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Monoclonal antibodies (MAbs) specific for Plasmodium falciparum rhoptry-associated protein 1 (RAP-1)
were generated and tested for inhibition of parasite growth in vitro. The majority of indirect immunofluores-
cence assay (IFA)-positive MAbs raised against recombinant RAP-1 positions 23 to 711 (rRAP-1,; -,,) rec-
ognized epitopes located in the immunodominant N-terminal third of RAP-1. MAbs specific for the building
block 35.1 of the synthetic peptide malaria vaccine SPf66 also yielded an IFA staining pattern characteristic
for rhoptry-associated proteins and reacted specifically with rRAP-1 and parasite-derived RAP-1 molecules
p67 and p82. Cross-reactivity with RAP-1 was blocked by the 35.1 peptide. Epitope mapping with truncated
rRAP-1 molecules and overlapping peptides identified the linear RAP-1 sequence Y,,;KYSL,,, as a target of
the anti-35.1 MAbs. This sequence lacks primary sequence similarity with the 35.1 peptide (YGGPANKKNAG).
Cross-reactivity of the anti-35.1 MAbs thus appears to be associated with conformational rather than sequence
homology. While the anti-35.1 MADb SP8.18 exhibited parasite growth-inhibitory activity, none of the tested
anti-rRAP-1,; ,,;, MAbs inhibited parasite growth, independently of their fine specificity for the RAP-1
sequences at positions 33 to 42, 213 to 222, 243 to 247, 280 to 287, or 405 to 446. The growth-inhibitory activity
of MAb SP8.18 was, however, accelerated by noninhibitory anti-RAP-1 MAbs. Results demonstrate that in
addition to fine specificity, other binding parameters are also crucial for the inhibitory potential of an antibody.

The protective potential of antibodies against Plasmodium
falciparum malaria has been demonstrated by passive transfer
studies in which purified immunoglobulin (IgG) from individ-
uals living in regions of hyperendemic malaria had curative
effects (4, 7). This has generated much interest in the identi-
fication and characterization of parasite structures recognized
by protective antibodies. Antibodies to a number of parasite
antigens expressed on free merozoites or the surface of in-
fected erythrocytes have been shown to inhibit in vitro growth,
reinvasion or development of P. falciparum. However, the
mechanisms of immune protection in vivo and the influence of
fine specificity and the kinetic and thermodynamic binding
parameters of protective antibodies on antibody effector func-
tions in malaria are still incompletely understood.

A variety of malaria blood stage vaccine candidate antigens
have been identified primarily by protection studies in animal
models and by monoclonal antibodies (MAbs) that have inhib-
itory activity in vitro (15). Several of these candidate antigens
are expressed on the rhoptries, apical organelles involved
in erythrocyte invasion (23). Experimental immunization of
Saimiri monkeys with purified complexes of rhoptry-associated
protein 1 (RAP-1) and RAP-2 have been shown to confer
partial protection against P. falciparum infection (40) and in-
hibitory activities of certain anti-RAP-1 MAbs in vitro (18, 19,
42) suggest that antibodies to this antigen may reduce the
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replication of the parasite. Furthermore, IgG reactivities to
RAP-1 have been found to be inversely correlated with para-
site density in Tanzanian children less than 5 years of age,
which suggests that immune recognition of RAP-1 is associated
with control of parasitemia (26). Unlike many other candidate
antigens, RAP-1 exhibits minimal genetic polymorphism. It is
synthesized as an 86-kDa precursor, which subsequently is
N-terminally cleaved to generate an 82-kDa molecule (p82). In
late schizogony a fraction of p82 is further processed at amino
acid residue 191 to yield a 67-kDa molecule (p67) (5, 6, 21, 22).
As part of their maturation the processed RAP-1 products
bind RAP-2 and RAP-3 to form heterooligomeric complexes
(22). Two major species of RAP-1, the mature protein p82 and
its N-terminally processed product p67, dominate in mature
schizonts (21). MAbs with specificity for linear RAP-1 se-
quences close to the p82—p67 processing site at position 191
(N5goTLTPLEELYPT,,, and L,;s3VAQKEEFEYDENMEKA
KQODKKKAL,,, respectively) have been shown to inhibit par-
asite growth in vitro (18, 19, 42).

In 1987, three peptide sequences derived from proteins iso-
lated from P. falciparum-infected erythrocytes, which con-
ferred partial protection against P. falciparum infection in Ao-
tus monkeys, were described (34). These partial sequences
were incorporated into the synthetic peptide vaccine SPf66 (33,
34). Two of the three sequences, 35.1 (YGGPANKKNAG)
and 55.1 (DELEAETQNVYAA) were derived from as yet
unidentified proteins. In this study we show that two indepen-
dently derived anti-35.1 MAbs were both cross-reactive with a
RAP-1-derived sequence located close to the proteolytic cleav-
age site at the amino terminus of p67. Parasite growth-inhibi-
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FIG. 1. Schematic representation of P. falciparum Hiss TRAP-1
proteins (A) and N-terminally truncated forms of rRAP-1,5 446 (B).
The lengths of the rRAP-1 fragments and the locations of structural
elements of RAP-1 are indicated.

tory activities of these antibodies are compared with those of
MADbs elicited against recombinantly expressed RAP-1.

MATERIALS AND METHODS

Peptides and RAP-1 His, fusion proteins. A series of recombinant RAP-1
(rRAP-1) sequences with a C-terminal six-histidine (Hiss) tag (Fig. 1A) were
expressed in Escherichia coli and purified as described (12). Because of the
presence of putative alternative initiation sites (internal methionine codons),
rRAP-1 preparations contained additional N-terminally truncated molecular
species, as represented for rRAP-1 positions 23 to 446 rRAP-1,3_444 in Fig. 1B.
Coding sequences were derived from the RAP-1 allele of P. falciparum clone K1.
Polymeric SPf66 (SPf66,,) (CDELEAETONVYAAPNANPYSLFQKEKMV
LPNANPPANKKNAGC), monomeric SPf66 (SPf66,,,,) without the terminal
cysteines of the SPf66,,,, peptide, and the polymeric SPf66 building blocks 35.1,,
(CYGGPANKKNAGC), 55.1,, (CGDELEAETQNVYAAGC), and 83.1,,
(CGYSLFQKEKMVLGC) were a kind gift of M. E. Patarroyo. 35.1,,,,, (YGG
PANKKNAG) and RAP-1,,_s; (YWTPINKKEFL) were obtained from Sigma-
Genosys.

Generation of hybridomas and production of MAb. Hybridomas were gener-
ated from mice immunized as described (36) with SPf66 or with His, rRAP-
153_71, using PAI mouse myeloma cells as a fusion partner (38). Hybrids were
selected in hypoxanthine-aminopterin-thymidine (HAT) medium, and cells that
secreted MAbs specific for the 35.1 building block of SPf66 or for His, rRAP-
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153711, respectively, were identified by enzyme-linked immunosorbent assay
(ELISA). For large-scale MADb production hybridoma cell lines were cultured in
1-liter spinner bottles or in the Tecnomouse hollow-fiber bioreactor system
(Integra Biosciences, Woburn, Mass.) (31). MAbs were purified by affinity chro-
matography using rabbit anti-mouse-Ig polyclonal antibodies coupled to Sepha-
rose. Purified MAbs were dialyzed against phosphate-buffered saline (PBS),
aliquoted, and stored at —80°C.

ELISA. ELISA plates (Immunolon 4B, Dynatech, Embrach, Switzerland) were
coated at 4°C overnight with 100 I of a 10-pg/ml solution of SPf66,,q,, 35.1;,
551501, 831541, or TRAP-1 in PBS (pH 7.2). Wells were then blocked with 5%
milk powder in PBS for 1 h at 37°C followed by three washings with PBS
containing 0.05% Tween 20. Plates were than incubated with serial dilutions of
mouse serum, hybridoma cell culture supernatants, or purified MAbs in PBS
containing 0.05% Tween 20 and 0.5% milk powder for 3 h at 37°C. After
washing, the plates were incubated with alkaline phosphatase-conjugated goat
anti-mouse IgG (y-chain)-or IgM (p-chain)-specific antibodies (Sigma, St. Louis,
Mo.) for 1 h at 37°C, washed, and rinsed with deionized water. 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 incubated at room temperature, and the optical density was read at
405 nm using a Titertek Multiscan MCC/340 reader (Labsystems, Helsinki,
Finland). In peptide competition ELISAs, antigen-coated plates were incubated
for 2 h at 37°C with MAbs in the presence of increasing concentrations of
competitor peptides. MAb concentrations were kept constant in these assays.

ITC. Calorimetric titration experiments were performed using an MSC-iso-
thermal titration calorimetry (ITC) instrument (MicroCal, Northampton, Mass.).
The design and operation of the instrument have been previously described (60).
MAbs were titrated with peptides essentially as described (37). The sample cell
(1.34 ml) was filled with MAD solution (typically 4 wM) in PBS. The injection
syringe (nominal volume, 250 pl) was filled with a peptide solution (typically 100
wM SPf66,,,,,, or 35.1,,,,) in PBS. The reference cell contained a solution of
0.01% sodium azide. During equilibration the stirrer was set to rotate at 400 rpm.
After baseline stability was reached, 2 .l of solution was preinjected to correct
for any exchange of the syringe and cell contents and to ensure that the first
experimental injection made was 10 pl. The preinjection was followed by a
succession of 24 injections of 10 ul each. Injections were separated by 250 s, and
each occurred over 5 s. The instrument was equilibrated with an external circu-
lating bath at least 5°C below the experimental temperature. Experiments were
carried out at 25°C. Prior to each experiment sample cell and syringes were
rinsed with PBS. After each experiment sample cell and syringes were first rinsed
with PBS, then cleaned with 200 ml of 0.1% sodium dodecyl sulfate solution
(Merck-Schuchardt, Darmstadt, Germany), and finally rinsed with at least 1 liter
of water. The isothermal titration curve was registered and analyzed using OR-
IGIN software (MicroCal) provided with the MCS-ITC instrument. Values for
binding constants (K,) and binding enthalpies (AH,) were determined from a fit
of the heat exchanged per injection as a function of the amount of injected titrant
as described (60).

Indirect immunofluorescence assay (IFA). Twelve-well multitest immunoflu-
orescence microscopy slides (Flow Laboratories, Baar, Switzerland) were pre-
treated with 0.01% poly-L-lysine (Sigma) for 30 min at room temperature and
washed five times with RPMI basal salt medium (Gibco BRL). Erythrocytes from
in vitro cultures of P. falciparum clones with about 10% parasitemia were washed
two times in RPMI at room temperature. Cells were resuspended in RPMI and
mixed with 2 volumes of a solution containing 4% paraformaldehyde and 0.1%
Triton X-100. Droplets of 30 wl of cell suspension were added to each well,
incubated at room temperature for 30 min, and washed five times with PBS.
Wells were incubated for 15 min at room temperature with blocking solution
containing 10% fatty acid-free bovine serum albumin (BSA) in PBS. Immuno-
staining was started by incubating the wells with 20 wl of purified MAb (0.1
mg/ml) in blocking solution for 1 h at room temperature in a humid chamber.
After five washes with blocking solution, 20 wl of 5-pg/ml cyanine dye (Cy3)-
conjugated affinity-pure F(ab’), fragment goat anti-mouse IgG (Fcy-specific)
antibodies (Jackson Immuno Research Laboratories, West Grove, Pa.), diluted
in blocking solution containing Hoechst stain (catalog no. 33258; 0.01 mg/ml;
Sigma), was added to the wells and incubated for 1 h at room temperature.
Afterwards slides were washed five times with PBS; mounted with 90% (vol/vol)
glycerol containing 0.1 M Tris-Cl, pH 8.0, and o-phenylenediamine (2 mg/ml);
and covered with a coverslip. Antibody binding and DNA staining were assessed
by fluorescence microscopy.

Western blot analysis. Total parasite protein preparations were obtained by
saponin lysis of erythrocytes from parasite cultures as described (30). Briefly,
cultured parasites were washed three times with serum-free RPMI medium.
Pelleted infected red blood cells were lysed by mixing with a large volume
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FIG. 2. ITC profiles of the binding of anti-35.1 MAbs SP8.18 and SP5.2 to 35.1,,,,,, and SPf66,,,, peptides (upper curves) and integrated heats
of binding of injected peptide (lower curves). Aliquots (2 wl) of 100 wM titrant in PBS were injected into a solution of 1.34 ml of MAb at 4 uM.

The measuring temperature was 25°C.

(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 (1 SSC is 0.15
M NaCl plus 0.015 M sodium citrate) and stored at —80°C before use. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis was performed essentially as
described (13). Briefly, parasite lysates or rRAP-1 (2 pg per lane) were run on
10% gels. As a molecular weight marker, RPN 800 (Amersham) was used.
Separated proteins were transferred electrophoretically to a nitrocellulose filter
(Protean Nitrocellulose, BA 85; Schleicher & Schuell). Blots were blocked with
1% BSA and then incubated with anti-35.1 or anti-RAP-1 MAD. After several
washing steps, blots were incubated with a 1:1,000 dilution of a goat anti-mouse
1gG alkaline phosphatase-conjugated IgG (Sigma) for 2 h. Blots were developed
using BCIP (5-bromo-chloro-3-indolylphosphate, Bio-Rad) and nitroblue tetra-
zolium (Bio-Rad) to visualize bands. In peptide competition analyses, blots were
incubated with MAD solution in the presence of 100 pg of 35.1,, 55.1,, or
83.1,6 per ml.

Peptide epitope mapping. Binding of MAbs to linear RAP-1 sequences was
analyzed using the Geysen technique (14). In brief, a set of 15-mer peptides with
an offset of five amino acids covering the RAP-1 sequence from residues 23 to
294 was synthesized on a 96-pin plastic support in an epitope scanning kit
(Chiron Technologies Pty Ltd, Clayton, Victoria, Australia). MAb reactivity was
assessed by ELISA according to the manufacturer’s protocol. Peptides tested
were 1, INVNGDNNYGKTIIN; 2, DNNYGKTIINNDENF; 3, KTIINNDFN
FDDYNY; 4, NDENFDDYNYWTPIN; 5, DDYNYWTPINKKEFL; 6, WTPI

NKKEFLNSYED; 7, KKEFLNSYEDEFSSE; 8, NSYEDEFSSESFLEN; 9,
EFSSESFLENKSSVD; 10, SFLENKSSVDDGNIN; 11, KSSVDDGNINLTDTS;
12, DGNINLTDTSTSNKS; 13, LTDTSTSNKSSKKGH; 14, TSNKSSKKGHG
RSRYV; 15, SKKGHGRSRVRSASA; 16, GRSRVRSASAAAILE; 17, RSASAA
AILEEDDSK; 18, AAILEEDDSKDDMEF; 19, EDDSKDDMEFKASPS; 20,
DDMEFKASPSVVKTS; 21, KASPSVVKTSTPSGT; 22, VVKTSTPSGTQT
SGL; 23, TPSGTQTSGLKSSSP; 24, QTSGLKSSSPSSTKS; 25, KSSSPSST

TABLE 1. Thermodynamic parameters of peptide-MADb binding
interactions as determined by ITC*

MAb Peptide K, (10" mol ™) AH, (kJ mol™!)
SP5.2 SP{66,,0, 7.5(1.1) —46.1 (0.3)
35100 0.5 (0.1) —20.3 (0.6)
SP8.18 SP{66,,0, 6.2 (2.1) —-62.2 (1)
35.100n 0.2 (0.04) —16.3 (0.4)

“ Mean values for AH,, and K, (standard deviations shown in parentheses)
were determined from a nonlinear least-squares fit of the heat exchanged per
injection as a function of total injected peptide using Microcal ORIGIN soft-
ware.
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FIG. 3. Immunofluorescence staining of mature schizonts of P. falciparum K1 by anti-35.1 MAb SP8.18 (A) and anti-rRAP-1,; 5;; MAb
RAP1-14 (C). Both MAbs exhibited a double-dot staining pattern characteristic for rhoptry-associated proteins. Parasite DNA was stained using

Hoechst 33258 dye (B and D).

KSSSPSN; 26, SSTKSSSPSNVKSAS; 27, SSPSNVKSASPHGES; 28, VKSA
SPHGESNSSEE; 29, PHGESNSSEESTTKS; 30, NSSEESTTKSSKRSA; 31,
STTKSSKRSASVAGI; 32, SKRSASVAGIVGADE; 33, SVAGIVGADEEA
PPA; 34, VGADEEAPPAPKNTL; 35, EAPPAPKNTLTPLEE; 36, PKNTLT

abc def ghi jk1

FIG. 4. MADb binding to RAP-1 molecular species in Western blots
using P. falciparum K1 blood stage lysates as antigen. The anti-35.1
MADs SP5.2 (lane a) and SP8.18 (lane d) and the anti-rRAP-1,5 ;,
MAbs RAPS-2 (lane g) and RAP1-14 (lane j) stained two bands of
approximately 82 and 67 kDa. Binding of MAbs SP5.2 and SP8.18 was
inhibited by peptide 35.1,, (lanes b and e, respectively) but not by
peptide 55.1,,, (lanes c and f, respectively). Binding of MAbs RAP5-2
and RAP1-14 was inhibited neither by peptide 35.1,, (lane h and k),
nor by 55.1,, (lanes i and ).

|
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|
|

PLEELYPTN; 37, TPLEELYPTNVNLEFEN; 38, LYPTNVNLFNYKYSL; 39,
VNLFNYKYSLNNMEE; 40, YKYSLNNMEENINIL; 41, NNMEENINILK
NEGD; 42, NINILKNEGDLVAQK; 43, KNEGDLVAQKEEFEY; 44, LVA
QKEEFEYDENME; 45, EEFEYDENMEKAKQD; 46, DENMEKAKQDKK
KAL; 47, KAKQODKKKALEKIGK; 48, KKKALEKEGKESDEA; 49, EKIG
KESDEAPFMES; 50, ESDEAPFMFSENKFL; 51, PEMFSENKFLENQVK; 52,
ENKFLENQVKERNVA; and 53, KFLENQVKERNVAGS.

Parasite culture and in vitro growth inhibition assays. P. falciparum strains
FVO (55), NF54 (59), K1 (57), RO33 (50), MAD20 (54), W2 (56), HB3 (53), and
RFCR3 were cultured in vitro as described previously (30). Culture medium was
supplemented with 0.5% lipid-rich BSA (AlbuMAX; Gibco, Paisley, Scotland) as
a substitute for human serum (10). Cultures were synchronized by sorbitol
treatment (28). Serogroup A™ erythrocytes for passages were obtained from the
Swiss Red Cross (Bern, Switzerland).

For growth inhibition studies P. falciparum clone FVO was used, which
expresses a RAP-1 allele (GenBank accession number AF205284), which is
identical in all identified linear epitopes with the allele of clone K1 (M32853)
used for recombinant expression of RAP-1. Synchronous schizonts were
diluted with fresh red blood cells to give 0.5% parasitemia and were mixed
with purified MAb. The final hematocrit was 0.5%. Each culture was set up
in sextuplicate in 96-well flat-bottom culture plates. After 96 h plates were
centrifuged at 180 X g for 5 min and culture supernatants were removed. The
erythrocytes were resuspended in 200 wl of 15 pg of hydroethidine fluores-
cent vital stain (10-mg/ml stock solution in dimethyl sulfoxide; Polysciences,
Inc., Warrington, Pa.) per ml in PBS and incubated for 30 min at 37°C, as
described (11). The red blood cells were washed twice in PBS, resuspended in
PBS, and analyzed in a flow cytometer (FACSscan, Becton-Dickinson, San
Jose, Calif.) with CELLQuest 3.2.1fl software. The hydroethidine emission
was detected in the FL2 channel by logarithmic amplification, and the eryth-
rocytes were gated on the basis of their forward and side scatters. A total of
10,000 cells per sample were analyzed. Percent inhibition was calculated from
the geometric mean parasitemias of sextuplicate test and control wells as
100 X (control — test)/control.
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FIG. 5. 35.1-inhibitable binding of anti-35.1 MAbs to rRAP-1. Binding of MAbs SP5.2 and SP8.18 to rRAP-1,3 59, and rRAP-1,93_ g5 Was
analyzed by ELISA (A). Binding to rRAP-1,5 ,,, was inhibited by peptide 35.1,,,,, (B).

RESULTS

Generation of monoclonal antibodies specific for the 35.1
building block of SPf66. In an attempt to generate MAbs
against all building blocks of SP{f66, 64 B-cell hybridoma clones
that secreted SPf66-specific IgG were generated from spleen
cells of a mouse immunized with SPf66. When the fine speci-
ficity of the antibodies was assessed by peptide building block-
specific ELISA, 18 of the MADbs turned out to be 83.1-specific
and 14 were 55.1 specific. The remaining 32 MAbs bound to
the SPf66 polymer but to none of the three SPf66 building
blocks. These results indicated that the 35.1 sequence has
limited immunogenicity in the context of the SPf66 peptide. To
obtain 35.1-specific MAbs, we therefore subsequently screened
B-cell hybridoma culture supernatants in a 35.1-specific pep-
tide ELISA directly for the presence of anti-35.1 antibodies.
From three additional fusion experiments with spleen cells
from SPf66 immunized mice, direct screening yielded two anti-
35.1 MAbs, designated SP5.2 (IgG1:k,,) and SP8.18 (IgG1:k,,).
MADb SP8.18 was derived from a mouse which carried Ig con-
stant region gene replacement mutations (36) and therefore
has a human kappa light chain constant region. In ELISA,
MADs SP5.2 and SP8.18 both specifically bound to SPf66 and
to the 35.1 peptide but not to the other two SPf66 building
blocks 55.1 and 83.1 (data not shown). Binding to the 35.1
peptide sequence and to SPf66 was reconfirmed by ITC exper-

iments (Fig. 2). ITC measures the heat of reaction and allows
simultaneous determination of K,, AH,, entropy, and the num-
ber of bindings sites (60). The values for K, and AH,, calculated
from calorimetric titrations of MAbs SP5.2 and SP8.18 are
presented in Table 1. All binding reactions were exothermic.
Both MAbs showed comparable K, values for binding to the
monomeric peptides 35.1,,,,,, (>10° M~ ') and SPf66,,,,, (>10°
M), respectively.

Binding of 35.1-specific MAbs to the RAP-1 protein of
P. falciparum. Both 35.1-specific MAbs exhibited a double-dot
staining pattern characteristic for rhoptry-associated proteins
in IFA with blood stage P. falciparum parasites (Fig. 3). In
Western blots using parasite blood stage lysates, two major
proteins bands of an approximate molecular mass of 67 and 82
kDa were stained (Fig. 4). Similar staining patterns were ob-
served with all parasite clones (HB3, K1, MAD20, NF54,
RFCR3, RO33, and W2) tested (not shown). Staining of the
two bands was inhibited by the 35.1 peptide, but not by the 55.1
or the 83.1 peptides (Fig. 4). MAbs raised against recombinant
RAP-1 yielded identical recognition patterns in both the IFA
and immunoblotting (Fig. 3 and 4). Since no sequence stretch
identical to the 35.1 sequence was found within the RAP-1
sequence, we have experimentally characterized the portion of
RAP-1 that is recognized by the anti-35.1 MAbs. No binding to
RAP-1,, s, (YWTPINKKEFL), which has the most significant

mon mon



VoL. 69, 2001

abcde f g rRAP-1
250 - ‘
148 - [

98 -

. 64 - ‘

- b - 23 - 446

50 - LR - 120 - 446
36 - ‘

‘ - 225 - 446

- 251 - 446

279 - 446

FIG. 6. MAD binding to rRAP-1,; 44, and its N-terminally trun-
cated variants TRAP-1,5 446, TRAP-1,55 446, TRAP-1,5, 446, TRAP-
1579_446- Binding of MAbs RAP1-8 (lane a), RAP1-22 (lane b), SP5.2
(lane c), SP8.18 (lane d), RAP1-14 (lane e), RAP2-25 (lane f), and
RAP5-2 (lane g) to the different molecular species of RAP-1 was
analyzed by Western blotting.

linear sequence homology with 35.1 (YGGPANKKNAG), was
observed (data not shown). Both the SP5.2 and the SPS8.18
MAD bound, however, to the N-terminal rRAP-1,5 ,,, frag-
ment, but not to the C-terminal rRAP-1,4; s fragment of
RAP-1 (Fig. 5A). Binding to rRAP-1,; ,,, was specifically
inhibited by the 35.1 peptide in competition ELISA (Fig. 5B).
The portion of RAP-1 recognized by the anti-35.1 MAbs was
narrowed down further by Western blot analysis using an
rRAP-1 preparation which contained in addition to rRAP-
155 446 the N-terminally truncated molecules rRAP-1,54 446,
TRAP-1,,5 446, TRAP-155,_446, and TIRAP-1,,9_4,s. Both MAbs
stained rRAP-1,5 44, and rRAP-1,,, 446, but not rRAP-
1555446 TRAP-1551_446, and TRAP-1,,4 446 (Fig. 6), which in-
dicates that they bind to a sequence located between residues
120 and 224. Recognition of the 67-kDa fragment of RAP-1 in
Western blots with parasite lysates had indicated that the anti-
35.1 MAbs bind C-terminally of the proteolytic cleavage site at
residue 191. To reconfirm the deduced mapping of the epitope
between residues 191 and 224, we performed a peptide epitope
mapping analysis using the Geysen technique (14). In this
analysis the RAP-1 sequence from residues 23 to 294 was
covered by a set of 15-mer peptides with an offset of five amino
acids. MAb SP8.18 exhibited a significantly higher binding to
the three overlapping peptides L, s YPTNVNLFNYKYSL,,,,
V, sNLENYKYSLNNMEE,,,, and Y,,sKYSLNNMEENIN
IL,5,, which share the motif Y,,;sKYSL,,,, than to any of the
other peptides (Fig. 7A). MAb SP5.2 recognized the same
three peptides (Fig. 7B) but exhibited a far more scattered
binding pattern than MAb SP8.18. The 35.1 sequence YGG
PANKKNAG has no obvious sequence similarity with the
RAP-1 sequence Y,,sKYSL,,,.

Generation and characterization of MAbs raised against
rRAP-1. For comparative analyses, a second set of parasite-
binding anti-RAP-1 MAbs was generated after immunization
of mice with rRAP-1,; ;. Thirteen anti-rRAP-1,; ,,;; MAbs
that stained blood stage parasites in IFA were obtained. All of
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them yielded the characteristic rhoptry-associated double-dot
staining pattern (shown for RAP1-14 in Fig. 3). Western blot
analyses with C- and N-terminally truncated rRAP-1 prepara-
tions identified the portions of RAP-1 recognized by the dif-
ferent MAbs (Table 2). Except for MAbs RAP2-5 and
RAP2-16 (see below), all anti-rRAP,;_;;; MAbs bound to all
six C-terminally truncated rRAP-1 proteins (rRAP-1,5 5o,
TRAP-153 348, TIRAP-153 404, TIRAP-155 446, TRAP-155 545, and
rRAP-1,5 ;) tested. These 11 MAbs thus recognize se-
quences located between amino acids 23 and 294. Reactivity
patterns with the N-terminally truncated rRAP-1 in Western
blot analyses narrowed the presumed location of epitopes
further (Table 2; Fig. 6 shows selected results). Two MAbs
(RAP1-8 and RAP1-22) thus seem to bind between residues 23
and 119, three MAbs (RAP1-14, RAP1-15, and RAPS8-2) seem
to bind between residues 121 and 224, five MAbs (RAP1-7,
RAP1-25, RAP2-21, RAP2-25, and RAP4-9) seem to bind
between residues 225 and 250, and one MAb (RAPS5-2) seems
to bind between residues 279 and 294. Since MAb RAP2-5
bound to rRAP-1,5 544, but not to rRAP-1,5_,,,, the epitope
recognized by this MADb appears to be located between
residues 294 and 348. MAb RAP2-16 did not bind to rRAP-
1,3 504, TRAP-1,5 546, and TRAP-1,5_,.,, but bound to rRAP-
1,5 446 and thus seems to recognize a sequence between resi-
dues 405 and 446. Epitope mapping results with the set of
15-mer peptides covering residues 23 to 294 of RAP-1 are
shown in Fig. 7 and are summarized in Table 2. MAb RAP1-8
recognized the peptides D,gNNYGKTIINNDFNF,, and K,;T
IINNDFNFDDYNY,, (Fig. 7C), which share the sequence
K4 ;TIINNDFNF,,. MAb RAP1-14 showed at a broad range
of antibody concentrations a scattered binding pattern, giv-
ing the highest reactivity to the two overlapping peptide pairs
I,;NVNGDNNYGKTIIN;,-D,gNNYGKTIINNDFENF,, and
L,osYPTNVNLFNYKYSL,,,-V,,sNLFNYKYSLNNMEE,,,
(Fig. 7D). Based on the Western blot results, which local-
ized the epitope between residues 120 and 225, it is likely that
the sequence most relevant for binding is located within
V,sNLFNYKYSL,,,. The binding pattern of MAb RAPS-2
was comparable to that of MAb RAP1-14 (data not shown).
MAbs RAP1-14 and RAPS-2 yielded the highest reactivity to
peptide L,,sYPTNVNLFNYKYSL,,,, while the 35.1-specific
MADb SP8.18 showed the highest reactivity to peptide V,,3N
LFNYKYSLNNMEE,,,, which overlaps with the former in
the 10 amino acids V,,sNLFNYKYSL,,,. In ELISA, MAbs
RAP1-14 and RAPS-2 showed a very weak cross-reactivity
to the 35.1 building block (not shown). MAb RAP1-7 rec-
ognized the overlapping peptides K,;;NEGDLVAQKEEF
EY,,;, L,;sVAQKEEFEYDENME,,,, and E,,;EFEYDN
MEKAKQD,, (Fig. 7E), which share the sequence E,,;EF
EY,,,. In addition, significant binding to the peptide V,,;NL
FNYKYSLNNMEE,,, was found. MAbs RAP1-25, RAP2-21,
and RAP2-25 yielded binding patterns comparable to that of
MAD RAPI1-7 (not shown). MAb RAP5-2 bound to the three
overlapping peptides PEMFSENKFLENQVK, ENKFLENQV
KERNVA, and KFLENQVKERNVAGS (Fig 7F), which
share the sequence K,s\FLENQVK,g-.

Epitope assignments by peptide mapping were consistent
with results obtained by Western blotting with the sets of N-
and C-terminally truncated rRAP-1 molecules (Table 2). All
13 MAbs generated against rRAP-1,5 -, recognized epitopes
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FIG. 7. Binding of MADs to a set of 15-mer peptides with an offset of five amino acids that cover the RAP-1 sequence from residues 23 to 294.
Every second peptide sequence is shown. Binding of MAb SP8.18 (A), MAb SP5.2 (B), MAb RAP1-8 (C), MAb RAP1-14 (D), MAb RAP1-7 (E),

and MAb RAP5-2 (F) was tested by ELISA.

located in the N-terminal portion between residues 33 and 446.
Only two MADbs (RAP1-18 and RAP1-22) bound to a sequence
upstream of the N terminus of p67 at residue 191. Like the
anti-35.1 MAbs, three of the anti-rRAP-1,5_,,; MAbs (RAP1-
14, RAP1-15, and RAPS-2) recognized a sequence close to the
RAP-1 processing site at position 191.

P. falciparum in vitro growth inhibition assays with anti-
RAP-1 MAbs elicited against SPf66 or rRAP-1. Selected RAP-
1 binding antibodies were used for P. falciparum in vitro growth
inhibition analyses. Assays were conducted for two cycles of
merozoite invasion in order to enhance the sensitivity. The
statistical significance for inhibition was ensured by setting up
sample cultures in sextuplicate. At 500 pg/ml the anti-35.1
MAD SP8.18 consistently showed growth inhibitory effects
(37.9% average inhibition) in independent experiments (Fig.
8). This inhibition was statistically significant, as judged by a
two-sided ¢ test. At lower concentrations the inhibitory effect of
MADb SP8.18 soon became insignificant. In contrast to MAb
SP8.18, the second anti-35.1 MAb SP5.2 exerted no inhibitory
activity at 500 pg/ml (Fig. 8). A range of anti-rRAP-1,; ,;
MAbs—RAP1-8, RAP1-14, RAP1-7, RAP5-2, and RAP2-
16—which mapped to different regions of RAP-1 (residues 33
to 42, 213 to 222, 243 to 247, 280 to 287, and 405 to 446,
respectively) were also tested in the growth inhibition assay.
At high concentrations, all anti-rRAP-1,; ,,;, MAbs tested
showed a parasite growth-accelerating effect, rather than a

growth-inhibitory effect (Table 3). However, an inhibition po-
tentiating effect (49 to 57% inhibition) was consistently ob-
served when MAD SP8.18 was tested in combination with the
noninhibitory MAb SP5.2, RAP1-7, or RAP1-14 (Table 3 and
4). This effect was specific since no potentiation of the inhib-
itory activity was observed when MAb SP8.18 was tested in
combination with a noninhibitory isotype-matched control
MADb (not shown). All binary combinations of the three non-
inhibitory MAbs—SP5.2, RAP1-7, and RAP1-14—still exhib-
ited growth accelerating activity (data not shown).

DISCUSSION

Aotus monkeys, which are susceptible to infection with
P. falciparum (8, 9, 17, 27, 34, 35, 39, 41, 44-47, 58) without
prior splenectomy (48), are a World Health Organization-
recommended model to test the efficacy of malaria blood stage
vaccine candidates. An evaluation of the protective potential of
a series of peptide sequences derived from proteins isolated
from P. falciparum-infected erythrocytes in the Aotus infection
model identified the partially protective peptides 35.1, 55.1,
and 83.1 (34). These three sequences were then incorporated
as linked building blocks into the synthetic peptide vaccine
SPf66 (33). While the 83.1 peptide turned out to correspond to
amino acids 43 to 53 of merozoite surface protein-1 (MSP-1) of
P. falciparum, proteins containing the 35.1 or 55.1 sequences
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TABLE 2. Epitope analysis of RAP-1 binding MAbs by
Western blotting and peptide mapping®

INFECT. IMMUN.

TABLE 3. P. falciparum in vitro growth-accelerating activity
of anti-RAP-1,; ;;; MAbs*

Epitope assignment by: MADb(s) (concn [pg/ml]) % Inhibition” 95% CI¢
MAb Immunogen Isotype
Western Peptide mapping RAP1-7 (350) —47.1 —106-—4.9
blotting RAP1-7 (500) —34.3 —52.9--17.9
RAPI-8  rRAP-1,,,, IgM:ik,  23-119° K, TIINNDENE,, RAP1-8 (500) —229 —54.4-2.2
RAPI-22  RAP-l,,,, IgGl:ix,  23-119° ND' RAPI-14 (350) 155 —78-25
i RAP1-14 (500) 1.1 —7.4-89
RAP1-14 rRAP-1,; ,,, IgGl:ik,  120-224® V, ;NLFNYKYSL,,, RAPI1-7 + RAPI1-14 (350)¢ —64.7 —123.1--21.6
RAP1-15 rRAP-1,, ,,, IgGl:ik,  120-224*> ND RAP2-16 (500) —44.5 -77.9——17.4
RAP8-2  rRAP-1,; ,,, IgG2,.:«, 120-224® V, ;NLFNYKYSL,,, RAP5-2 (100) -6.3 —41.4-20.1
. RAPS5-2 (200 -19.3 —59.5-10.7
RAP1-7  rRAP-1,; 5, IgGl:k 225—250‘» E,;EFEY,,, RAP5-2 E3OU; ~26.3 —51.9-—4.6
RAP1-25 rRAP-1,; 5, IgGl:k,,  225-250° E,,;EFEY,,, RAP5-2 (400) 359 —66.1-—11.2
RAP2-21  rRAP-1,5 5, IgGl:k,,  225-250° E,,;EFEY,,, RAP5-2 (500 312 _46.9-0.2
RAP2-25 rRAP-1,5 5, IgGl:k,  225-250° E,,;EFEY,,, ) T
RAP4-9 TRAP-15; 51y 1gGl: ki 225-250°  ND “ Schizont stage parasites were plated in sextuplicate at initial parasitemia
RAP5-2 rRAP-1,, ,,, IgGlik,  279-294¢ K, FLENQVK,, Z?i;es of 0.5%. After 96 h the final parasitemia was determined by flow cytom-
. _ . _348¢ ? Linear parasitemia values were transformed into logarithmic scale, and the
RAP2-S  tRAP-Lys gy TgM: 295-348° ND mean was determined. Percent inhibition was calculated as follows: 100 X [1 —
RAP2-16 rRAP-1 IgM: « 405-446/ ND (geometric sample mean)/(geometric control mean)].
= m ¢ P < 0.05 by two-sided ¢ test. Confidence intervals (CI) were calculated by
SPS.18 SPf66 1eG1: & 120-224> Y, .KYSL antilogging the confidence limits calculated on the log scale.
' Soe by 222 “ Both MAb t th trati
SP5.2 SPf66 IgGl: k,,  120-224" Y, (KYSL,,, 0 s were at the same concentration.

“ Binding to rRAP-1,3 444 but not to rRAP-1,,_446.

® binding to TRAP-1,,_446 but not to TRAP-1,,5_446.

¢ Binding to TRAP-1,,5_44¢ but not to rRAP-1,5,_446.

@ Binding both to rRAP-1,5 o, and to rRAP-1,, 4.

¢ Binding to rRAP-1,3_345 but not to rRAP-1,3_59,.

/Binding to rRAP-1,3 4, but not to rRAP-1,3 4.

& Western blot analyses using parasite lysates indicated that RAP2-5 and
RAPI-8 cross-react with RAP-2 (preliminary results). Furthermore MAbs
RAP1-8 and RAP1-22 stain p67, which is inconsistent with the deduced location
of their primary linear target epitope.

"ND, not done.

have not yet been identified. Our attempts to clone parasite
proteins that contain either the 35.1 or the 55.1 sequence by
using degenerated oligonucleotides deduced from these pep-
tide sequences as PCR primers or as DNA probes have failed
(unpublished data). Therefore, we have generated MADbs spe-
cific for the SPf66 building blocks and identified the P. falci-
parum proteins recognized by these MAbs. While 83.1- and
55.1-specific MAbs bound to MSP-1 (38) and P. falciparum heat
shock proteins (preliminary results), respectively, both 35.1-
specific MAbs that we succeeded in obtaining cross-reacted
with RAP-1. No binding to RAP-1,,_5;, (YWTPINKKEFL),

MADbs SP5.2 and SP8.18 inhibition assays

80
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FIG. 8. Parasite growth-inhibitory activity of anti-35.1 MAbs SP5.2
and SP8.18. The vertical bars indicate the 95% confidence intervals.

which has the most significant linear sequence homology with
35.1 (YGGPANKKNAG), was observed. Epitope mapping
studies with C- and N-terminally truncated rRAP-1 molecules
showed that both anti-35.1 MAbs bind to a sequence within
RAP-1 residues 191 and 224, and epitope mapping using sets
of overlapping peptides (14) indicated that the RAP-1 se-
quence Y,,sKYSL,,,, which has no significant homology with
the 35.1 peptide, is recognized. Conversely, the anti-RAP-1
MADs RAP1-14 and RAPS-2, which mapped to the sequence
V,sNLFENYKYSL,,,, cross-reacted weakly but significantly
with the 35.1 peptide. Cross-reactivities between malaria anti-
gens in the absence of apparent primary sequence homology
have been described before and may reflect the existence of
cross-reactive conformational epitopes (2). Although RAP-1
and RAP-2, for example, have no apparent homology in pri-
mary structure, a majority of mice immunized with the RAP-
2-derived peptide E,sTEFSKLY, raised antibodies against
native RAP-1 (52). Reactivity of antisera raised against MSP-2
derived peptide sequences with MSP-1 (29) is another example
of a cross-reactivity that appears to be primarily associated
with conformational rather than sequence homology (49, 54).

Eleven out of the 13 IFA-positive anti-rRAP-1,5 5, MAbs

TABLE 4. Enhancement of in vitro growth-inhibitory activity of
MAD SP8.18 by noninhibitory MAbs SP5.2,
RAP1-7, and RAP1-14¢

MADb or MAb

combination Concn (pg/ml) % Inhibition 95% CI
SP8.18 500 39.3 34-442
SP8.18 + SP5.2 500 56.7 47.7-64.1
SP8.18 + RAP1-14 500 56.3 49.5-62.1
SP8.18 350 23.7 —2.9-43.4
SP8.18 + RAP1-7 350 50.9 34-63.5
SP8.18 + RAP1-14 350 49.2 31.2-62.5

“ MADb SP8.18 was mixed with a second MAb and added to the parasite
culture. Experiments were performed in sextuplicate, and inhibition was calcu-
lated as explained in the footnotes of Table 3. CI, confidence interval.
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isolated here recognized epitopes located within the N-termi-
nal 294 amino acids of RAP-1, suggesting that the N-terminal
third of this protein is immunodominant. This agrees with
previous immunogenicity studies in mice (51) and in humans
(12, 20, 24, 25).

Although there is mounting evidence that a number of
P. falciparum antigens have a potential as targets for inhibitory
antibodies, the mechanisms of antibody-mediated parasite
growth inhibition and of in vivo immune protection are incom-
pletely understood. The function(s) of the processing product
p67 are not known, but it has been hypothesized that binding
of antibodies to epitopes close to the N terminus of p67 can
inhibit parasite growth by interfering with the processing of
p82 to p67 (18). Similarly, certain anti-MSP-1 MAbs, which
inhibit merozoite invasion, prevent the processing of MSP-1
(16). Parasite growth inhibition described here for the anti-
35.1 MADb SP8.18, which binds to the RAP-1 sequence Y,;:K
YSL,,,, supports the concept that binding of antibodies to
epitopes of RAP-1 that are located between position 200 and
260 may inhibit parasite growth. The concentration of MAb
SP8.18 required for significant in vitro growth inhibition was
>250 pg/ml, which is comparable to MICs of previously de-
scribed inhibitory antibodies against anti-RAP-1 (18), the re-
ceptor binding domain of EBA-175 (32), and the N terminus
(R. Moreno et al., unpublished data) or the C terminus of
MSP-1 (3). In addition to fine specificity, other binding param-
eters seem to be crucial for the parasite growth inhibitory
potential of a MADb. This is demonstrated by the fact that
SP5.2, the second anti-35.1 MAD described here, exhibited
essentially the same fine specificity as MAb SP8.18 but did not
inhibit parasite growth. Furthermore, the anti-rRAP-1,5_;,
MADbs RAP1-14 and RAP1-7, which bind to sequences be-
tween position 200 and 260 (V,;NLFNYKYSL,,, and
E,,sEFEY,,, respectively), also had no growth inhibitory ac-
tivity. Kinetic (on and off rates) as well as thermodynamic param-
eters (avidity) of antibody binding may be crucial for anti-infec-
tious activity (1). In fact, all five anti-rRAP-1,5 ,,;, MAbs that
were tested (RAP1-8, RAP1-14, RAP1-7, RAP5-2, and RAP2-
16) had an in vitro growth-accelerating rather than a growth-
inhibitory effect, irrespective of their fine specificity for positions
33 to 42, 213 to 222, 243 to 247, 280 to 287, or 405 to 446,
respectively. It has been suggested that certain anti-RAP-1 anti-
bodies can increase invasion by promoting binding of merozoites
to red blood cells or by increasing adventitious protein-protein
interactions (18, 19, 42). Interestingly, a potentiation of growth
inhibition by MAb SP8.18 was found, when noninhibitory MAbs
(SP5.2, RAP1-7, or RAP1-14) were added. Conversely,
MSP-1 specific antibodies have been described that compete
with processing-inhibitory anti-MSP-1,, antibodies for binding
to the merozoite surface and neutralize the growth-inhibitory
activity of the latter (16). Identification of protective epitopes
of vaccine candidate antigens may therefore be crucial for the
optimal design of an effective malaria vaccine.

It is remarkable, that screening of sequences for immuno-
protective structures in the Aofus malaria infection model led
to the identification of the 35.1 peptide (34), which has, as
demonstrated here, the potential to elicit inhibitory antibodies
that cross-react with RAP-1. This emphasizes the fact that this
primate infection model is a suitable tool to identify building
blocks for an epitope-focused multivalent, multistage malaria
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vaccine. Such a vaccine should contain both suitable B- and
T-cell epitopes (43). The results presented here reemphasize
the fact that in the case of B-cell epitopes, conformational
properties are of crucial importance.
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