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Apical membrane antigen 1 (AMA-1) of Plasmodium falciparum is a leading candidate antigen for inclusion
in a malaria subunit vaccine. Its ectodomain can be divided into three subdomains, each with disulfide
bond-stabilized structures. Since the majority of antibodies raised against the ectodomain appear to recognize
strain-specific epitopes in domain I, we attempted to develop a vaccine formulation which directs the immune
response to a region that contains more conserved epitopes. Here we demonstrate that a virosomal formulation
of a peptide that mimics the semiconserved loop I of domain III elicits parasite growth-inhibitory antibodies.
A synthetic peptide comprising residues 446 to 490 of AMA-1 (AMA-1***") was conjugated through the N
terminus to a derivative of phosphatidylethanolamine and the phosphatidylethanolamine-peptide conjugate
was incorporated into immunopotentiating reconstituted influenza virosomes as a human-compatible antigen
delivery system. Both cyclized and linear versions of the peptide antigen elicited antibodies which specifically
bound to parasite-expressed AMA-1 in Western blotting with parasite lysates as well as in immunofluorescence
assays with blood stage parasites. All 11 peptidomimetic-specific monoclonal antibodies generated were
cross-reactive with parasite-expressed AMA-1. Antigen binding assays with a library of overlapping cyclic
peptides covering the target sequence revealed differences in the fine specificity of these monoclonal antibodies
and provided evidence that at least some of them recognized discontinuous epitopes. The two immunodominant
epitopes comprised the conserved linear sequences K***RIKLN*** and D**’DEGNKKII*’*, A key feature of the
synthetic vaccine formulation proposed here is the display of the peptide antigen in a native-like state on the

surface of the virosome.

With up to 300 million people currently affected, malaria
continues to be one of the major burdens on public health in
many tropical countries (44). Because of the spread of drug-
resistant parasites and the appearance of insecticide-resistant
mosquitoes, the development of an effective vaccine against
the most severe form of malaria caused by Plasmodium falci-
parum is an urgent priority. Vaccine candidates are being tar-
geted against antigens expressed at various stages of the par-
asite’s complex life cycle (35). The effector mechanisms that
may confer immunity to malaria are incompletely understood,
but several lines of evidence indicate that antibodies to anti-
gens of asexual blood stage parasites can reduce the morbidity
and mortality associated with malaria infection. Infected eryth-
rocytes release merozoites, which are directly accessible to
antibodies before reinvasion. In parasitemic children, passive
transfer of antibodies from adults with naturally acquired im-
munity to malaria leads to markedly depressed parasite levels
(5, 36).

Several merozoite antigens are thought to be able to induce
protective antibodies and are currently considered candidate
vaccine antigens (22). One of the leading candidates is apical
membrane antigen 1 (AMA-1), an 83-kDa protein that is syn-
thesized in mature stages of the parasite and is first localized in
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the neck of the rhoptries (8, 32). During the course of mero-
zoite release, an additional N-terminally processed 66-kDa
form of AMA-1 seems to spread around the merozoite surface
(30, 32). Homologues of AMA-1 have been found in all Plas-
modium species examined so far, and the protein seems to play
an important role during the invasion of erythrocytes and in
blood-stage growth (39, 40). Several passive and active immu-
nization studies have indicated that AMA-1 is involved in elic-
iting protective immune responses (2, 7, 9, 10, 11, 20, 31, 45)
and serves as a target for invasion-blocking antibodies (10, 11,
17, 19, 20).

AMA-1 is a type I integral membrane protein of low abun-
dance. The overall structure of its ectodomain can be divided
into subdomains I, II, and III. The structure of the protein
is stabilized by eight intramolecular disulfide bonds (16)
formed between 16 conserved (4, 24, 43) cysteine residues. The
epitopes recognized by protective antibodies are not well
characterized, but they seem to be primarily directed against
conformational epitopes, since reduced and alkylated AMA-1
gives poor protection (2) and is poorly recognized by hyper-
immune serum from individuals living in regions where
malaria is endemic (17). The epitope recognized by a single
merozoite invasion-blocking anti-P. falciparum AMA-1 mono-
clonal antibody (MAb) (20) has not been characterized. Other
AMA-1 binding MADbs did not inhibit invasion (6), indicat-
ing that the fine specificity of an anti-AMA-1 antibody deter-
mines its ability to impair the function of the target protein.
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FIG. 1. Structures of synthetic peptides used in this study, including AMA49-L1, AMA49-C1, and AMA49-L2, as well as the library of cyclic
template-bound peptides each containing 12 residues from AMA-1. The sequences contained within each cyclic peptide are indicated in Table 2.
The preferred conformations of each cyclic peptide are so far unknown. In AMA-1*% the amino acid residues GGC at the N terminus and G
at the C terminus were added for reasons of synthesis and do not correspond to the numbering of the AMA-1 amino acid sequence. Temp.,
template (formula as shown in the figure).
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TABLE 1. Mass spectrometric characterization of peptides synthesized in this work”

. Predicted calculated
Peptide sequence

Measured mass (m/z)

mass (Da)
AMA- #4649 5,625.4 1125.9 [M+5H]>*, 938.9 [M+6H]®", 804.6 [M+7H]"*, 704.4 [M+8H]*".
AMA-1446-462 2,408.8 1204.7 [M+2H]J**, 803.8 [M+3H]**, 603.0 [M+4H]**
AMA-14527472 2,529.8 1265.5 [M+2H]*", 844.5 [M+3H]*", 633.4 [M+4H]**
AMA-1462-482 2,400.7 1200.7 [M+2H]**, 800.8 [M+3H]**
AMA- 1467490 2,246.7 1124.1 [M+2H]*", 749.8 [M+3H]*"
AMA49-L1 6,425.4 1607.5 [M+4H]**, 1285.8 [M+5H]’*, 1071.9 [M+6H]°*, 918.9 [M+7H]"*"
AMA49-C1 6,396.4 1280.2 [M+5H]’*, 1067.0 [M+6H]°*, 914.8 [M+7H]"*
AMA49-1L.2 6,512.3 1303.4 [M+5H]", 1086.4 [M+6H]°", 931.4 [M+7H]"*, 815.0 [M+8H]**, 724.6 [M+9H]**

¢ Electrospray mass spectra were recorded on a Bruker Esquire-LC-MS or with a Finnegan-TSQ-700 spectrometer.

Similarly, it has been found that antibodies specific for P.
falciparum merozoite surface protein 1 (MSP-1) can have
invasion-inhibitory activity, be ineffective, or block the activity
of inhibitory antibodies (41). In the present report, we pro-
vide evidence that it is possible to elicit parasite growth-
inhibitory antibodies with a virosomal formulation of a syn-
thetic peptidomimetic derived from loop I in domain III of
AMA-1.

MATERIALS AND METHODS

Peptide synthesis. (i) AMA49-L1. A 49-residue peptide comprising AMA-1
residues 446 to 490, with three additional amino acids (GGC) at the N terminus
and one additional G residue at the C terminus (AMA-1%%; Fig. 1) was
prepared by solid-phase peptide synthesis on Sieber amide resin (0.5 mmol/g)
with 9-fluorenylmethoxycarbonyl (Fmoc) chemistry and an ABI433A peptide
synthesizer. The pseudoproline unit Fmoc-isoleucine-serine (2,2-dimethyl pseu-
do-proline) was used in place of Ile®* and Ser®’. After assembly, the peptide was
cleaved from a portion of the resin with trifluoroacetic acid (TFA)-H,0-1,2-
ethanedithiol (EDT)-tri-isopropylsilane (TIS) (92.5:2.5:2.5:2.5) for 3.5 h at room
temperature. After concentration in vacuo, the peptide was precipitated with
diethyl ether and purified by reverse-phase high-pressure liquid chromatography
(HPLC) (C,g column) with a gradient of acetonitrile (MeCN) in water (25% to
50%) with 0.1% TFA over 15 min. The purity was >95% by analytical HPLC.
The constitution was confirmed by amino acid analysis and electrospray mass
spectrometry (Table 1).

Another portion of the resin carrying the intact peptide chain (ca. 60 pmol)
was treated with succinyl-1-oleyl-3-palmitoyl-2-glycerophosphatidylethanol-
amine (130 mg, 160 pmol) (Fig. 1), 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HATU; 61 mg, 160 wmol), 1-hydroxy-7-
azabenzotriazole (HOAt; 22 mg, 160 wmol), and N,N-diisopropylethylamine
iPr,EtN; 82 pl) in dimethylformamide (DMF)-CH,CI, (4 ml, 1:2) for 18 h at
room temperature. After washing the resin with DMF and CH,Cl, four times,
the peptide conjugate was cleaved from the resin with 1% TFA in CH,ClI, four
times (4 ml). The combined organic fractions were concentrated in vacuo, and
the conjugate was redissolved in TFA-H,O-EDT-TIS (92.5:2.5:2.5:2.5) for 4 h at
room temperature. The TFA was then removed in vacuo, and AMA49-L1 was
precipitated with di-isopropylether (iPr,O) and then purified by HPLC on a C,
column with a gradient of 10 to 100% MeCN-water with 0.1% TFA. The purity
was >95% by analytical HPLC. The constitution was confirmed by amino acid
analysis and electrospray mass spectrometry (Table 1). The presence of two free
thiols was proven by an Ellman test and by reaction with excess N-ethylmaleimide
(NEM) and detection of the bis-NEM derivative by HPLC-mass spectroscopy.

(i) AMA49-C1. AMA49-C1 was prepared in the same way except that succi-
nyl-1,3-dipalmitoyl-2-glycerophosphatidylethanolamine (sPE-succ-OH) was used
(Fig. 1), and in the final step the conjugate (4 mg) was oxidized in ammonium
acetate buffer (50 mM, pH 8) and 2,2,2-trifluoroethanol (1:1,100 ml) for 4 days
at room temperature. After addition of AcOH (100 pl) and lyophilization,
AMAA49-C1 was purified by HPLC as above for AMA49-L1. The formation of
the disulfide bridge was confirmed by a negative Ellman test and by attempted
derivatization with NEM, which gave no bis-NEM derivative by HPLC-mass
spectroscopy. From the mass spectrum, it was clear that only the monomeric
form of AMA49-C1 was obtained.

(iii) AMA49-L2. For the synthesis of AMA49-L2, the dithiol (6 mg) was
alkylated with iodoacetamide (43 wmol) in a mixture (5:4) of phosphate buffer

(0.1 M, pH 7.5) and trifluoroethanol. AMA49-1L2 was purified by HPLC on a C,
column with a gradient of 10 to 100% MeCN-water with 0.1% TFA. The purity
was >95% by analytical HPLC. Electrospray mass spectrometry showed the
expected mass (Table 1).

(iv) AMAL%6-462 AMA1452472 AMA1492482 and AMA1%67-4°, The linear
peptides AMA1446-462) AMA1492-472) AMA1492482 and AMA1407-4 were pre-
pared by standard Fmoc solid-phase peptide synthesis (see above), purified by
reverse-phase HPLC on a C;g column and a gradient of MeCN in water with
0.1% TFA, and characterized by amino acid analysis and electrospray mass
spectrometry (Table 1).

(v) Library of 12-mers. A library of 35 12-mer cyclic peptides which scan the
AMA*#489 sequence (Fig. 1 and Table 2) was prepared by methods that will be
described in detail elsewhere. Each mimetic was =95% pure by HPLC, and the
structure was confirmed by electrospray mass spectrometry. The primary struc-
ture of all synthesized peptides was based on the AMA-1 domain III sequence of
P. falciparum strain K1 (accession number U33279).

Preparation of peptide-loaded virosomes. For the preparation of phosphati-
dylethanolamine-mimetic immunopotentiating reconstituted influenza viro-
somes (IRIVs), a solution of purified influenza A/Singapore virus hemagglutinin
(4 mg) in phosphate-buffered saline (PBS) was centrifuged for 30 min at 100,000
X g, and the pellet was dissolved in PBS (1.33 ml) containing 100 mM octaeth-
yleneglycolmonodecylether (PBS-OEG). Peptide-phosphatidylethanolamine conju-
gates (4 mg), phosphatidylcholine (32 mg; Lipoid, Ludwigshafen, Germany), and
phosphatidylethanolamine (6 mg) were dissolved in a total volume of 2.66 ml of
PBS-OEG. The phospholipid and the hemagglutinin solutions were mixed and
sonicated for 1 min. This solution was then centrifuged for 1 h at 100,000 X g,
and the supernatant was filtered (0.22 wm) under sterile conditions. Virosomes
were then formed by detergent removal with SM BioBeads (Bio-Rad, Glatt-
brugg, Switzerland).

Mouse immunogenicity studies. BALB/c mice were immunized intramuscu-
larly with 0.1 ml of the commercial whole-virus influenza vaccine Inflexal Berna
(Berna Biotech, Bern, Switzerland). At least 3 weeks later, they were immunized
with peptide-loaded IRIVs at intervals of at least 2 weeks. Blood was collected
before each immunization and 2 weeks after the final injection.

ELISA. Enzyme-linked immunosorbent assay (ELISA) analyses with peptide-
phosphatidylethanolamine conjugates were performed essentially as described
previously (28). Briefly, Polysorp plates (Nunc, Fisher Scientific, Wohlen, Swit-
zerland) were coated overnight at 4°C with 100 pl of a 10-pg/ml solution of
AMA-1 peptide-phosphatidylethanolamine conjugate in PBS (pH 7.2). Wells
were then blocked with 5% milk powder in PBS for 30 min at 37°C, followed by
three washes with PBS containing 0.05% Tween 20. Plates were then incubated
with serial dilutions of antimimetic mouse serum or anti-AMA49-L1 monoclonal
antibodies (MADbs) in PBS containing 0.05% Tween 20 and 0.5% milk powder for
2 h at 37°C. After being washed, plates were incubated with alkaline phos-
phatase-conjugated goat anti-mouse gamma heavy-chain antibodies (Sigma, St.
Louis, Mo.) for 1 h at 37°C. After being washed again, phosphatase substrate
solution (1 mg of p-nitrophenyl phosphate [Sigma] per ml in a pH 9.8 buffer
solution containing 10% [vol/vol] diethanolamine and 0.02% MgCl,) was added,
and the plates were incubated in the dark at room temperature until the color-
imetric reaction had progressed sufficiently. The optical density was measured at
405 nm on a Titertek Multiscan MCC/340 reader (Labsystems, Helsinki, Fin-
land).

In competition assays, peptide-phosphatidylethanolamine-coated plates were
incubated for 2 h with MAbs in the presence of increasing concentrations of
competitor peptides. Isotypes of anti-AMA49 MAbs were determined by detect-
ing MADbs bound to peptide-phosphatidylethanolamine-coated plates with alka-
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TABLE 2. Reactivity of anti-AMA49-C1 MAbs*

Reactivity with MAb

Peptide

DV2 DVo DV7 DV5

DV8

DV1 DV3 DV4 DV9 DV10 DV11

Full length
AMAHEA40 + + + + +

Linear
AMA*662 + + + - -
AMA?*272 - - + + +
AM A462—482 _ _ _ _ _
AM A472—490 _ _ _ _ _

12-mer cyclic
AM A444—455
AM A445—456 _ _ _ _ _
AM A446—457 _ _ _ _ _
AM A447—458 _ _ _ _ _
AM A448—459 _ _ _ _ _
AM A449—460 _ _
AM A450—461 _ _
AM A45 1-462 _ _
AM A452—463 _ _
AM A453—464 _ _
AM A454—465 _ _
AM A455—466 _ _
AM A456—467 _ _
AM A457—468 _ _
AM A458—469 _ _
AM A459—470 _ _
AM A460—471 _ _ _
AM A46 1-472 _ _ _
AM A462—473 _ _ _ _ _
AM A463—474 _ — — — —
AM A464—475 _ _ _ _ _
AM A465—476 _ _ _ _ _
AM A466—477 _ _ _
AM A467—478 _ _ _ _ _
AM A468—479 _ _ _ _ _
AM A469—480 _ _ _ _ _
AM A470—481 _ _ _ _ _
AM A47 1-482 _ _ _ _ _
AM A472—483 _ _ _ _ _
AM A473—484 _ — — — —
AM A474—485 _ _ _ + _
AM A475—486 _ _ _ _ _
AM A476—487 _ _ _ _ _
AM A477—488 _ _ _ + +
AM A478—489 _ _ _ _ _
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@ Anti-AMA49-C1 MAbs were tested for their ELISA reactivity with AMA*¢4° or 12-mer cyclic AMA-1 peptides (AMA*4~4% (o AMA*78-48%)_ Linear peptides
AMAMOH02 - AMA®ZH72. AMA*0?~ 482 and AMA*7>%? were used in a competition ELISA to compete with the binding of anti-AMA49-C1 MAbs to coated
AMA*49_ For ELISA experiments, antibody reactivities after 1 h of substrate incubation were classified as follows: +, ODy,os = 0.5; (+), 0.5 > OD4ys = 0.2; —,
OD,s < 0.2. In competition ELISA experiments, linear peptides AMA*-402 AMA*2-472) AMA*2482 and AMA*7>**? were considered to react (+) or not (—)
with anti-AMA49-C1 MAbs when they still inhibited binding of anti-AMA49-C1 MAbs to coated AMA49-C1 in a concentration of 12 pg/ml or less. In AMA*#4-45>
and AMA*>=%¢ amino acids 444 and 445 correspond to $*** and L*** from the AMA-1 sequence, respectively.

line phosphatase-conjugated goat antibodies specific for mouse immunoglobulin
Y1> Y240 Y2ps ¥3» K, OF \ chains (Southern Biotechnology, Birmingham, Ala.).

Indirect immunofluorescence assay. Multiwell immunofluorescence micros-
copy slides (Flow Laboratories, Baar, Switzerland) were treated with 0.01%
poly-L-lysine (Sigma) at room temperature for 30 min and washed five times with
RPMI basal salts medium (Gibco-BRL, Basel, Switzerland). Erythrocytes from
in vitro cultures (26) of P. falciparum strain K1 with a parasitemia of between 5
and 10% were washed twice in RPMI and resuspended in RPMI and 2 volumes
of a solution containing 4% formaldehyde and 0.1% Triton X-100. From this cell
suspension, 30 pl was added to each well, incubated at room temperature for 30
min, and washed five times with PBS. Wells were incubated for 30 min at room
temperature with blocking solution containing 1% fatty acid-free bovine serum
albumin in PBS.

Immunostaining was performed by incubating the wells with 25 pl of an
appropriate antibody or serum dilution in blocking solution in a humid chamber

for 1 h at room temperature. After five washes with blocking solution, 25 pl of
5-pg/ml indocarbocyanine dye-conjugated affinity-pure F(ab’), fragment goat
anti-mouse IgG heavy-chain antibodies (Jackson ImmunoResearch Laborato-
ries, West Grove, Pa.), diluted in blocking solution containing 0.01 mg of
Hoechst dye no. 33256 (Sigma) per ml, were added to the wells and incubated for
1 h at room temperature. Finally, the wells were washed five times, mounted with
mounting solution (90% [vol/vol] glycerol containing 0.1 M Tris-Cl [pH 8.0] and
2 mg of o-phenylenediamine per ml) and covered with a coverslip. Antibody
binding and DNA staining were assessed by fluorescence microscopy on a Leitz
Dialux 20 fluorescence microscope and documented with a Leica DC200 digital
camera system.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting. Parasite lysates were prepared essentially as described previ-
ously (26) by saponin lysis of P. falciparum Kl-infected erythrocytes. In brief,
cultured parasites were washed three times with serum-free RPMI medium.
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FIG. 2. Representation of the structure of loop 1 from domain III
of AMA-1. The image was made with the PDB file 1HN6, which
includes residues 436 to 545 of domain III. The sequence stretch
incorporated into the synthetic AMA49 molecules (AMA*¢490) is
shown as a black cylinder. The residues showing dimorphism (D/N**¥,
K/M*! and K/I*®) are each depicted by a black ball.

Pelleted infected red blood cells were lysed by mixing with a large volume
(adjusted to 5% hematocrit) of 0.015% (wt/vol) saponin in 150 mM NaCl and 15
mM sodium citrate (pH 7.0) and incubated on ice for 20 min. Finally, the
pelleted parasites were resuspended in 3 volumes of SSC buffer (0.15 M NaCl
plus 0.015 M sodium citrate) and stored at —80°C until further use.

A total of 50 pl of parasite lysate was solubilized in an equal volume of 2X
loading buffer (1.7 ml of 0.5 M Tris-HCI [pH 6.8], 2 ml of glycerol, 4.5 ml of 10%
sodium dodecyl sulfate, 1 ml of B-mercaptoethanol, 0.8 ml of bromophenol blue
[0.3%, wt/vol]) and heated to 95°C for 10 min. Proteins were separated on an
SDS-10% PAGE minigel. Separated proteins were electrophoretically trans-
ferred to a nitrocellulose filter (Protran Nitrocellulose, BA85; Schleicher &
Schuell) by semidry blotting. Blots were blocked with PBS containing 5% milk
powder and 0.1% Tween 20 overnight at 4°C. The filter was cut into strips and
incubated with appropriate dilutions of immune serum in blocking buffer for 2 h
at room temperature. Filter strips were then washed three times for 10 min in
blocking buffer and incubated at room temperature for 1 h with alkaline phos-
phatase-conjugated goat anti-mouse y heavy-chain antibodies diluted 1:30,000 in
blocking buffer (Sigma, St. Louis, Mo.). After being washed again, blots were
finally developed with 5-bromo-4-chloro-3-indolylphosphate (Bio-Rad, Reinach,
Switzerland) and nitroblue tetrazolium (Bio-Rad) to visualize bands.

Generation of hybridomas and production of MAbs. Hybridomas were gen-
erated from spleen cells of mice 3 days after a booster immunization with
AMAA49-Cl1-loaded IRIVs with PAI mouse myeloma cells as a fusion partner.
Hybrids were selected in hypoxanthine-aminopterin-thymidine medium, and
cells that secreted anti-AMA49-L1 MAbs were identified by ELISA. For large-
scale MADb production, hybridoma cell lines were cultured in 1-liter spinner
bottles, and MAbs were purified by protein G affinity chromatography. Purified
MAbs were dialyzed against PBS, aliquoted, and stored at —80°C.

Parasite culture and in vitro growth inhibition assay. P. falciparum strain K1
was cultured essentially as described previously (26). The culture medium was
supplemented with 0.5% AlbuMAX (Gibco, Paisley, Scotland) as a substitute for
human serum (12). Synchronization of cultures was achieved by sorbitol treat-
ment as described previously (23). Serogroup A™ erythrocytes for passages were
obtained from the Swiss Red Cross (Basel, Switzerland).

For in vitro growth inhibition assays, synchronous late trophozoites or schi-
zonts were diluted with fresh red blood cells to give a parasitemia of 0.5% and
mixed with purified MAb. The final hematocrit in cultures was adjusted to 0.5%.
Each culture was set up in sextuplicate in 96-well flat-bottomed culture plates.
After 96 h, the plates were centrifuged at 180 X g for 5 min, and the culture
supernatants were discarded. Pelleted erythrocytes were resuspended in 200 pl
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FIG. 3. AMA49-L1- (A), AMA49-C1- (B), and AMA49-L2- (C) spe-
cific IgG ELISA titers after three immunizations of mice with AMA49-
L1-, AMA49-Cl-, and AMA49-L2-loaded IRIV, respectively. Re-
sponses of individual mice are shown. Preimmune serum samples
showed no significant reactivity with the corresponding immunogen,
and for each group one typical preimmune serum (open circles) is
shown.

of PBS supplemented with 15 pg of hydroethidine fluorescent vital stain (Poly-
sciences Inc., Warrington, Pa.) per ml and incubated at 37°C for 30 min. The
erythrocytes were washed twice with PBS, resuspended in 400 ul of PBS, and
analyzed in a FACSscan flow cytometer (Becton Dickinson, San Jose, Calif.) with
CellQuest 3.2.11] software. The hydroethidine emission was detected in the FL2
channel by logarithmic amplification, and the erythrocytes were gated on the
basis of their forward and side scatters. A total of 30,000 cells per sample were
analyzed. Percent inhibition was calculated from the geometric mean para-
sitemias of sextuplicate test and control wells as 100 X [(control — test)/control].
Statistical significance was calculated by a two-sided ¢ test. Confidence intervals
(P < 95%) were calculated by antilogging the confidence limits calculated on the
log scale.

RESULTS

A sequence comprising 45 amino acid residues
(Y**°*KDEIKKEIERESKRIKLNDNDDEGNKKITAPRIFIS
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FIG. 4. Immunofluorescence staining of mature schizonts of P. falciparum strain K1. (A and C) Parasite DNA control staining with Hoechst
dye 33258. (B) Characteristic AMA-1 immunostaining with anti-AMA49-L1 immune serum (diluted 1:100). (D) Lack of staining with preimmune
serum (diluted 1:100). Representative results with serum samples derived from one of the immunized mice are shown. Sera from all other
AMA49-L1-, AMA49-C1-, and AMA49-L2-immunized mice yielded comparable immunofluorescence assay staining patterns.

DDKDSLKC*") from loop I in domain IIT of AMA-1 (Fig. 2)
with a GGC sequence added to the N terminus and an addi-
tional glycine residue at the C terminus was synthesized by
standard solid-phase peptide chemistry. In order to load the
peptide onto virosomes, it was conjugated through a succinate
linker at the N terminus to a regioisomer of phosphatidyleth-
anolamine, and the phosphatidylethanolamine-peptide conju-
gate was designated AMA49-L1 (Fig. 1) and incorporated into
IRIV as the antigen delivery system. After one immunization
with the influenza vaccine Inflexal, mice were immunized with
AMAA49-L1-loaded IRIV. All mice immunized produced anti-
bodies that reacted with AMA49-L1 in an ELISA (Fig. 3A)
and were cross-reactive with blood stage parasites in the im-
munofluorescence assay (Fig. 4), yielding a punctuate staining
pattern characteristic of AMA-1 (17, 27).

Most of the serum samples (five of six) had an immunoflu-
orescence assay titer greater than 1:1,000. The interaction of
mouse anti-AMA49-L1 serum samples with parasite-expressed
AMA-1 was reconfirmed by Western blot analysis with total
protein lysates of P. falciparum blood stage parasites (Fig. 5A).
The anti-AMA49-L1 antisera primarily stained proteins with
apparent molecular masses of approximately 83 and 66 kDa,
which are the sizes of the full-length AMA-1 and its major
processing product, respectively (17, 30). Some of the anti-
AMAA49-L1 antisera stained an additional protein band, which
may correspond to a previously described processing product
of AMA-1 (18) that possesses the same N terminus as the
66-kDa fragment.

In order to investigate whether cyclization of the peptide via
the cysteine residues close to the C and N termini would
improve the yield of parasite-binding antibodies, mice were

immunized with IRIV loaded with a cyclized (AMA49-C1) and
a linear (AMA49-L2) version of AMA49-L1 (Fig. 1). While
AMAA49-L1 contained free thiols, both thiol groups of the
terminal cysteine residues were blocked by alkylation in the
case of AMA49-L2. ELISA (Fig. 3B and C) and immunoflu-
orescence assay titers obtained with the two constructs were
comparable to those obtained with AMA49-L1. All anti-
AMAA49 serum samples were cross-reactive with all three struc-
tural variants of AMA49 in the ELISA (data not shown). In
Western blot analyses with P. falciparum lysates, all anti-
AMA49-C1 and -L2 serum samples yielded staining patterns
(Fig. 5B and C) comparable to those obtained with anti-
AMA49-L1 antibodies (Fig. SA).

For a detailed analysis of the humoral immune response,
AMAA49-C1-specific mouse B-cell hybridomas were generated.
All 11 hybridoma clones obtained secreted IgG:x (10 MAbs
were IgG1; MAb DV3 was IgG2a) that reacted in the ELISA
with both the cyclic and the linear peptides with comparable
efficacy. These 11 MAbs all stained blood stage parasites of
strain K1 in the immunofluorescence assay (data not shown).

Competition ELISA experiments with a set of four overlap-
ping linear peptides, AMA*6-402° AMA*2472 AMA*02482)
and AMA*72%° (Fig, 1), were used for epitope mapping and
differentiated four groups of antibodies (Table 2). Antigen
binding of MAbs DV2 and DV6 was blocked by AMA*#6-462,
MAb DV7 was blocked by both AMA**462 and AMA*3%472)
MAbDs DV5 and DVS8 were blocked by AMA*2472 and MAbs
DV1, DV3, DV4, DV9, DV10, and DV11 were blocked by
AMA?*%%482 None of the antibodies was blocked by the C-
terminal sequence AMA*7>4%,

A library of 35 cyclic peptides, each containing 12 residues
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FIG. 5. Western blot analysis of the reactivity of anti-AMA49-L1
(A), anti-AMA49-C1 (B), and anti-AMA49-L2 (C) antisera with P.
falciparum K1 blood stage lysates as the antigen. Sera yielded a double
band pattern (indicated by arrows) characteristic of full-length AMA-1
and its major processing product (83 and 66 kDa, respectively). Each
lane represents serum from one individual mouse. No staining was
observed with the corresponding preimmune serum samples. All se-
rum samples were used at a dilution of 1:100.

scanning the AMA****% sequence and each with an offset of

one amino acid, were used for more detailed epitope mapping
(Fig. 1 and Table 2). These peptides were conformationally
restrained by cyclization through linkage to a dipeptide tem-
plate comprising a p-proline and an L-4-aminoproline conju-
gated to succinyl-1-oleyl-3-palmitoyl-2-glycerophosphatidyleth-
anolamine (succPE). In the ELISA, both MAbs DV2 and DV6
inhibited by AMA**#%2 bound to none of the short cyclic
peptides. MAb DV7 bound to the consecutive cyclic peptides
comprising residues 450 to 461 through 455 to 466, which share
the sequence E**RESKRI*®! that is also present in the over-
lap of the two long inhibitory peptides AMA*®4%% and
AMA**472. MAbs DV5 and DVS8 bound to cyclic peptides
453 to 464 through 459 to 470, which share the sequence
K*?RIKLN*** located in the center of the inhibitory peptide
AMA*?472 Additional binding of both MAbs to the noncon-
secutive cyclic peptide 477 to 488 and of MAb DVS5 to cyclic
peptide 474 to 485 is indicative of a discontinuous epitope.
All six MAbs that were inhibited by AMA*®?*%2 exhibited
binding to the consecutive peptides 464 to 475 through 467 to
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478, which share the sequence D**’DEGNKKII*” located in
the center of the long inhibitory peptide AMA**282 MAb
DV1 reacted in addition with the overlapping peptide 462 to
473. In the case of MAb DV3, the reactivity with peptide
N**DDEGNKKIIAP*”” was outstanding. With the other four
MADbs, DV4, DV9, DV10, and DV11 reactivity patterns with
nonoverlapping peptides indicated recognition of a discontin-
uous epitope. All four MAbs showed reactivity with peptide
456 to 467, which only overlaps at position D*’ with the
putative central D**’DEGNKKII*” recognition sequence. In
addition, MAbs DV4 and DV9 also bound to the nonconsec-
utive peptides 474 to 485 and 478 to 489 and to the peptides
462 to 473 and 463 to 474, which share the sequence
D*’DEGNKK*” with the central recognition sequence.

While immunofluorescence assay cross-reactivities with P.
falciparum strains expressing natural sequence variants of
AMA*C40  (strain  3D7, D*®¥M*'K*; strain RPF2,
D*8K*!'*; and strain FC27, N**¥M*'K*%) were observed,
none of the MAbs reacted with Plasmodium berghei blood
stage parasites expressing a shorter loop 1 sequence (YKNK
INEEIKVLNKNISNGNNSIEFPRIFISTDKNSLNC) with 59%
identity to the P. falciparum sequence (data not shown).

Mice were immunized with IRIV loaded with phosphati-
dylethanolamine conjugates of each of the cyclic 12-mer pep-
tides in order to analyze whether some of them could act as
mimotopes of AMA-1 surface loops and elicit parasite-binding
antibodies. While all 35 structures elicited significant antibody
titers against the respective immunizing peptide sequence it-
self, only serum samples raised against AMA***% (containing
the central recognition unit K**?RIKLN*** of MAbs DV5 and
DV8) and AMA****7> (containing the central recognition unit
D*’DEGNKKII*” of MAbs DV1, DV3, DV4, DV9, DV10,
and DV11) were weakly cross-reactive with blood stage para-
sites in the immunofluorescence assay (data not shown). Hy-
perimmune serum samples from individuals living in regions
where malaria is endemic were reactive with all forms of
AMA*#4 in the ELISA but showed either no or only very
weak binding to the 35 cyclic 12-mer peptides (data not
shown).

When MAbs DVS5 and DV11, representing the two major
fine specificities, were tested in a P. falciparum in vitro growth
inhibition assay, both exhibited substantial inhibitory activity
(Fig. 6). A 95.3% reduction of parasite growth was observed
after addition of MAb DV5 at a final concentration of 300
pg/ml (average of five independent sextuplicate experiments).
MADb DV11 also exhibited a significant but lower growth-in-
hibitory activity, while an isotype-matched control MAb had no
effect. Taken together, these data clearly demonstrate that it is
possible to elicit parasite binding and in vitro growth-inhibitory
antibodies by immunization with AMA-1##¢%°° in combination
with IRIV as a human-compatible antigen delivery system.

DISCUSSION

AMA-1 is a leading malaria blood stage vaccine candidate
which has been shown to elicit protective immune responses in
malaria infection models. The parasite invasion-inhibitory ac-
tivities of anti-AMA-1 antibodies indicate that the humoral
arm of the immune response plays an important role in AMA-
1-mediated immune protection. The ectodomain of AMA-1 is



4756 MUELLER ET AL.

INFECT. IMMUN.

A

120.0

100.0

80.0

60.0

40.0

% Inhibition

20.0

i

0.0

-20.0 \ T
100

B

150

T T T

200 250 300 350

ug/ml DV5S

120.0

100.0

80.0

60.0

40.0

% Inhibition

20.0

Heteq

0.0

S 3

-20.0

0 100 200

T T T

300 400 500 600

pg/ml DV11

80.0

60.0

40.0

20.0

0.0

% Inhibition

-20.0

-40.0 |

-60.0 \ T
0 100 200

T T T

300 400 600

pg/ml unrelated control mAb

FIG. 6. In vitro parasite growth-inhibitory activity of anti-AMA49 MAbs. (A) MAb DVS5; (B) MAb DV11; (C) isotype-matched control
antibodies. Each symbol represents the mean of an independent sextuplicate experiment, and error bars indicate the 95% confidence intervals (P

< 0.05, two-sided ¢ test).

divided into three subdomains, defined by disulfide bonds (16).
There is evidence that the majority of inhibitory antibodies in
serum samples from malaria-exposed humans and in rabbit
antisera raised against the refolded AMA-1 ectodomain are
directed against strain-specific epitopes in domain I (17).

An analysis of tryptic fragments of P. chabaudi adami
AMA-1 recently identified a loop-like structure within the pu-
tative domain I as a target of antibodies from hyperimmune
mouse serum samples (37). A synthetic 45-mer loop mimetic

incorporating this element was found to elicit AMA-1 binding
antibodies. However, these did not protect P. chabaudi adami-
challenged mice in passive immunization experiments. Since
domain I is the most diverse region of AMA-1 (25, 46), an
AMA-1 vaccine component which lacks this domain may be
preferable in order to direct the immune response to a re-
gion(s) that contain more conserved epitopes (17). Since the
production of large batches of clinical-grade recombinantly
expressed AMA-1 has been notoriously difficult, we are inves-
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tigating the possibility of developing a synthetic peptide-based
AMA-1 vaccine formulation. We demonstrate in this report
that it is possible to elicit parasite growth-inhibitory antibodies
with a virosomal formulation of a peptide comprising the se-
quence of loop I from domain III of P. falciparum AMA-1. In
agreement with these findings, it has recently been shown that
epitopes in domain IIT are targets of inhibitory human anti-
bodies (29).

The development of peptide-based vaccines is hampered
both by the poor immunogenicity of many peptides and by a
lack of conformational similarity between small linear peptides
and the corresponding sequence in the native target protein. In
an attempt to overcome both problems, we are evaluating the
use of a human-compatible delivery system comprising IRIVs
in synthetic peptide vaccine design (28, 34). IRIVs are spher-
ical, unilammelar vesicles prepared by detergent removal from
a mixture of natural and synthetic phospholipids and influenza
virus surface glycoproteins. They have been shown to act as an
efficient and highly effective means of enhancing the immune
response to a variety of antigens, illustrating their broad suit-
ability as a vaccine delivery system (14).

The hemagglutinin membrane glycoprotein of influenza vi-
rus plays a key role in the mode of action of IRIVs. This major
antigen of influenza virus is a fusion-inducing component
which facilitates antigen delivery to immunocompetent cells. In
the case of the IRIV-based hepatitis A vaccine Epaxal-Berna,
which is the first licensed vaccine in which IRIVs are used as a
delivery system for a non-influenza virus antigen, the hepatitis
A virus antigen spontaneously binds to the IRIVs. For smaller
synthetic antigens, we have developed and evaluated a method
to link the antigenic molecule to a phospholipid (phosphati-
dylethanolamine) and to integrate the phosphatidylethano-
lamine-antigen conjugates into the virosomal membrane dur-
ing the virosome reconstitution process (28, 34). When we
compared a virosome formulation loaded with a phosphati-
dylethanolamine conjugate of a cyclic peptide mimotope of the
repeat region of the P. falciparum circumsporozoite protein
with an alum-adjuvanted mimotope-multiple antigenic peptide
construct, we found that both formulations elicited comparable
levels of antimimotope antibody responses in mice. However,
only the antibodies against the virosomal formulation bind
effectively to the parasites, indicating that phosphatidylethano-
lamine-coupled antigens are located in a more native-like state
on the surface of the virosomes. Apparently, adsorption to
alum dramatically disturbs the conformation of the mimetic
(28).

Several lines of evidence indicate that for an AMA-1 vac-
cine, the correct conformation is critical. In view of this, our
finding that a linear and a cyclized version of the AMA-1#46-4
sequence had comparable properties is noteworthy. It remains
to be seen whether different cyclic forms of this peptide may
generate improved immune responses. In any case, the results
may indicate that intramolecular interactions lead to a correct
folding of the linear peptide and that the anchoring to the
surface of IRIVs has no deleterious effects on this process.
Apparently, the solution structure of the AMA-1 domain III,
determined by nuclear magnetic resonance spectroscopy, con-
sists of a disulfide-stabilized core region including all three
disulfide bonds, but also contains significant regions of disor-
der (29). Our epitope analyses of growth-inhibitory anti-
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AMA49 MADbs with a library of 12-residue cyclic peptides
covering the AMA***4%? sequence provided evidence that at
least some of the MAbs may recognize discontinuous epitopes.
Since discontinuous epitopes may contain short stretches of
continuous sequences (1, 3, 38), analyses with sets of overlap-
ping peptides are suitable to define both continuous linear
epitopes and parts of discontinuous epitopes (15, 41). Our
analyses indicate that K**?RIKLN*** and D**’DEGNKKII*"*
represent sequence stretches of discontinuous epitopes recog-
nized by inhibitory anti-AMA-1 MAbs.

AMA-1 lacks tandem repeat sequences found in many other
P. falciparum antigens. However, a significant degree of se-
quence diversity is observed, which may reflect diversifying
selection pressure from naturally acquired immune responses
(9, 13, 33, 42). Most of the polymorphic or dimorphic amino
acid residues of the relatively conserved domain III are located
far apart from each other in the primary sequence but may
cluster in the region of the disulfide core in the three-dimen-
sional structure of the molecule (29). This is also the case for
the three variable residues (D**%, K*!, and K**°) present in
the AMA-1%4¢4%9 sequence analyzed here. The virosomal for-
mulation of this peptide seems to focus the antibody response
primarily to conserved loop structures away from this core
region. Cross-protection obtained with antibodies raised
against recombinantly expressed AMA-1 has provided evi-
dence for the existence of such common protective epitopes
(17, 21). Taken together, our results indicate that the loop I
sequence from domain III of AMA-1 represents a suitable
component of an IRIV-based multiantigen multistage syn-
thetic peptide malaria vaccine candidate.
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