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Erythrocyte invasion by Plasmodium vivax is completely dependent on binding to the Duffy blood group
antigen by the parasite Duffy binding protein (DBP). The receptor-binding domain of this protein lies within
a cysteine-rich region referred to as region II (DBPII). To examine whether antibody responses to DBP
correlate with age-acquired immunity to P. vivax, antibodies to recombinant DBP (rDBP) were measured in 551
individuals residing in a village endemic for P. vivax in Papua New Guinea, and linear epitopes mapped in the
critical binding region of DBPII. Antibody levels to rDBP;; increased with age. Four dominant linear epitopes
were identified, and the number of linear epitopes recognized by semiimmune individuals increased with age,
suggesting greater recognition with repeated infection. Some individuals had antibodies to rDBP,; but not to
the linear epitopes, indicating the presence of conformational epitopes. This occurred in younger individuals
or subjects acutely infected for the first time with P. vivax, indicating that repeated infection is required for
recognition of linear epitopes. All four dominant B-cell epitopes contained polymorphic residues, three of
which showed variant-specific serologic responses in over 10% of subjects examined. In conclusion, these
results demonstrate age-dependent and variant-specific antibody responses to DBPII and implicate this

molecule in partial acquired immunity to P. vivax in populations in endemic areas.

Plasmodium vivax malaria is widely distributed throughout
the world and accounts for over half of all malaria infections
outside of Africa and about 10% of malaria infections in Africa
(15). The intraerythrocytic stage of the parasite in humans
requires specific receptor-ligand interactions for successful in-
vasion of its host (6). P. vivax invasion of erythrocytes is abso-
lutely dependent on binding to the Duffy blood group. As a
result, Duffy-negative individuals are completely resistant to
P. vivax malaria (19). One member of a large family of eryth-
rocyte binding proteins, referred to as the Duffy binding pro-
tein (DBP), mediates binding to the Duffy blood group or
Dufty receptor for chemokines (DARC), since this Duffy blood
group antigen has been identified to be a chemokine receptor
(14). The critical binding motif of P. vivax DBP lies within a
cysteine-rich domain referred to as region II between amino
acids (aa) 291 and 460 (21). Region II of DBP (DBPII) may be
a critical target for host protective immunity, based on several
observations. First, certain regions of DBPII are highly poly-
morphic (24, 25) and appear to be maintained by immune
selection (11). Second, antibodies to DBPII from populations
in areas endemic for P. vivax inhibit binding of COS-7 cells that
express DBPII ligand on their surface to DARC-positive eryth-
rocytes (16, 23). Third, antibodies raised to region II of the
Plasmodium knowlesi o protein, a molecule that is 70% ho-
mologous to P. vivax DBP and also mediates DARC-depen-
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dent infection of human erythrocytes, can inhibit P. knowlesi
invasion of human erythrocytes (22).

Residents of areas endemic for P. vivax develop progressive-
ly stronger humoral and cellular immune responses with in-
creasing age (13, 16, 18, 26), and dominant T-cell epitopes within
the critical binding motif of DBPII have been identified (26).
The relationship of these antibody responses in the context of
concurrent P. vivax infection has not been evaluated in detail,
and which regions of DBPII are preferentially recognized by
antibodies has not been assessed. The present study aims to
relate antibodies to DBP with age and infection in a population
in an area of Papua New Guinea (PNG) endemic for P. vivax
to identify linear B-cell epitopes within the critical binding motif
of DBPII, to determine whether they correspond to polymorphic
regions in the molecule, and to determine if variants are dif-
ferentially recognized by sera from partially immune subjects.

MATERIALS AND METHODS

Study site and population. Study subjects resided in three adjacent villages
collectively referred to as Liksul, located 50 km north of Madang, PNG, directly
across from Kar Kar Island. Residents belong to the Bargam ethnic and language
group (http://www.sil.org/ethnologue/countries/Papu.html). All four human ma-
laria species are transmitted in the area, and there is little seasonal variation in
parasitemia rates (5). Residents are estimated to receive one infective bite
approximately every other day, with the highest transmission during the wet
season from October to May (4). Serum and whole blood samples were obtained
from a cross-sectional survey of the entire village (n = 1,025), corresponding to
>93% of the population in February 2000, and was immediately stored at —70°C.
The Institutional Review Boards at Case Western Reserve University and the
Papua New Guinea Institute of Medical Research approved the study.

DNA preparation and PCR amplification of genes encoding P. vivax DBPII.
DNA was extracted from 200 ul of whole blood samples individually by using
spin blood kits (Qiagen Inc., Valencia, Calif.) according to the manufacturer’s
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FIG. 1. The molecular structure of the DBP shows that regions II and VI (dark shaded areas) are cysteine-rich regions of the molecule. There
are 12 cysteines in region II. The region between cysteine 4 and cysteine 7 (aa 291 to 460) contains the critical binding motif to DARC (7, 8, 21).

protocol. The final extract was eluted with 200 pl of deionized distilled water and
stored at —20°C. Region II (aa 285 to 521) of the P. vivax DBP was amplified by
nested PCR with primers complementary to conserved regions of this gene. Nest
I forward and reverse primers were 5'- GATAAAACTGGGGAGGAAAAA
GAT and 5'-CTTATCGGATTTGAATTGGTGGC, respectively. The nest I
reaction (25-pl reaction volume) was carried out using 1.0 ul of template, 1.5
mM MgCl,, a 100 nM concentration of each deoxynucleotide triphosphate, 5
pmol of each primer, and 0.5 U of Taqg polymerase (Life Technologies Inc.,
Rockville, Md.) in the supplied buffer. The nest I cycling conditions were as
follows: initial denaturation of 2 min at 94°C; five cycles of 1 min at 94°C, 2 min
at 59°C, and 2 min at 72°C; thirty cycles of 1 min at 94°C, 1 min at 54°C, and 2
min at 72°C; and a final extension of 10 min at 72°C. One microliter of the nest
I reaction mixture was used in the nest II reaction mixture as template. Nest II
forward and reverse primers were 5'-GATCGAAGATATCAATTATGTA and
5'-TATCATAAGGAGTTACGATAC, respectively. The reaction and cycling
conditions for the nest II reaction (50-pl reaction volume) were similar to the
nest I conditions, except that 53°C was used as the annealing temperature in the
first 5 cycles and 48°C was used as the annealing temperature in the last 25 cycles.
Three microliters of the nest II 712-bp amplicons were visualized by electro-
phoresis on a 1% agarose gel in 1X Tris-acetate-EDTA (TAE) buffer with 0.5 ug
of ethidium bromide/pl.

DNA sequencing. Ten microliters of the nest IT 712-bp amplicons were visu-
alized by electrophoresis on a 1% agarose gel with 0.5 pg of ethidium bromide/p.l
in 1X TAE buffer. The PCR products were purified from the agarose using a
QiaQuick gel extraction kit (Qiagen Inc.) according to the manufacturer’s pro-
tocol. The products were eluted with 30 wl of the supplied elution buffer and
cloned directly into the pCR2.1-TOPO cloning vector by using a TOPO-TA
cloning kit (Invitrogen, La Jolla, Calif.). Seven to 10 cloned species-specific
inserts for each sample were sequenced from a Qiagen prepared template (Qia-
gen Inc.) by using vector-based extended M13 and forward and reverse primers.
DNA sequencing was performed at Case Western Reserve University, Cleve-
land, Ohio, by fluorescence-based methodologies, using an Applied Biosystems
377 automated DNA sequencer.

Restriction fragment length polymorphism (RFLP) analysis. A restriction site
for AfI1I was identified within the amplified region of DBPII that cut depending
on whether or not a mutation was present at codon 333. Af/II recognized and cut
the sequence in codon 333 (CTT [leucine]), producing 145- and 567-bp frag-
ments; AfIII did not cut when the single nucleotide polymorphism altered the
codon encoding phenylalanine (TTT), since the restriction site was altered.
Restriction digests were performed using 3 to 10 .l of dbpIl amplicons generated
from nested PCRs (as described above) and 0.5 U of restriction enzyme. The
amplicons were digested for 2 h at 37°C and then visualized by gel electrophore-
sis on a 1-t0-2.5% agarose gel with 0.5 pg of ethidium bromide/pl in 1X TAE
buffer. If there was any doubt about the quality of a restriction digest, it was
repeated or not included in the analysis.

Recombinant antigens and peptide. Expression and purification of recombi-
nant DBP (rDBP) were described previously (13). Briefly, a portion of DBP
(Sall; GenBank accession number M37514) from aa 177 to 815 that includes
regions II to IV DBPy;_y, was inserted in frame with glutathione S-transferase
(GST) in the plasmid expression vector pGEX-2T (13). Figure 1 shows the
structure of P. vivax DBP and the binding motif to DARC (aa 291 to 460), the
region mapped for linear B-cell epitopes. To isolate DBPy_;y, from the GST
component, the expressed protein was cleaved with thrombin. The GST was then
removed from the mixture with reduced glutathione agarose CL-4B beads
(Fluka, Buchs, Switzerland). Polyclonal rabbit sera raised to rDBPy;_y, bound to
P. vivax schizonts could inhibit binding of COS-7 cells transfected with rDBP
protein to DARC-positive erythrocytes (16). rDBPy; was expressed in Escherichia
coli, purified from inclusion bodies, refolded, and purified as described earlier.
Refolded DBPy; was shown to be conformationally correct based on its ability to
bind Duffy-positive erythrocytes (23).

A pin method of peptide synthesis (Chiron Mimotopes, Victoria Australia,
[www.mimotopes.com]) generated 15-mer peptides displaced by 2 to 5 aa, for a
total 19 peptides spanning the 170-aa critical binding region of DBPII. Peptide
purity was >75% as determined by high-performance liquid chromatography
(HPLC). The sequences were based on the most common alleles identified in the
population (11). Additional peptides were synthesized that corresponded to the
different variants for peptides 5 and 16 by Fmoc synthesis (GenoSys) (>85%
purity by HPLC).

Measurement of antibody titers to rDBP. Immulon 4 plates (Dynatech Lab-
oratories, Sterling, Va.) were coated with 2 wg of rDBPy;_y, or rDBPy; per ml in
phosphate-buffered saline (PBS; pH 7.4) overnight at 4°C and blocked with 1%
bovine serum albumin (BSA) in PBS (blocking buffer). Antigen-coated wells
were incubated overnight at 4°C with 100 pl of a 1:400 dilution of serum sample
in blocking buffer/well. Plates were washed with PBS and 0.05% Tween 20 (wash
buffer), followed by the addition of 100 pl of alkaline phosphatase-labeled
goat-anti-human IgG (Jackson ImmunoResearch) at 0.5 pg/ml that was incu-
bated for 1.5 h at room temperature and then washed three times prior to
development with p-nitrophenyl phosphate as the substrate. The reaction was
terminated by addition of 5% EDTA, and the optical density at 405 nm (OD4s)
in each well was recorded using an enzyme-linked immunosorbent assay (ELISA)
microplate reader (Molecular Devices). For all test samples, both positive and
negative control samples were added to each plate, and the reaction was stopped
such that ODs varied less than 10% between test plates.

Antibody responses to peptides. Peptides were adhered to modified polysty-
rene plates (Immulon-I microtiter plates; Dynatech Laboratories) based on a
technique described by Ball et al. (1). Plates were first coated with poly-L-lysine
(38 kDa; Sigma Scientific, St. Louis, Mo.) at 50 wg/ml in 0.05 M sodium bicar-
bonate buffer (pH 9.6). Plates were then washed with PBS after 1 h of incubation
at room temperature, and 1% (vol/vol) glutaraldehyde (Sigma) was added for 15
min at room temperature. Plates were again washed in PBS, and test peptides
were added in PBS at a concentration of 10 pwg/ml and incubated overnight at
room temperature. After washing twice with PBS, any remaining reactive alde-
hyde sites were blocked by addition of 1 M glycine for 1 h at room temperature
and further blocked with 5% (wt/vol) dry milk and 1% (wt/vol) gelatin (Gibco,
Detroit, Mich.) for 1 h. Following washing, test plasma was added at a 1:10
dilution, incubated overnight at 4°C, and again washed, and alkaline phospha-
tase-labeled goat-anti-human IgG (Jackson ImmunoResearch) was added at 0.5
pg/ml. The remaining steps of the ELISA were identical to those described for
rDBP (see above). Positive and negative control samples were added to each plate.

Affinity purification of peptide-specific antibodies was undertaken to deter-
mine if they could bind to correctly folded rDBPy;. Peptides were coupled to
immobilized diaminodipropylamine (DADPA) on an agarose matrix using the
linker 1-ethyl-3-(3-dimethylaminoprophyl) carbodiimide (EDC) by forming
amide bonds between carboxyl groups on the linker and amines of the amino
acid, according the manufacturer’s instructions (EDC/DADPA immobilization
kit; Pierce, Rockford, Ill.). One milliliter of pooled immune plasma (n = 3)
containing high antibody titers to peptide 5 was added to the column and allowed
to equilibrate for 1 h at room temperature after adding an additional 0.2 ml of
PBS. The column was washed with 14 ml of PBS, and bound antibody was eluted
with 0.1 M glycine at pH 3.0 in 1-ml fractions neutralized by the addition of 50
wlof 1 M Tris, pH 9.5. The absorbance of the fractions at 280 nm was determined
to identify the protein peak. Fractions containing antibody were pooled and
dialyzed against PBS prior to evaluating them for antibody levels.

Statistics. Statistical significance between means was compared using Stu-
dent’s ¢ test with log-transformed values. Simple linear regression analysis of
log-transformed data examined the correlation between variables and was veri-
fied by the Wilcoxon rank sum test.
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FIG. 2. (A) The relationship of age and P. vivax prevalence as
determined by PCR for P. vivax dbp or by blood smear for the whole
study population (n = 1,025). (B) Antibody responses to rDBP;; were
measured in 551 of the subjects from the same samples used to mea-
sure parasite infection, and the levels are plotted with respect to age.
Dark regions represent ODs of >0.51 (the highest tercile or third of
antibody responses), shaded regions represent ODs of 0.178 to 0.5, and
the open box shows the absence of a significant antibody responses
(OD < 0.178, the mean + 3 SD of control plasma; n = 11). The
number of individuals examined in each group is indicated in paren-
theses above each bar.

RESULTS

Infection status of the study subjects. Overall, 91 of 1,025
(9%) residents in the study village were blood smear positive
for P. vivax, and 358 (35%) were infected with P. vivax as
measured by nested PCR for dbpll. Children ages 1 to 4 years
had the highest prevalence of infection as determined by blood
smear. The prevalence of infection peaked at ages 5 to 9 years
when infection was determined by PCR (Fig. 2A). Two- to
sevenfold more individuals, especially among adults, were in-
fected with P. vivax as assessed by PCR compared to that
determined by blood smear, indicating the presence of many
infections below the level of detection by microscopy. Ninety-
three percent of samples that were positive by blood smear for
P. vivax were also PCR positive.

Age-specific antibody responses to rDBP are inversely re-
lated to P. vivax prevalence. Antibody levels to rDBP;; were
examined in 551 subjects (54% of the population) selected
to represent all age groups (Fig. 2B). The proportion of sub-

INFECT. IMMUN.

jects that showed any significant antibody reactivity to rDBPy;
(greater than mean + 3 standard deviations [SD] of adult
controls subjects never exposed to P. vivax) or high reactivity,
defined as antibody levels corresponding to the highest third or
tercile of antibody levels, increased with age until it reached a
plateau at ages of 15 years and older. Antibody reactivity to
rDBP,;; was inversely related to P. vivax prevalence in the
population (r* = —0.41; P < 0.0001; Wilcoxon rank sum test).

Since all previous reports of naturally occurring antibodies
to DBP in populations in endemic areas used a different con-
struct, rDBP;_, (13, 16, 18), antibodies to this recombinant
molecule were measured in the same samples. The levels as
estimated by OD were significantly correlated (r* = 0.23; P <
0.001; Wilcoxon rank sum test) for the two recombinant anti-
gens. The age-specificlevels of antibody reactivity to the two pro-
teins were also similar, and the age-specific prevalence of high
antibody levels to rDBP;; was statistically equivalent to that of
antibody levels directed to rDBP;_;y, (P = 0.3; chi-square test).

There was no difference in rDBP;_,, or rDBPy; titers be-
tween individuals with concurrent P. vivax or Plasmodium fal-
ciparum infection compared to uninfected individuals when
adjusted for age (data not shown).

Determination of linear B-cell epitopes. In order to evaluate
the presence of linear epitopes spanning the 170-aa binding
motif of DBPII (aa 291 to 460), 15-mer synthetic peptides, over-
lapping by 5 aa, were adhered to poly-L-lysine-coated plates to
assure that all peptides used were bound in similar quantities.
Some peptides examined were offset by only 2 or 3 aa (e.g., pep-
tides 13, 16, 18, and 20), since these peptides had been previ-
ously identified to contain T-cell epitopes (26). Peptide-specific
antibody responses were examined in plasma from 11 North
Americans never exposed to malaria and a subset of 69 sub-
jects from the endemic villages. This subset of individuals was
a stratified random sample of the whole population, to repre-
sent individuals in all age groups. Figure 3 shows antibody
reactivity for all North Americans (upper left panel) and three
representative individuals to demonstrate the different pat-
terns of peptide-specific responses. Overall, seven P. vivax-
exposed subjects had no peptide-specific antibody responses,
e.g., levels for all peptides were equivalent to those of North
American controls (e.g., VFB 88). Twenty-six individuals had
OD readings that exceeded controls, but the antibody re-
sponses were equivalent among the peptides (e.g., VFB 38),
and the remaining subjects (n = 36) showed preferential bind-
ing to one or more peptides (e.g., VFB 26). Peptides 5, 16, 18,
20, 45, and 75 and 79 (Fig. 4) were preferentially recognized by
plasma in the latter group of 36 individuals, indicating the
presence of dominant linear B-cell epitopes.

Finer mapping of the B-cell epitope located within peptides
75 and/or 79 is shown in Fig. 5. Plasma from individuals con-
taining antibodies that preferentially bound peptide 79 dem-
onstrated that the probable linear epitope in this region of the
molecule is fully contained in peptide 78.

Antibody responses to peptides correlate with that observed
for rDBP. The mean peptide-specific OD (for all peptides) cor-
related with plasma antibody levels to rDBPy; (r* = 0.47; P <
0.001) (Fig. 6) and rDBP;;_;,, (> = 0.51; P < 0.001) (data not
shown). Plasma from some individuals had antibodies that recog-
nized rDBP but had little reactivity to peptides. Antibodies from
these individuals may recognize conformational and not linear
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FIG. 3. Plasma from individuals residing in areas endemic for P. vivax recognizes linear epitopes. Nineteen 15-mer peptides overlapping by 2
to 5 aa spanning the 170-aa critical binding motif of region II of DBP were used to examine antibody reactivity from individual plasma, as shown
on the x axis. The upper left panel shows the mean values (dark bars) + 3 SD (hatched bars) for control plasma (n = 11) for each peptide. The
remaining panels show representative antibody responses to all 19 peptides in three representative individuals. The OD of the same serum sample

directed to rDBP;;_;y is shown for the three study subjects.

epitopes. To examine this possibility, a pool of human serum
obtained from expatriates that had become acutely infected with
P. vivax (kindly provided by W.E. Collins, Centers for Disease
Control and Prevention, Atlanta, Ga.) was analyzed against IDBP
and the 19 test peptides. The pooled serum recognized rDBP;;_+,
(OD = 0.507) and none of the peptides (OD values of <0.159).
Similarly, acute-phase serum collected from a North American
resident infected with P. vivax for the first time with a 2-week
history of symptoms and peripheral blood smear of 0.07% para-
sitemia reacted to rDBP;_,, (OD = 0.612) and failed to react to
any peptides. When rDBP;;_,, was run on denaturing gel con-
taining 5 mM dithiothreitol (to break disulfide bonds) and probed
with the same antibody pool from acutely infected subjects (West-
ern blot analysis), no reactivity to the antigen was observed (data
not shown). Overall, these observations demonstrate that
acute, primary P. vivax infection recognizes conformational
epitopes of DBPII.

The number of linear epitopes recognized and the peptide-
specific antibody levels increase with age. The observation that
acute-phase serum from initial P. vivax infection recognized
only conformational epitopes suggests that as individuals be-
come repeatedly infected, more antibodies recognize linear
epitopes. To examine this possibility, the number of linear epi-
topes recognized by semiimmune sera was examined with re-
spect to age. Individuals that recognized >4 linear epitopes
were significantly older (median, 31 years; 95% confidence
interval [CI], 24 to 38 years) than individuals that recognized 1
to 4 linear epitopes (median, 12 years; CI, 9 to 16 years) or no
linear epitopes (median, 4 years; CI, 0 to 8 years). Of note, five
of seven subjects that failed to recognize any peptide had
significant antibody responses to rDBP;;_,.. Four out of the
five subjects that recognized rDBP; |, but no peptides were
aged 5 years or less.

Mean peptide-specific antibody increased with age (Table
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FIG. 4. The cumulative number of individuals showing selective
antibody reactivity to 15-mer peptides spanning the 170-aa binding
motif of DBPII. Some serum samples recognized two or more epi-
topes. An individual was considered to preferentially recognize one
peptide over others when the OD was greater than the mean + 3 SD
of eight peptides with the lowest OD. This differed from criteria used
to define a positive response to any peptide shown in Fig. 3.

1); however, this age-related increase in antibody levels was
delayed compared to that observed with rDBP,; (Fig. 2), con-
sistent with a delay in developing antibody responses to linear
epitopes. This age-related change in antibody responses was
observed for three of the four dominant linear B-cell epitopes
(peptides 5, 16, and 45). By contrast, peptides that did not
show any preferential recognition, such as peptides 25 and 55
(Fig. 4), had overall lower optical density levels and did not
show significant changes with age. Antibody reactivity to pep-
tide 78 was higher than that observed to the other peptides and
was also equivalent among the different age groups.
Peptide-specific antibodies recognize rDBP,. In order to
determine whether linear B-cell epitopes to DBPII are acces-
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FIG. 5. Fine B-cell epitope mapping of the C-terminal region of
the DBPII erythrocyte adhesion motif, using plasma from four subjects
containing antibodies that recognized peptides 75 and/or 79. 15-mer
peptides (offset by 1 or 2 aa) were bound to polyvinyl plates, which are
described in detail in Materials and Methods.
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FIG. 6. Relationship between mean peptide-specific antibody lev-
els with that to rDBP; in residents of a village endemic for P. vivax in
PNG. Peptide-specific antibody levels were estimated by taking the
mean OD to all 19 peptides. Antibody levels to rDBP;; were deter-
mined as described in Materials and Methods at 1:400. Each point
represents plasma from a single individual (n = 69; closed circles) and
controls (n = 11; open circles). The dashed line indicates a positive
peptide-specific antibody response (e.g., >0.242, which is the mean +
3 SD for all peptides in controls, as shown in Fig. 3). Plasma from some
individuals had antibodies that recognized rDBP but little reactivity to
peptides (spots at or below dashed line).

sible to the host immune response, we examined the abilities of
peptide-specific antibodies to bind rDBP};. A sample of pooled
immune sera (n = 4) containing high titers of antibodies that
preferentially recognized peptide 5 was affinity purified on
beads linked to peptide 5. Preabsorbed sera also recognized
recombinant P. vivax MSP1,, (OD = 0.614). After repeated ab-
sorption, peptide-specific sera preferentially recognized pep-
tide 5 as well as rDBPy; (Fig. 7). The loss of antibody reactivity
to P. vivax MSP1,, from the column elute demonstrates that
nonspecific antibody retention on the column was unlikely. A
similar analysis was performed for peptides 16 and 78. Affinity-
purified antibody directed to peptide 16 but not 78 bound to
rDBP,; (data not shown).

In parallel experiments, individual peptides (5, 16, and 78)
were evaluated as to whether they could inhibit antibody bind-
ing to the same high-titer sera prior to affinity purification. This
would evaluate the relative contribution of the specific peptide
to recognition of rDBPy;. At an optimal concentration of 100
pg/ml, peptide 5 inhibited antibody binding by 26% = 5%
(mean * standard error of the mean [SEM]; P = 0.02; n = 4)
and peptide 16 by 17% = 6% (P = 0.05; n = 4). No significant
inhibition was observed with peptide 78.

Polymorphisms in linear epitopes alter antibody reactivity.
Polymorphisms in DBPII may have arisen from immune selec-
tion by altering the host immune response to these variants. To
examine this hypothesis, we first examined whether polymor-
phisms occurred in the dbpll gene, encoding identified major
linear B-cell epitopes based on sequence and RFLP analysis of
isolates, from the same population (11). All five major linear
B-cell epitopes contained polymorphic residues (Table 2). Pep-
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TABLE 1. Age-related changes in peptide-specific antibody responses

Response (OD) to peptide®

Age range .
(years) 5 16 25 45 55 78 Mean (all peptides)
2-9 23 0.58 = 0.11 0.51 = 0.10 0.38 = 0.08 0.49 = 0.09 0.39 £ 0.13 0.75 £ 0.13 0.55 £0.10
10-19 18 0.49 = 0.05 0.46 = 0.05 0.35 +0.03 0.47 = 0.06 0.32 = 0.03 0.69 = 0.9 0.48 + 0.05
=20 28 0.74 = 0.07 0.71 = 0.06 0.47 = 0.09 0.67 = 0.07 0.51 £0.11 0.81 = 0.07 0.93 +0.26
Pt 0.02 0.02 NS 0.03 NS NS 0.04
“ Mean = SEM.

b Significance levels, using Student’s ¢ test to compare individuals 2 to 19 years old with those =20 years of age. NS, not significant.

tides 5 and 78 contained one polymorphic residue correspond-
ing to two alleles identified in the study population. Peptides 16
and 20 contained polymorphisms at codon 333, a leucine (L) to
phenylalanine (F) at positions 13 (peptide 16) and position 5
(peptide 20). Peptide 45 had three polymorphic residues cor-
responding to codons 384, 386, and 390. Condon 386 had four
alleles in the population.

Three epitopes were selected to examine variant-specific
binding in greater detail, peptides 5, 16, and 78. The former
two peptides also contained T-cell epitopes (26). The locus
encoding the polymorphic residue (447) in peptide 78 appears
to be under balancing selection (11). We have previously re-
ported differential antibody binding to peptides corresponding
to the two different alleles for the linear epitope in peptide 78
(11). To examine whether anti-DBP differentially recognized
the two alleles for the linear epitopes in peptides 5 and 16,
synthetic peptides were produced corresponding to each allele,
as shown in Table 2. Sixty-three of 74 (85%) sera tested re-
sponded to peptide 5 (e.g., greater than mean + 3 SD of
control sera) (Fig. 3), 56 of which reacted to both peptide
variants and 7 which tested positive to one variant but not the
other. To evaluate whether some individuals demonstrated
different levels of reactivity to each allele, all 74 sera were
tested in duplicate to each peptide variant, and the percent

0.5

mean O.D. + SD

Blank 5 5 55 78
(308S) (308R)

Peptide

rDBPIl PvMSP1

FIG. 7. Affinity-purified antibody to peptide 5 binds correctly fold-
ed rDBPy;. Individual plasma samples with elevated levels of antibody
directed to peptide 5 (S variant, n = 4) were affinity purified as de-
scribed in Materials and Methods. Eluted antibody did not bind other
peptides (55 and 78 are shown as examples) or P. vivax MSP1,,. Bars
represent the mean = SEM of triplicate wells.

difference in OD was calculated for the replicate samples to
the same peptide (mean = SD, 7.0% = 5.2%) as a control to
assess the precision of the ELISA. If the percent difference
between the mean OD of the two peptide variants exceeded
the mean + 3 SD of the replicate samples [same variant; e.g.,
(52% X 3) + 7% = 22.6%], this was considered a significant
difference in levels of serologic reactivity between the two
variants. Nine individuals fulfilled this criterion, as shown in
Fig. 8 (left panel, S308R).

A similar analysis was performed for peptide 16. Sixty-two of
74 (84%) sera tested reacted to peptide 16 (e.g., greater than
mean + 3 SD of control sera), 58 of these reacted to both pep-
tide variants (Table 2), and 4 tested positive to one variant but
not the other. Of the 12 subjects that tested negative to peptide
16, 5 of these subjects reacted to peptide 5. Using the same
analysis for peptide 16 as described for peptide 5, eight indi-
viduals demonstrated different levels of reactivity between the
two variants (Fig. 8, right panel). There was no relationship be-
tween age and probability of showing a different response to
each variant.

The frequencies of the different S308R and L333F alleles
were examined in the study population at the same time serum
samples were collected. The frequency of the 333L allele was
0.95, and the frequency of 333F was 0.27 (n = 358) based on
RFLP using the restriction enzyme Af/II. Since a specific re-
striction enzyme could not be identified that recognized the
different alleles for S308R, direct sequencing of 32 P. vivax
isolates for region II of the dbp gene was performed; 308S had
a frequency of 0.72 and 308R had a frequency of 0.38 (11). Six
of nine (67%) subjects had higher titers to the more common
allele for 308 (S), and six of eight (75%) had higher titers for
333 (Fig. 8). Of note, five of eight individuals that demon-

TABLE 2. Major linear B-cell epitopes in the 170-aa
binding motif of DBPII

Sequence”

VNNTDTNFH(S/R)DITFR
..LIYDAAVEGDLL(L/F)KL
..GDLL(L/F)KLNNYRYNKD
..NISGT(G/D)E(K/N/Q/T)AQQ(H/R)RKQ
YV(K/R)ELPTEVOKLKEK

Peptide

“The amino terminus is printed on the left. Polymorphic residues are indi-
cated in bold, and the different alleles identified in the study population are
indicated in parentheses. For epitope mapping, synthetic peptide 5 contained a
serine (S) in position 10 (codon 308), and for peptides 16 and 20 a leucine (L) in
positions 13 and 5, respectively, was incorporated for codon 333. Similarly,
synthetic peptide 45 had glycine (G) in position 6 (codon 384), a lysine (K) in
position 8 (codon 386), and a histidine (H) in position 12 (codon 390); for
peptide 78, a lysine (K) was used in position (codon 447).
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FIG. 8. Peptides containing the 308 and 333 residues form linear
B-cell epitopes in which substitution by a serine (S) for an arginine (R;
308) or a leucine (L) for a phenylalanine (F; 333) is differentially
recognized by antibodies in the same subject (samples connected by
lines). Values represent mean ODs of duplicate measurements of
serum samples at a 1:10 dilution unless otherwise noted. SD were all
<8% of the mean. All OD differences were highly significant based on
criterion described in the text. The dashed line represents cutoff values
for a positive response, e.g., mean + 3 SD of the unexposed control
(see Fig. 3). Only two individuals are the same between the two panels.

strated allele-specific antibodies to peptide 16 were simulta-
neously infected with P. vivax (Fig. 8, right panel). One sample
was infected with at least two parasite strains expressing both
alleles. The other four samples had higher antibody titers cor-
responding to simultaneous infection with parasite strains that
expressed the same alleles.

DISCUSSION

Host immune responses to P. vivax DBP are likely to play a
key role in acquired immunity to P. vivax because of its essen-
tial role for merozoite invasion of erythrocytes. This acquired
immunity is likely to result, in part, from generation of anti-
bodies directed to DBP that block its binding to its receptor on
red cells. In support of this model, we observed an increase in
the proportion and titers of antibodies that recognized rDBP
with advancing age, concomitant with a decline in the preva-
lence and intensity of P. vivax infection. In order to better
define potentially protective epitopes in the critical binding
motif of DBPII, we identified at least four dominant linear
epitopes, two of which corresponded to previously described
T-cell epitopes (26). The cumulative antibody levels to these
linear epitopes correlated closely to antibody recognition of
correctly folded rDBP;; (23). This suggests that antibodies
directed to some of these linear epitopes also recognize native
DBP expressed on the merozoite surface.

Antibody responses to these linear epitopes do not appear to
develop with initial vivax malaria infection. Residents of non-
endemic areas of malaria who have become infected for the
first time with P. vivax develop antibody responses only to the
recombinant DBP and not to linear epitopes. This antibody
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response is lost when rDBP is denatured, indicating initial
antibody responses develop to conformational epitopes. A sim-
ilar pattern occurs in populations in areas endemic for P. vivax
in which some children have antibodies that recognize rDBP
but not peptides. Most residents of populations in areas en-
demic for P. vivax, however, recognize linear epitopes of DBP,
and the number of epitopes recognized increases with age and,
presumably, cumulative exposure. Since a single P. vivax infec-
tion does not induce protective immunity (10), these initial
antibody responses to immunodominant conformational epi-
topes may not confer resistance. Repeated P. vivax infection,
however, probably results in the release of significant amounts
DBP, and along with its partial degradation it stimulates anti-
body responses to linear epitopes. Partial protection may de-
velop when sufficient antibody titers of high enough affinity are
induced to multiple surface-expressed determinants of DBP
that contain linear epitopes. This is consistent with early ob-
servations of experimental P. vivax infection in humans that at
least three to four infections of the same parasite strain were
required to achieve protection against disease and a significant
reduction in parasitemia (2, 3, 9).

Antibodies that recognize some dominant linear epitopes
also bind properly refolded rDBP;;. This binding could be
partially inhibited by addition of peptides containing these
linear epitopes. We also found affinity purification of antibody
from immune sera directed to one dominant linear epitope in
peptide 5, which also corresponds to a T-cell epitope (26), did
not cross-react with other peptides and recognized rDBPII
(Fig. 7B). Taken together, these experiments indicate that an-
tibodies to some of these linear epitopes are accessible on the
native molecule to naturally acquired antibodies that could
block binding of DBP to its receptor, DARC. This was not the
case for a linear epitope in peptide 78. It is possible that
peptide 78 could be a neodeterminant, produced only with
degradation of DBP and not accessible on the native molecule,
or it could be part of a conformational epitope. We favor this
latter explanation, since a polymorphic residue at codon 447
(position 3 in the linear epitope of peptide 78) occurs on the
same haplotype with a polymorphic residue at position 390,
both of which are under age-dependent selection (11). This
latter residue is also found in peptide 45, which also contains a
linear epitope. A combination of both peptides 45 and 78
partially blocked antibody binding (personal observations). To
establish that these linear B-cell epitopes are biologically sig-
nificant, it needs to be demonstrated that these antibodies rec-
ognize native DBP in P. vivax schizonts and that these peptide-
specific antibodies can inhibit DBPII binding to DARC-positive
erythrocytes. These experiments are currently in progress.

Region II of P. vivax DBP, like other parasite molecules
important for erythrocyte invasion, such as the MSP1,, domain
of P. vivax and P. falciparum MSP1, is cysteine rich and, as a
consequence, is poorly processed and therefore poorly immu-
nogenic due to its cysteine content (12, 20). This may account
for the reduced frequency of antibody and T-cell responses
(26) in young children even though many were infected (Fig. 2).

The dominant linear epitopes identified contained polymor-
phic residues, and approximately 10 to 15% of partially im-
mune individuals had antibodies that differentially recognized
peptides corresponding to the two different alleles (Fig. 8).
This indicates that these polymorphic residues can affect anti-



VoL. 71, 2003

body binding, suggesting that they arose by immune selection.
Most individuals, however, recognized peptides corresponding
to both alleles. This is not unexpected, since both strains exist
in the population and individuals are likely to have been ex-
posed to both. Indeed 18% of P. vivax-positive samples came
from people who were infected simultaneously with both
strains. Concurrent infection with a particular parasite strain
appeared to boost strain-specific immunity, as suggested by the
correlation of infection by a particular parasite strain with a
corresponding higher peptide-specific antibody response to
that strain. Although it would be expected that young individ-
uals with less exposure should be more likely to recognize one
allele and not the other, this was not observed. This lack of an
association with age may reflect the inability of a cross-sec-
tional analysis to adequately reflect prior exposure to parasites
with the same alleles (e.g., at the time of study the 333L allele
was much more common than the 333F allele).

No difference in antibody response was observed between
individuals with any concurrent P. vivax infection and those
without detectable infection. Active malaria infection should
boost antibody responses. This lack of association between
infection and elevated antibody levels probably occurs because
most individuals are consistently parasitemic during a high-
transmission time of year, although often below levels of de-
tection. This was suggested by longitudinal studies showing
that individuals who were negative at one time point were
often found to be parasitemic 1 month later (personal obser-
vations). There was also no association between antibody levels
and concurrent P. falciparum infection, suggesting that falci-
parum infection does not suppress (or boost) the short-term
antibody response to P. vivax DBP. Although we found no
concordance in antibody responses with rDBP;; and region II
of EBA-175, the P. falciparum homologue to P. vivax DBPII
(17), in the same individual or antibody reactivity to rDBP
from sera of Duffy-negative P. falciparum-infected subjects
from Kenya (personal observations), it is possible that some
cross-reactivity may occur between P. falciparum and P. vivax
linear epitopes. These experiments are currently in progress.

In conclusion, the present study demonstrates that immune
responses in an endemic population develop to both linear and
conformational B-cell epitopes in the critical binding region of
DBPII. The challenge will be to determine whether protective
epitopes can be identified which transcend this diversity such
that a recombinant vaccine can provide protection to diverse
parasite strains.
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