that the numbers of animals in these groups were
small.

DISCUSSION
Results from our immunization experiments indicated that

gpl95 incorporated in B30-MDP-liposomes or B30-MDP-
LA-15-PH-liposomes consistently induced high titers of
anti-gpl95 antibodies. These adjuvant formulations induced
higher antibody responses than did alum, and the levels
achieved were comparable to those achieved with FCA.
Synthetic lipid A (LA-15-PH) alone in liposomes was less
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effective. Moreover, we did not see an additive effect of
LA-15-PH-liposomes over that of gp195-liposomes. Our
results for MPL in rabbits contrast with those described by
Mashihi et al. (20) and Tsujimoto et al. (38), who showed that
MPL or its derivatives enhanced antibody responses to
influenza subunit vaccine and hepatitis B vaccine in mice
over the levels obtained with alum or liposomes. Richards et
al. (27) studied the antibody responses to the recombinant
CSP protein (R32tet32) of P. falciparum in rabbits and
monkeys. They showed that immunization with alum-ad-
sorbed liposomes containing MPL and R32tet32 produced
higher antibody responses than did that with alum and
liposomes alone. One explanation for the differences in the
results could be differences in animal species and the nature
of the antigens used. We have conducted a preliminary
immunogenicity study of gp195 in mice with the same gp195
and immunomodulators described here (12). LA-15-PH-
liposomes or B30-MDP-LA-15-PH-liposomes induced
higher gpl95 antibody responses than did FCA in mice.
Moreover, unlike the situation in rabbits, this synthetic lipid
A compound was far superior to alum in inducing anti-gp195
antibodies in mice (12). Thus, it appears that the adjuvant
effect of lipid A is species dependent.
Antibody affinity or avidity is an important factor in

various immunological and biological reactions, and high-
affinity antibodies have been shown to be more desirable
than low-affinity antibodies in many biological reactions (35).
Therefore, antibody responses to gp195 were also compared
in terms of avidity. Both FCA and B30-MDP-LA-15-PH
produced significantly more high-avidity antibodies than did
most other adjuvant formulations during the primary immu-
nization. However, after subsequent boosting, differences in
avidity among the formulations were not significant. This
result suggests that successively more high-affinity antibod-
ies were selected regardless of the adjuvant used. Since
gp195 is a large and complex protein that carries a substan-
tial number of B cell epitopes, our antibody assay reflects the
overall antibody avidity for the complete molecule. There-
fore, differences in the avidities of antibodies for specific
epitopes may be masked. Lew et al. immunized rabbits with
a synthetic octapeptide corresponding to the 3' repeat se-
quence (EENVEHDA) of the P. falciparum ring-infected
erythrocyte surface antigen, with FCA, MDP, and alum as
adjuvants (17). The avidities of these peptide-specific anti-
bodies, as measured by ammonium thiocyanate elution,
differed among the adjuvant formulations. The differences in
avidity persisted throughout the course of the study. Perhaps
such differences in antibody avidity would be apparent if the
gp195 responses were analyzed with respect to the recogni-
tion of individual epitopes. Our study also showed that
antibody titer and avidity varied independently of each
other, in agreement with the results of previous studies on
other vaccine systems (17, 26).
We previously showed that Aotus monkeys immunized

with gp195-FCA were protected from lethal P. falciparum
infections (33). Prechallenge sera from protected monkeys
inhibited parasite growth in vitro (>90%o), while sera from
unprotected monkeys had no effect (14). Therefore, the
ability of anti-gp195 sera or antibodies to inhibit parasite
growth in vitro correlates with gp195 vaccine-induced immu-
nity. Immune sera and purified immunoglobulin G from
rabbits immunized with gp195-FCA were also inhibitory
(14). In the present study, anti-gp195 sera induced by two
synthetic adjuvant formulations, namely, B30-MDP-LA-15-
PH-liposomes and B30-MDP-liposomes, inhibited parasite
growth to a similar extent as did FCA. The results provide

indirect evidence that these formulations can potentiate
protective immunity specific for gp195. An analysis of anti-
body titer and the degree of inhibition suggested that a
minimum level (.1/70,000) of anti-gp195 antibodies may be
needed to exert a significant biological effect in vitro. How-
ever, the antibody titer may not be the only factor influ-
encing in vitro inhibitory activity, as suggested by the
following observations. First, sera from several rabbits had
titers of .1/70,000 but were not inhibitory. Second, a strong
correlation between the ELISA titer and in vitro inhibition
was observed in the B30-MDP-LA-15-PH-immunized rab-
bits but not the FCA-immunized rabbits. Finally, in a
previous vaccination study of Aotus monkeys with purified
gp195 and rhoptry proteins as vaccine antigens, we obtained
protection with FCA as the adjuvant, while the same anti-
gens failed to confer protection when used with another
synthetic MDP derivative, MDP-Lys(L18), despite the fact
that the antibody titers were similar to those in the FCA-
immunized monkeys (32). In addition, only the serum sam-
ples from the FCA-immunized monkey strongly inhibited
parasite growth in vitro (14). These observations, together
with those of the present study, suggest that protective
immunity against gp195 may depend in part on the quality of
the antibody response, which in turn may be affected by
different adjuvants. One explanation may be that the speci-
ficities of the anti-gp195 antibody responses induced by
different adjuvants are different and that, of the total number
of B cell epitopes on gp195, only a limited number are
involved in parasite inhibition and/or immunity. FCA may
induce more antibodies against a greater number of "irrele-
vant" B cell epitopes in addition to the inhibitory epitope(s)
on gp195 than does the B30-MDP-LA-15-PH-liposome for-
mulation, possibly resulting in a poorer correlation between
the overall gp195 titer and the degree of in vitro inhibition for
FCA than for the B30-MDP-LA-15-PH-liposome formula-
tion. Therefore, although LA-15-PH alone was not effica-
cious in stimulating inhibitory antibodies, it may help to
induce antibodies required for inhibition, since B30-MDP
alone was less consistent in stimulating inhibitory antibod-
ies. Along the same lines, gp195 given with other adjuvants
may have failed to elicit the antibodies needed for in vitro
parasite inhibition or in vivo protection, despite high anti-
body titers. Studies are in progress to compare the specific-
ities of the anti-gp195 antibodies in rabbits.
Our studies provide encouraging evidence that adjuvant

formulations based on low-toxicity synthetic B30-MDP
alone or in combination with LA-15-PH can replace FCA in
a gp195-based malaria vaccine. The ability of these formu-
lations to elicit gp195-specific protective immunity against P.
falciparum in the Aotus monkey model should now be
determined. Once the protective efficacy of these adjuvants
has been demonstrated in vivo, they may replace FCA as a
safe and effective adjuvant for the evaluation of the immu-
nogenicity of gp195-based recombinant or synthetic vac-
cines. In addition, the effectiveness of these adjuvants in
inducing protective immunity against other malarial anti-
gens, such as the CSP protein, also merits investigation.
Finally, our studies have concentrated on the humoral
response to gp195. Further experiments will focus on eval-
uating the potential of these immunomodulators to elicit
different components of the cellular immune response to
gp195.
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