
Proteosome-Lipopeptide Vaccines: Enhancement of 
Immunogenicity for Malaria CS Peptides 

Proteosomes are hydrophobic, membranous, multimolecular preparations of menin- 
gococcal outer membrane proteins that are also B cell mitogens. These characteristics 
suggested that proteosomes may serve as carrier proteins and adjuvants to enhance 
peptide immunogenicity. Although high titers of malaria circumsporozoite (CS) 
antibodies protect against malaria, vaccines thus far tested in humans have been 
insufficiently immunogenic to be clinically useful. Here it is shown that synthetic CS 
peptides hydrophobically complexed to proteosomes by way of lauroyl-cysteine 
become highly immunogenic in mice without other adjuvants. The high titers of 
antibodies produced and the safety of proteosomes in humans suggest that this novel 
system is widely applicable for the development of peptide vaccines to protect against 
many diseases. 

T HE DEVELOPMENT OF PEPTIDE SUB- 

unit vaccines has been hampered by 
the inadequate immunogenicity of 

small peptides and the paucity of effective 
carrier proteins and potent adjuvants suit- 
able for human use (1). Protective epitopes 
have been identified in ~ e ~ t i d e s  from-sevdral 

L L 

pathogenic microorganisms. One such pep- 
tide is the tandemly repeated circumsporo- 
mite (CS) tetrapeptide NPNA of the malar- 
ia parasite Plasmodium falciparum (2). In 
clinical trials, humans have been protected 
from experimental sporozoite-induced ma- 
laria bv- immunization with vaccines con- 
taining these epitopes (3, 4),  but neither of 
these alum-adsorbed vaccines was sufficient- 
ly immunogenic to be suitable for general 
use. By linking peptides to carrier proteins 
that provide specific T cell help, it is possible 
to enhance antibody responses to peptides. 
Such carrier  rotei ins are most effective 
when conjugated at high peptide to protein 
molar ratios by methods that do not alter or 
obscure protective peptide epitopes. The 
carrier protein requires careful selection be- 
cause prior immunization with proteins that 
are routinely administered alone (such as 
tetanus toxoid) can be paradoxically detri- 
mental by suppressing antibody responses to 
the peptide (5). 

We have described a system for making a 
small cyclic peptide highly immunogenic 
without other adjuvants by hydrophobically 
complexing it to purified preparations of 

meningococcal outer membrane protein 
"proteosomes" (6). Protein-protein hydro- 
phobic interactions in these proteosomes 
induce them to form multimolecular whole 
or fragmented membranous vesicles 60 to 
100 nm in diameter (7). We postulated that 
because of this physical structure, proteo- 
somes, like liposomes, would provide adju- 
vant activity for peptides to which they were 
complexed. Proteosomes may also be poten- 
tial adjuvants since they are B cell mitogens 
even in mice that are hyporesponsive to 
lipopolysaccharide (LPS) (8).  Proteosomes 
have been given to many people as compo- 
nents of group B meningococcal vaccines 
(9). In these vaccines a polysaccharide is 
hydrophobically complexed to the protein 
by way of a lipid moiety (10) naturally 
attached to the polysaccharide. We reasoned 
that by adding a similar lipid to malaria CS 
peptides they would become hydrophobical- 
ly complexed to the proteins by way of the 
lipid, leaving the peptide unaltered and ex- 
posed as required for optimal immunogenic- 
ity. 

Synthetic lipopeptides (1 1 ) containing 
the amino acid repeat sequences of the CS 
proteins of P. falciparum and P. vivm (Table 
1) were hydrophobically complexed to pro- 
teosomes by a one-step dialysis procedure 
(12). The resultant vaccines were tested for 
immunogenicity in outbred ICR mice with- 
out any additional adjuvants. The data pre- 
sented are from mice immunized intraperi- 
toneally, but similar results were obtained 
with &ice injected subcutaneously and intra- 
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demly repeated from two to six times (Fig. 
1B). It is possible that repeating the epitope 
in the synthetic immunogen more faithhlly 
mimics the conformation of the native Dro- 
tein in which the epitope is repeated some 
30 times. Alternatively, if longer peptides 
are inherently better immunogens, includ- 
ing tandem repeats of any epitope being 
used in synthetic peptide vaccines may be a 
useful strategy in vaccine design. 

LCF4 or LCF6 alone without proteo- 
somes (13) were moderately immunogenic 
whereas lipopeptides without cysteine (LF6 
and LF4), peptides lacking the lauroyl 
group (CF6 and CF4), and LCF2 were 
ineffective (Fig. 1C). Thus, lauroyl-CYGG 
added to four NPNA repeats represents a 
minimal configuration for generating P. fal- 
cipamnz CS antibodies in saline without 
adjuvants. Although LCF6 was far less im- 
munogenic alone compared to when it was 
complexed to proteosomes, the magnitude 
of the IgG response to LCF6 without pro- 
teosomes in saline was comparable to the 
responses elicited by an equivalent dose of 
thi recombinant cs R32tet32 ad- 
ministered with alum or complete Freund's 
adjuvant (14). 

Lipopeptides lacking cysteines (LF2, 
LF4, or LF6) were not immunogenic even 
when complexed to proteosomes (Fig. 1B). 
Therefore, adding cysteine between the lau- 
royl and the maiarla epitope is critical for 
immunogenicity whether or not lipopep- 
tides are bound to proteosomes. The cys- 
teine. which induces dimerization of the 
lipopeptides, may form more stable hydro- 
phobic bonds with the proteosomes or en- 
hance the formation of lipopeptide micelles. 
Other investigators have elicited antibody 

Table 1. Synthetic lipopeptides representing the 
repeat regions of malaria CS proteins. P. falci- 
parum and P. vivm sequences were tandernly 
repeated to various lengths. The lauroyl group 
[CH3(CH) loCO] was covalently added to each 
peptide's amino terminus to serve as a hydropho- 
bic anchor that enables the lipopeptide to corn- 
plex with proteosomes. The tripeptide YGG was 
added to each peptide as a spacer and for IIz5 
tracing purposes. Each construct was synthesized 
and purified as described (11) both with and 
without the cysteine or the lauroyl group 

-- 

Name Sequence 

Plmm~dzum falciparum 
L~u~o~I-C-YGG-(NPNA)~ 

L~u~o~I -YGG-(NPNA)~ 
Lauroyl-C-YGG-(NPNA)4 

Lauroyl-YGG-(NPNA)4 
Lauroyl-C-YGG-(NPNA)2 

Lauroyl-YGG-(NPNA)z 
Plmmodium vivm 

Lauroyl-C-YGG-(GDRADGQPA)3 
Lauroyl-YGG-(GDRADGQPA)3 

Lauroyl-C-YGG-(GDRADGQPA)z 
Lauroyl-YGG- (GDRADGQPA)z 
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responses against peptides that were conju- Table 2. The effect of increasing the ratio of peptide to proteosome on the immun~~enicity of P. 
gated to dipalmitoyl-lysine without adding a falcipavum proteosome-LCF6 vaccines when suboptimal (7 kg) or standard (50 yg) doses of peptide 

were used. ELISA units were calculated as described in Fig. 1 and were reproducible to within 10%. 
cysteine or a carrier protein (15). Because 
those studies used lipopeptides administered 

Peptide Proteo- 
in CFA, it is difficult to determine whether Ratio some Immunization 

ELISA 
(kg) (kg) 

units 
the peptides they used did not require a 
cysteine or whether CFA was essential for 1:1 50 50 Tertiary 43,900 
the irnrnunogenicity they observed. 9: 1 50 6.0 Tertiary 53,400 

The protein content is often dose-limiting 1:1 7.0 7.0 Primary <2 
in formulating vaccines for human use. We Secondary 100 

Tertiary therefore tested the immunogenicity of pro- 9: 
3,500 

7.0 0.8 Primary 32 
teosome-LCF6 vaccines using lower doses Secondary 1,300 
of protein. To deliver more peptide mole- Tertiary 25,900 
cules per proteosome while minimizing the 
amount of protein present, the ratio of 
LCF6 to proteosome (w:w) was increased ing the density of peptide molecules per munogenic and the proteosome vaccine 
to 9 :  1. This ratio was still highly immuno- proteosome is more important than the containing the longer peptide, LCV3, was 
genic when standard (50 kg) doses of pep- absolute amount of proteosomes present. most effective. In contrast to the P. falci- 
tide were used even though the amount of Proteosomes also increased the imrnuno- parum lipopeptides LCF4 and LCF6, the P. 
protein given was reduced to 6 kg (Table genicity ofP. vivax lipopeptides (LCV2 and vivm lipopeptides LCV2 and LCV3 were 
2). Moreover, suboptimal (7 kg) doses of LCV3), with IgG booster responses being not immunogenic in the absence of proteo- 
peptide were more immunogenic in a 9 : 1 evident after each immunization (Fig. 2A). somes despite their similar overall length 
ratio (with only 0.8 kg of proteosomes) As with P, falciparum, vaccines made with (Fig. 2A). Hence, the ability of lauroyl- 
than in a 1 : 1 ratio (Table 2). Thus, increas- lipopeptides lacking cysteine were not im- cysteine to make peptides immunogenic 

without adjuvants is a function of the amino 
Fig. 1. Immunogenicity 2.00- acid sequence of the peptide, perhaps be- 
of P, falciparum vaccines. 
Outbred ICR mice (five , ,50 - per group) were immu- 
nized intraperitoneally 
with vaccine (50 pg of l .00 - 
peptide per dose) on 
weeks 0, 3, and 7. Sera 0.50 - 
were collected 1 to 2 
weeks after each immu- 0,00 

A cause of genetic or conformational restric- 
tions. Proteosome-LCV3 was also irnmuno- 

832,900 genic when made by lyophilizing a saline 
mixture of the components (Fig. 2B). Al- 
though this method was less effective than 
the standard dialysis method, these data 
show that proteosome enhancement of im- 

7 , , , , , , , , , , , , , , , 
nization, pooled, and as- munogenicity is not due to the effect of 
sayed for antibodies to 2.00- residual detergent that may persist after 
CS proteins by ELISA 
(6, 14) with affinity-pu- 
rified alkaline phospha- 9 - 
tase-conjugated goat 3 
antibody to mouse IgG 8 1.00 - 
being used as the second 2 
antibody and R32tet32 5 0,50 
(14) as the detecting 
antlgen. Titers shown 
nex t to thecurvesare  0.00-  

B dialysis. 
The specificity of the antibodies detected 

in the ELISA was confirmed by showing 
that antibodies induced by the P. falciparum 
or P. vivax vaccines were specifically inhibit- 
ed from binding if the sera were incubated 
with homologous but not heterologous 

+ 
? : ,  1 1  r t r c 8 1 t t 1 

antigens (16). In addition, antibodies in- 
expressed in ELISA duced by the proteosome vaccines recog- 
units and were calculated 2.00 - 
by averaging the product 
of absorbance value at 1.50 . 
405 nm and dilution at 
three points along the 
linear region of the titra- .OO - 
tion curve and normaliz- 
ing values to control 0.50 
sera. These calculations 
are reproducible to with- 0,00 

- - ~ - nized native malaria sporozoites in an indi- 
rect immunofluorescence assay (IFA) to a 
serum dilution 1 : 62,500, and LCF6 alone 
(without proteosomes) was positive to a 
dilution 1 : 2,500. Although not specifically 
performed in this study, in our experience, 
sera with similarly high IFA titers strongly 

A inhibit sporozoite invasion of hepatocytes in 
in 10%. Units represent I , , , , , ,  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
vitro. The proteosome vaccines described 

the dilution at which the L O ~ O O O ~ O  N m cq q 8 $3 8 51, 8. q here are also immunogenic in rabbits, al- 
absorbance approxi- - m  N % j; 0 0 0  * a a ? though the extremely high antibody levels 
mates 1.0; absorbance - N * & ~ ~ N .  

Reciprocal serum dilution 
m observed in mice are generally not seen in 

values >0.1 differed sig- 
nificantly from preimmunization values (which were <0.03); other investigators denote titer by this that system. 
less stringent criterion (absorbance >0.1). (A) Proteosome-LCF6 prepared by the standard method: This study shows that prOteOSOmeS in- 
(O), primary response; (O), secondary response; (@), tertiary response. Proteosome-LCF6 prepared by crease the immunogenicity of small linear 
direct extraction: (A), tertiary response; (*), preimmunization. (B) Tertiary responses of P. falciparum peptides and that such peptides can main- 
proteosome vaccines containing two, four, or six tetrapeptide repeats with or without cysteines: (A), tain antigenic structure to induce proteosome-LCF2; (B), proteosome-LCFC; (a), proteosome-LCF6; (t ), proteosome-LF6, -LF4, or 
-LF2; (*), preimmunization. (C) Tertiary responses of vaccines made without proteosomes. Lipopep- antibodies that recognize recombinant pro- 
tides with cysteine: (B), LCF4; (@), LCF6; (A), LCF2; peptides without cysteke or without lauroyl: tein and intact sporozoites. Since the im- 
(+), LF6, LF4, CF6, CF4; (*), preimmunization. mune responses to P, falciparum and P. vivax 



Fig. 2. Immunogenicity 2.00 
of  P. vivm vaccines. A 
ELISA were performed 
using (GDRADGQPA)2 
conjugated t o  casein as 
antigen. Data are ex- 
pressed as in Fig. 1. 
(A) Proteosome-LCV3 

method: (O), primary $ 
prepared by the standard 0.50 

response; (D), second- 0.00 
ary response; (a), a 
tertiary response. Pro- 2 2.00 - = = = = = 
teosome-LCV2: (m), $ B 
tertiary response. Pro- 3 , ,50 - 
teosome-LCV3 o r  pro- 
teosome-LV2 (peptides 
without cysteines), o r  li- 1.00 - 
popeptides LCV3 o r  
LCV2 alone without 0,50 
proteosomes: (+ ), ter- 
tiary responses; (*), 
preimmunization. (8) 0.00 
Proteosome-LCV3 pre- ~ ~ ~ ~ 0 0 0 ~ 0 0 0 ~ 0 0 0 0 0  

0 0 0  0 0 0  0 0 0 0 0  

pared by lyophilization: 
- N * 

a . ~ a m - ~ . ; - ~ . m - ~ ~ ~ . * -  - m a  z ~ m z a ~ ~ ~ ~  m % 
(0), primary response; 

Reciprocal serum dilution 7 2 (a), secondary re- 
sponse; (.), tertiary response; (*), preimmunization. 

CS epitopes are genetically restricted in mice 
(17 ,  it has been proposed that vaccines 
should contain T helper cell epitopes from 
elsewhere in the CS protein to prime for 
antibody responses upon subsequent expo- 
sure to sporozoites (18). Although such 
synthetic T cell epitopes could also be incor- 
porated into the proteosome system, since 
anarnnestic responses develop over several 
days, it is unlikely that sporozoites-generat- 
ed booster responses can be depended upon 
to neutralize sporozoite infectivity during 
the 2 to 30 minutes that elapse before 
mosquito-injected sporozoites leave the 
bloodstream and invade hepatocytes (19). 
The choice of T cell epitopes may therefore 
need to be based on which epitope, regard- 
less of the source, provides high, prophylac- 
tic antibody levels that neutralize every spo- 
rozoite. Periodic booster injections may 
thus be required. 

It has been suggested that immunity is 
most enhanced when a peptide is linked to 
both carrier protein and adjuvant in the 
same molecule (20). We speculate that pro- 
teosomes may serve as their own adjuvant 
since they are B cell mitogens (8); a positive 
correlation between mitogenicity and adju- 
vanticity has already been described for both 
LPS and a tripalmitoylpeptide analog of 

Escbericbza wli lipoprotein (21). Our data, 
and the fact that proteosomes have been 
safely administered -to many people (9) sug- 
gest that the proteosome system has poten- 
tial as an important vehicle to enhance the 
irnrn~no~enicity of peptide vaccines in gen- 
eral, and of malaria vaccines in particular. 
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