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Design and Immunogenicity of a Novel Synthetic Antigen Based on
the Ligand Domain of the Plasmodium vivax Duffy Binding Protein
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The Duffy binding protein is considered a leading vaccine candidate against asexual blood-stage Plasmodium vivax. The interac-
tion of P. vivax merozoites with human reticulocytes through Duffy binding protein (DBP) and its cognate receptor is vital for
parasite infection. The ligand domain of DBP (DBPII) is polymorphic, showing a diversity characteristic of selective immune
pressure that tends to compromise vaccine efficacy associated with strain-specific immunity. A previous study resolved that a
polymorphic region of DBPII was a dominant B-cell epitope target of human inhibitory anti-DBP antibodies, which we refer to
as the DEK epitope for the amino acids in the Sall allele. We hypothesized that the polymorphic residues, which are not func-
tionally important for erythrocyte binding but flank the receptor binding motif of DBPII, comprise variant epitopes that tend to
divert the immune response away from more conserved epitopes. In this study, we designed, expressed, and evaluated the immu-
nogenicity of a novel artificial DBPII allele, termed DEKnull, having nonpolar amino acids in the naturally occurring polymor-
phic charged residues of the DEK epitope. The DEKnull antigen retained erythrocyte-binding activity and elicited antibodies to
shared epitopes of Sall DBPII from which it was derived. Our results confirmed that removal of the dominant variant epitope in
the DEKnull vaccine lowered immunogenicity of DBPII, but inhibitory anti-DBPII antibodies were elicited against shared neu-
tralizing epitopes on Sall. Focusing immune responses toward more conserved DBP epitopes may avoid development of a strain-

specific immunity and enhance functional inhibition against broader range of DBPII variants.

,VI erozoite invasion of erythrocytes involves a series of highly
specific, sequential interactions between the merozoite and
erythrocyte surface proteins and is a crucial step in the parasite’s
life cycle. In Plasmodium vivax, merozoite invasion of human re-
ticulocytes is dependent on interaction of the Duffy binding pro-
tein (DBP) with its cognate receptor, the Duffy antigen receptor
for chemokines (DARC) (5, 20, 28). It is believed that this mole-
cule plays a critical role during the process of junction formation
just before invasion, and unlike Plasmodium falciparum, there is
no known alternate invasion pathway (3, 15). Merozoite proteins
involved in the invasion process represent important candidates
for development of malaria vaccines aimed at neutralizing blood-
stage growth.

The DBP is a member of the Duffy binding-like erythrocyte
binding protein (DBL-EBP) family from the erythrocyte-binding-
like (ebl) genes, sequestered in the micronemes and released to the
merozoite surface to bind receptors on erythrocytes during the
early invasion process (1, 2). The receptor-binding domain is a
conserved cysteine-rich motif known as region II and is the defin-
ing N-terminal extracellular domain of the DBP and related li-
gands where residues critical for receptor recognition are located
(2,10, 30, 38). Several studies have shown that anti-DBP antibod-
ies that are either naturally or artificially induced can functionally
inhibit invasion and DBPII binding to human erythrocytes in
standard in vitro assays (12, 14, 17, 24, 25, 45). These data indicate
that DBPII is a suitable target for an antibody-based vaccine
against asexual blood-stage P. vivax. Therefore, the potential for
effective antibody inhibition of merozoites, its biological impor-
tance, and the lack of apparent alternate ligands provide compel-
ling reasons for development of DBPII as a vaccine.

Diversity in the ligand domain represents a potential problem
that may compromise vaccine efficacy. Similar to other microbial
ligands, alleles of this target domain have a very high ratio of
nonsynonymous mutations to synonymous mutations, reflecting
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a mechanism consistent with a high selection pressure driving
DBP allelic diversity as a mechanism of evasion for targets of in-
hibitory immunity (4, 13, 29, 35, 43). As a consequence, these
polymorphisms pose a potentially serious challenge for develop-
ment of a broadly effective vaccine based on the DBPII against
diverse P. vivax strains.

In arecent study, we used naturally acquired human antibodies
to identify dominant B-cell epitopes within DBPII that correlated
with functional inhibition of the ligand domain (12). The domi-
nant B-cell epitopes identified were surface-exposed motifs with
clusters of polymorphic residues, which previous mutagenesis
studies determined were not functionally important for erythro-
cyte binding but do flank residues critical for erythrocyte receptor
recognition (7, 38). We refer to the epitope with the most variable
residues as “DEK,” since these are the amino acids present in the
Sall allele. Immune selection reported with other pathogens com-
monly involves variant residues adjacent to residues important for
receptor recognition (6, 32, 39). As most naturally acquired infec-
tions with P. vivax tend to elicit weakly reactive and strain-specific
antibodies, we concluded that the polymorphic dominant B-cell
epitopes represent an evasion mechanism that misdirects the im-
mune response away from more conserved less immunogenic
epitopes that are potential targets for strain-transcending immu-
nity. The goal of immunization is to accelerate the induction of
protective immunity, but the presence of dominant variant
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FIG 1 Alignment of the amino acid residues of the coding regions of DBPII-Sall and DEKnull. The gene coding for the ligand domain of DBPII-Sall was used
as a template to create a novel synthetic DBPII allele (DEKnull). The most highly variant cluster of polar charged residues within the dominant B-cell epitope
(underlined) identified in a previous study (12) was mutated to either alanine, threonine, or serine. Asterisks show different polymorphic sites within the DBP

region II (39).

epitopes can create an inherent bias toward a strain-specific re-
sponse and limit induction of immune responses toward more
conserved protective epitopes (12, 33, 41). To overcome this in-
herent bias, we have created a novel DBPII immunogen, referred
to as DEKnull, lacking the polymorphic polar or charged residues
that are normally present in the polymorphic DEK epitope (12).
The design is to focus the immune response toward more con-
served neutralizing epitopes that will have broader functional in-
hibition against allelic variants. In this proof-of-concept study, we
present the design and characterize this novel synthetic antigen,
comparing its immunogenicity to that of the naturally occurring
allele product, Sall, which was used as a template.

MATERIALS AND METHODS

Design of DEKnull. DBPII-Sall was used as a template to design the novel
synthetic antigen DEKnull, in which the polar/highly charged residues
384D, 385E, 386K, 388Q, 389Q, 390R, 392K, and 393Q, which form part
of the B-cell epitope (H3) identified from our previous study (12), were
replaced by 384A, 3858, 386T, 388A, 389T, 390S, 392T, and 3938, respec-
tively (Fig. 1). This epitope is the most polymorphic region within DBP
region IL.

Production of recombinant antigens. The coding sequences of
DEKnull and Sall ligand domains were codon optimized for expression in
Escherichia coli, and the DNA was commercially synthesized and cloned
into pET21a+ (Novagen). The resulting plasmid was then used to trans-
form E. coli BL21(DE3) LysE (Invitrogen). Pilot expression was used to
identify bacterial clones expressing the recombinant proteins. Glycerol
stocks were made of the positive clones and stored at —80°C until needed.
For large-scale expression, an overnight culture was prepared from the
frozen stock in LB medium containing 50 g ml~! ampicillin. The next
day, the culture was diluted 1:10 in LB medium containing 50 ug ml™!
ampicillin and maintained at 37°C in a shaker flask with shaking at 250
rpm. Cultures were induced with 1 mM IPTG (isopropyl-B-p-
thiogalactopyranoside) with a final concentration at optical density at 600
nm [ODg,] of 0.8 to 1.0. Cells were harvested 3 h postinduction and
stored at —80°C until needed. Expressed proteins were purified from
inclusion bodies under denaturing conditions as previously described (31,
34, 44) with modifications. Briefly, cells were resuspended in prechilled
lysis buffer (10 mM Tris buffer [pH 8.0], 1 mM EDTA, 3% sucrose, 200 pg
ml~! lysozyme, 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.1 M
NaCl, 20 pug ml~! DNase), inclusion bodies were recovered by centrifu-
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gation, washed two times (10 mM Tris-HCI [pH 8.0], 3 M urea, 1 mM
EDTA, 1 mM PMSEF), and solubilized (20 mM phosphate buffer [pH 7.8]
containing 8 M urea and 0.5 M NaCl), and recombinant proteins were
purified by nickel Sepharose 6 affinity chromatography (GE Healthcare).
Eluted fractions were checked for purity by separation by SDS-PAGE.
Fractions containing pure protein were pooled and refolded by rapid di-
lution as previously described (31). The refolded product was dialyzed
against 50 mM phosphate buffer (pH. 6.5) containing 1 M urea for 36 h,
with two buffer changes every 12 h. The dialyzed product was concen-
trated down, filtered through a 0.2-um-pore filter, dialyzed, adjusted to 1
mg ml~! in phosphate-buffered saline (PBS), and stored at —80°C.

Functional analysis of refolded antigens. Refolded antigens were
tested for their ability to bind Duffy-positive human erythrocytes in an
erythrocyte-binding assay similar to that previously described (8, 19, 31,
34, 42). Duffy-positive erythrocytes treated with chymotrypsin were used
as a control. Twenty micrograms of refolded antigens was incubated with
previously washed erythrocytes or erythrocytes treated with chymotryp-
sin in PBS with 1% bovine serum albumin (BSA) for 4 h at room temper-
ature. The reaction mixture was layered over silicone oil (Dow Corning)
and centrifuged for 30 s at 500 X g. Bound antigen was eluted from cells
with 300 mM NaCl. Eluted proteins in ~40 ul of buffer were diluted to
100 wl with SDS-PAGE buffer, heated at 65°C for 3 min, and separated on
SDS-PAGE. Bound antigens were detected by immunoblot analysis with
MADb-3D10, an anti-DBPII specific monoclonal antibody (MADb). Binding
of the antigens to human erythrocytes was also tested by flow cytometry as
previously reported (17, 34). Briefly, 3 ug of either antigen was incubated
with 1 ul of Duffy-positive erythrocytes in 100 ul PBS with 1% BSA for 2
h at room temperature. Unbound antigen on red blood cells was washed
off, and erythrocytes were incubated with a mouse anti-His monoclonal
antibody conjugated to Alexa Fluor 488 (Qiagen). After washing, cells
were suspended in 300 ul of PBS with 1% BSA, and 100,000 events were
analyzed using an Accuri C6 flow cytometer on the FL1 channel. Binding
was quantified by measuring the mean fluorescent intensity (MFI) of each
sample relative to cells without bound antigen serving as a control.

Antibody production. Polyclonal antibodies were produced in rats by
immunizing with purified refolded recombinant Sall and recombinant
DEKnull. Rats in each group received 0.1 mg of either recombinant
DEKnull or Sall emulsified in TiterMax Gold (TiterMax) three times 3
weeks apart. Preimmune sera were collected on day 0, and immune sera
were collected 3 weeks after the last immunization. Serum samples were
pooled within each group for experiment analysis.
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Immunoassays. The enzyme-linked immunosorbent assay (ELISA)
was used to quantify the anti-DBPII total IgG antibody titers in each
serum sample for recombinant Sall and recombinant DEKnull. Wells of
96-well microtiter plates were coated and incubated overnight at 4°C with
200 ng of either recombinant DEKnull or recombinant Sall diluted in
PBS. After washing away unbound antigens with PBS-0.05% (vol/vol)
Tween 20 (PBS-T), antigen-coated wells were blocked with 5% skim milk
in wash solution. In triplicate, half-log serial dilutions of each serum sam-
ple were added to wells and incubated with shaking for 2 h at room tem-
perature. Plates were again washed, and wells were incubated for 90 min
with a phosphatase-conjugated goat anti-rat monoclonal antibody (KPL,
Inc., Gaithersburg, MD), diluted 0.5 ug ml~! in wash buffer. Wells were
washed, bound antibodies were detected with an alkaline phosphatase
substrate (Phospho Blue; KPL, Inc.), and absorbance readings were mea-
sured at 630 nm on an automated microplate reader (Synergy II; Biotek,
Inc.). The antibody titer for each serum sample was determined as the
reciprocal of the dilution required to give an absorbance of 1 (ODg;, 1.0)
in the same assay. To determine whether recombinant DEKnull was rec-
ognized by naturally acquired anti-DPBII antibodies, recombinant Sall
and DEKnull precoated and blocked plates were incubated with anti-Sall
and anti-DEKnull specific antibodies affinity purified from Papua New
Guinea (PNG) human sera, which was previously shown to contain high-
titer anti-DBPII inhibitory antibodies (12, 21). After washing and incu-
bating wells in phosphatase-conjugated goat anti-human monoclonal an-
tibody (KPL, Inc.), bound antibody was detected as described above. The
antibody titer was determined as concentration of antibody required to
give an absorbance of 2 (ODy;5, 2).

For immunoblot analysis, antigens were separated by SDS-PAGE and
electrophoretically transferred onto nitrocellulose membranes (Milli-
pore). Membranes were rinsed in wash buffer (PBS-0.05% Tween 20)
and blocked in 5% skim milk in wash buffer overnight at 4°C. The mem-
branes were rinsed in wash buffer and reacted with either 2.5 ug ml~!
MADb-3D10 or rat antisera diluted 1:4,000. After three washes, membranes
were incubated in either (HRP)-conjugated goat anti-rat or goat anti-
mouse monoclonal antibody (KPL, Inc.) at 0.5 ug ml~! in wash buffer.
Bound antibody was then detected with ECL (enhanced chemilumines-
cence) substrate (GE Healthcare).

Inhibition of DBPII binding to human erythrocytes by COS7 assay.
Functional DBPII is expressed on the surface of COS7 cells, using herpes
simplex virus signal and transmembrane targeting sequences, and with a
C-terminal tag of green fluorescent protein (GFP), as reported previously
(11, 24, 25). The cloning of DBPII-Sall coding sequence into pEGFP-N1
plasmid (Clontech) was previously described, and DEKnull was cloned in
an identical manner (11, 16, 25, 26). DNA of each plasmid was purified
using an endotoxin-free plasmid maxi-kit (Qiagen). COS7 cells were
transfected with 125 ng DNA per well in a 24-well culture dish using
Lipofectamine 2000 reagent (Invitrogen), and inhibition assays were car-
ried out 42 h posttransfection. Each well was incubated with a different
dilution of antiserum for 1 h at 37°C before human erythrocytes (2%
hematocrit) were added and incubated for another 2 h. Nonadherent cells
were washed off with PBS containing Ca?>* and Mg?*, and binding was
quantified by counting rosettes observed in 30 microscope fields at mag-
nification 200X as previously described (23, 25, 38). Binding inhibition of
each antiserum was determined by accessing the percentage of rosettes in
wells of transfected cells in the presence of antisera relative to wells with
transfected cells in the presence of preimmune sera.

RESULTS

Design and expression of recombinant DEKnull. Analysis of
coding sequences available in public databases for the P. vivax
DBP ligand domain region (DBPII) revealed that most polymor-
phic residues were polar or charged. The most highly variant res-
idues of DBPII occurred in the center of the ligand domain and
were previously identified to be part of a dominant Bc epitope
(DEKAQQRRKQWWNESK) that was also a target of inhibitory
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antibody (12). Using the DBPII-Sall as a template sequence, eight
of the nine charged polar amino acids within the cluster of variant
residues were mutated to small uncharged polar (serine or threo-
nine) or small hydrophobic (alanine) amino acids to create a syn-
thetic allele, termed DEKnull (Fig. 1). Other studies demonstrated
that none of the residues mutated were critical for DBPII binding
to erythrocytes (18, 38). Recombinant proteins of DEKnull and
Sall were expressed in bacteria, purified from inclusion bodies,
and refolded by rapid dilution by the same protocol. The expres-
sion level and stability of the DEKnull product were similar to
those of Sall, and both refolded antigens migrated at the expected
size of 39 kDa on SDS-PAGE (Fig. 2a). DEKnull and Sall had
similar sensitivities to the reducing agent dithiothreitol (DTT),
and a comparable mobility shift was observed with both refolded
proteins (Fig. 2b).

DEKnull erythrocyte binding activity. The purified refolded
DEKnull was tested by two standard in vitro assays for binding
specificity to Dufty antigen surface receptor on human erythro-
cytes. In a modified version of the original erythrocyte-binding
assay used to validate erythrocyte receptor specificity of malaria
parasite ligands (19), purified refolded DEKnull and Sall in iso-
tonic buffer were tested for specificity of binding to Dufty-positive
erythrocytes and Duffy-negative erythrocytes. Both recombinant
proteins strongly bound to Duffy-positive erythrocytes, while
only trace amounts of each recombinant protein could be detected
as having been eluted from Duffy-negative erythrocytes. No bands
of expected size were observed in lanes with erythrocytes incu-
bated with recombinant P. falciparum AMA1 or control lanes with
erythrocytes alone (Fig. 2¢). Demonstration of binding of refolded
DEKnull and Sall to erythrocytes was repeated by a flow cytometry
erythrocyte-binding assay that can quantify binding (34). With
this assay, we confirmed there was no significant quantitative dif-
ference in binding to Duffy-positive erythrocytes between recom-
binant DEKnull and Sall (Fig. 2d).

Testing immunogenicity of DEKnull. Serologic response to
recombinant DEKnull was compared to that of recombinant Sall
by laboratory immunizations of rats to evaluate the effect of the
loss of the dominant Bc epitope in DEKnull. Immunogenicity was
determined by ELISA endpoint titration reactivity against each
homologous recombinant protein (Fig. 3). DEKnull appeared
equally immunogenic to Sall in the rats, inducing high levels of
anti-DBPII antibodies (Fig. 3). In the same way, each antiserum
had a strong bias toward reactivity to conformational epitopes.
Comparing the reactivities of anti-DEKnull and anti-Sall sera to
refolded and reduced homologous antigens demonstrated ~86%
of the antibodies reacted to refolded antigens versus reduced ho-
mologous antigens (Fig. 3). Anti-DEKnull serum reacted to the
same level with both antigens at an endpoint antibody titer of
1:65,000, while in contrast, anti-Sall reactivity was significantly
different (P < 0.005) for the two antigens at 1:100,000 and
1:68,000 for recombinant Sall and recombinant DEKnull, respec-
tively, suggesting Sall DBPII was more immunogenic (Fig. 4) as a
result of the presence of the dominant B-cell epitope, which is
absent in DEKnull.

Further analysis was conducted to determine whether natu-
rally acquired anti-DBPII antibodies can recognize recombinant
DEKnull. Affinity-purified human sera from PNG previously
shown to have high titer anti-DBPII inhibitory antibodies were
highly reactive to both recombinant Sall and DEKnull (Fig. 5).
Similar to the rat anti-DBPII antibodies, the human anti-DEKnull
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FIG 2 Purification and functional analysis of recombinant proteins. (a) SDS-PAGE gel of purified and refolded recombinant Sall and recombinant DEKnull. (b)
SDS-PAGE showing differential mobility of reduced (+) and refolded (—) antigens. Mobility shift is a simple indicator of native conformation of recombinant
antigens. (c) Western blot. A standard erythrocyte binding assay shows binding of purified proteins to Duffy antigen receptor on erythrocytes (+) and no binding
to erythrocytes treated with chymotrypsin (—). Arrows indicate the 39-kDa size of the recombinant proteins. P. falciparum AMA-1 (PfAMA-1) and erythrocytes
alone served as controls. (d) Recombinant proteins were tested for binding to erythrocytes by flow cytometry. Bars indicate average relative binding of recombinant

DEKnull to human erythrocytes compared to recombinant Sall for two independent experiments, and error bars represent * standard deviation.

antibodies showed the same levels of reactivity to both antigens
(P = 0.042), while anti-Sall reactivity was significantly higher
against recombinant Sall than DEKnull (P < 0.001), confirming
the immunogenicity of the DEK epitope.

Anti-DBPII inhibition. A standardized in vitro cell-based as-
say, which is used to evaluate erythrocyte-binding activity of DBP
and other Plasmodium ligands, provides a useful platform to mea-
sure anti-DBP inhibition. Comparative effects of different anti-
bodies can be evaluated against DBPII-erythrocyte binding by cal-
culating the 50% inhibitory concentration (ICs,) of each test
antiserum, which is achieved by determining the inhibitory effects
of serial dilutions ranging from 0 to 100% inhibition. Preimmune
sera tested at 1:1,000 showed no inhibition of binding and served
as a control for the experiments. As anticipated, the antisera to
DEKnull and Sall were observed to inhibit DBPII-erythrocyte

1 Anti-Sal 1

® Refolded
& Denatured

Optical Density

binding in a concentration-dependent manner (Fig. 6). The ICs,
titer for anti-Sall at 1:5,000 was significantly more inhibitory than
anti-DEKnull at 1:3,500 (P < 0.006). This result confirms that the
DEKnull epitope comprises a significant target of anti-DBP inhib-
itory antibody, but other more conserved epitopes also exist on
DBPIIL.

DISCUSSION

Plasmodium vivax preferentially infects human reticulocytes ex-
pressing the surface DARC blood group antigen (27). The critical
nature of the host cell specificity for parasite survival is evident
from the virtual absence of P. vivax malaria from populations with
high levels of DARC negativity and the difficulty culturing this
parasite in blood not enriched for reticulocytes (27, 36, 40). Unlike
P. falciparum, alternate invasion pathways have not been identi-
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FIG 3 Reactivity of rat anti-Sall and anti-DEKnull sera with recombinant antigens. Antisera raised in rats against recombinant DBPII-Sall and recombinant
DEKnull were tested by endpoint dilution for reactivity with homologous refolded (solid lines) and denatured (broken lines) antigens. Antigen preparations were
adsorbed onto wells of a microtiter plate and allowed to react with different dilutions of the antisera. Each point on the curves represents the mean of triplicate
wells, while error bars represent * standard deviation.
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FIG 4 Reactivity profiles of anti-Sall and anti-DEKnull sera with recombinant antigens. Each antiserum was tested by endpoint dilution for cross-reactivity with
homologous and heterologous refolded antigens. Antigen preparations were adsorbed onto wells of a micro titer plate and allowed to react with different
dilutions of the antisera. Solid and broken lines represent recombinant Sall and recombinant DEKnull, respectively. Each point on the curves represents the mean

of triplicate wells, while error bars represent *standard deviation.

fied. Consequently, the DBPII represents an ideal potential target
for vaccine development against P. vivax asexual blood-stage in-
fection. In spite of its biologic importance, potential confounding
factors that may compromise its use as a vaccine have been re-
vealed in studies on the naturally occurring serologic responses to
DBP after infection. As with other blood-stage malaria vaccine
candidates, DBP appears to be a relatively poor immunogen, since
functional anti-DBP activity is mostly weak and development of a
broadly inhibitory strain-transcending immunity is a rather un-
common occurrence (12, 21).

The relative bias toward a weak, strain-specific DBP antibody
response following human infection is likely a consequence of the
polymorphic nature of epitopes in the DBP ligand domain. Most
polymorphisms identified in DBP are clustered within the central
portion of the ligand domain, especially in the major variant clus-
ter we refer to as the DEK epitope (12). This region of the ligand
domain is also identified as being responsible for determining
receptor specificity, and in a recent study, we mapped to this re-
gion the epitopes that are the primary targets for antibody inhibi-
tion. In the present study, we wanted to evaluate the immunogenic
quality of a DBPII immunogen lacking this Bc epitope and
whether the absence of the dominant “DEK” epitope adversely
affects induction of anti-DBP immunity.

In order to resolve this issue, we created a synthetic gene re-

ferred to as DEKnull based on the Sall ligand domain that lacks
only the highly charged, polar residues in the dominant B-cell
epitope (12). We expressed, purified, and refolded recombinant
DEKnull into its native conformation and determined its immu-
nological characteristics. The expressed antigen was shown to be
correctly refolded and functionally active as it was able to bind
human erythrocytes expressing DARC but not DARC-negative
erythrocytes (31, 44, 45). The synthetic DEKnull antigen lacking
all of those polymorphic residues bound to human erythrocytes
with specificity similar to that of the native protein and confirms
previous data demonstrating that these polymorphic residues
within the hypervariable segment of DBPII are not critical for
erythrocyte binding activity (18, 38). Furthermore, the function-
ality of the altered residues is consistent with similar mutagenesis
of the homologous DBL domain of P. falciparum EBA-175, which
also has naturally occurring polymorphisms that do not affect
erythrocyte-binding properties (22, 43).

For an antigen to be a good vaccine candidate, it should be able
to induce high-titer, functional antibodies. Immunizations with
recombinant DEKnull and Sall proteins induced high-titer im-
mune sera in rats with antibodies reactive against both DEKnull
and Sall. As expected, the Sall antiserum displayed a higher level of
reactivity to the Sall versus the DEKnull protein, whereas the anti-
DEKnull antiserum had nearly identical reactivity profiles to both
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FIG 5 Reactivity of human sera against recombinant Sall and DEKnull. A pool of high-titer anti-DBPII inhibitory human serum from PNG was affinity purified
and tested by endpoint dilution for reactivity with recombinant Sall and DEKnull. Recombinant Sall or DEKnull was adsorbed onto wells of the microtiter plate
and probed with tripling dilutions of either affinity-purified anti-Sall or anti-DEKnull. Each point on the curves represents the mean OD values of each dilution

tested in triplicate.
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FIG 6 Inhibition of erythrocyte binding to DBPII-Sall expressed on the sur-
face of COS7 cells by rat anti-Sall and anti-DEKnull. A monolayer culture of
COS7 cells expressing recombinant DBPII-Sall on the cell surface was tested
for binding to Duffy blood group antigen on human erythrocytes in the pres-
ence of anti-DEKnull and anti-Sall sera. Antibodies were tested by endpoint
dilution, and percent inhibition was quantified by comparing the number of
rosettes bound to COS7 cells in 30 microscope fields (X200) in the presence of
test sera and preimmune sera. Curves represent means of three independent
experiments done in duplicate. Error bars represent *standard deviation.

homologous Sall and heterologus DEKnull antigens. This con-
firms the immunogenicity of the DEK epitope and also the pres-
ence of other immunogenic epitopes on native DBPII. Consistent
with the presence of other target epitopes, we found that naturally
acquired, inhibitory immune sera (12, 21) were highly reactive
with DEKnull (Fig. 5), indicating that the synthetic DEKnull an-
tigen contained conserved epitopes associated with a protective
immune response despite lacking a dominant epitope. Functional
in vitro assays demonstrated both antisera completely inhibited
DBPII-erythrocyte binding at a dilution up to 1:500. The func-
tional importance of the DEK epitope as a target of protective
anti-DBPII immunity was confirmed by differences in the ICs,
values for anti-Sall and anti-DEKnull inhibition of Sall-
erythrocyte binding.

In previous studies, our group and others have demonstrated
that DBP is naturally immunogenic; naturally acquired or artifi-
cially induced anti-DBPII antibodies can effectively block DBPII
binding to human erythrocytes and identified epitopes’ targets of
inhibition in the ligand domain (17, 31, 45). However, anti-DBPII
antibodies tend to be weak or unstable (12), as well as short-lived
and strain specific (9, 37). In an effort to design a DBP immuno-
gen to overcome these challenges, we designed and evaluated an
artificial DBPII immunogen referred to as DEKnull, lacking the
strongly charged residues of a dominant B-cell epitope that s a
target of functional antibody. Serologic studies of this synthetic
antigen in laboratory animals demonstrated that it was highly im-
munogenic and induced the production of functional antibodies
that inhibited erythrocyte-binding activity of the natural Sall al-
lele. It is expected that this type of immunogen may be necessary
to avoid induction of strain-specific responses to the dominant
variant epitopes and focus the immune response to more con-
served neutralizing epitopes that are potential targets for strain-
transcending immunity.
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