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Abstract

The Duffy Binding protein (DBP) of Plasmodium vivax is vital for host erythrocyte invasion. DBP 

region II (DBPII) contains critical residues for receptor recognition and anti-DBPII antibodies 

have been shown to inhibit erythrocyte binding and invasion, thereby making the molecule an 

attractive vaccine candidate against P. vivax blood stages. Similar to other blood-stage antigens, 

allelic variation within the DBPII and associated strain-specific immunity is a major challenge for 

development of a broadly effective vaccine against P. vivax malaria. We hypothesized that 

immunization with a vaccine composed of multiple DBP alleles or a modified epitope DBP 

(DEKnull) will be more effective in producing a broadly reactive and inhibitory antibody response 

to diverse DBPII alleles than a single allele vaccine. In this study, we compared single, naturally 

occurring DBPII allele immunizations (Sal1, 7.18, P) and DEKnull with a combination of (Sal1, 

7.18, P) alleles. Quantitative analysis by ELISA demonstrated that the multiple allele vaccine tend 

to be more immunogenic than any of the single allele vaccines when tested for reactivity against a 

panel of DBPII allelic variants whereas DEKnull was less immunogenic than the mixed-allele 

vaccine but similar in reactivity to the single allele vaccines. Further analysis for functional 

efficacy by in vitro erythrocyte-binding inhibition assays demonstrated that the multiple allele 

immunization produced a stronger strain-neutralizing response than the other vaccination 

strategies even though inhibition remained biased toward some alleles. Overall, there was no 

correlation between antibody titer and functional inhibition. These data suggest that a multiple 

allele vaccine may enhance immunogenicity of a DBPII vaccine but further investigation is 

required to optimize this vaccine strategy to achieve broader coverage against global P. vivax 

strains.
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1. Introduction

Plasmodium vivax is the most widely distributed cause of malaria worldwide, with 

debilitating morbidity and serious economic burden in endemic areas, which for the most 

part are rural areas of developing countries [1]. Most endemic areas have intermittent or 

unstable low-level transmission leading to development of a weak immunity commonly 

resulting in clinical infections in all ages [1]. Despite the complex nature of the malaria 

parasite’s life cycle, there is significant evidence supporting vaccine development as an 

integral part of the overall strategy for malaria control [2–4].

The clinical manifestations of malaria are associated with the asexual erythrocytic stages of 

the parasite and targeting these stages will help reduce clinical symptoms during malaria. 

Merozoite proteins, which are in direct contact with the host immune system and play a 

major role in the invasion process, are important candidates for vaccine development to 

neutralize invasion and limit blood-stage growth. The parasite selectively invades 

reticulocytes, which accounts for about 1% of total red blood cells in circulation, as a 

consequence of a family of ligands that controls initial invasion by binding to receptors 

present on reticulocytes and absent on mature erythrocytes. A secondary receptor for P. 

vivax is the Duffy Antigen Receptor for Chemokines (DARC) that is recognized by the 

merozoite microneme ligand Duffy Binding Protein (DBP). It is consensus that DBP plays a 

critical role in junction formation during the invasion process, since P. vivax infections are 

absent from most of West Africa where individuals lack DARC on their red blood cells [5, 

6]. This dependence of P. vivax on DBP for invasion makes DBP a prime target for vaccine 

development against vivax malaria. DBP is characterized by a conserved cysteine-rich 

domain, region II, that contains residues critical for receptor recognition and in DBP is 

referred to as DBPII [7–10].

Naturally acquired antibodies to DBPII prevalent in residents of P. vivax malaria endemic 

regions can functionally inhibit its erythrocyte binding and merozoite invasion of human 

reticulocytes. These individuals develop anti-DBPII antibodies with significant quantitative 

and qualitative differences in their serological responses [11–15]. Generally, serological 

responses to DBP and inhibition of DBP-erythrocyte binding activity increases with age as a 

result of a boosting effect due to recurrent exposure [15–19]. Similarly, vaccine-induced 

anti-DBP antibodies also inhibit DBP-erythrocyte binding and invasion of human 

reticulocytes [16, 20–22]. These data support the potential of DBPII as a candidate vaccine 

for blood stage P. vivax malaria. DBPII also contains a large number of polymorphisms, a 

pattern consistent with host immune evasion [11, 23, 24] and create a bias towards strain-

specific immunity in P. vivax that is typically short-lived [18, 25–27].

An effective DBPII vaccine is expected to overcome strain-specific immunity by inducing 

the production of broadly neutralizing antibodies capable of inhibiting diverse P. vivax 

strains. To attain this objective, a vaccine needs to focus immune responses to conserved 

neutralizing DBPII epitopes similar to strategies for other microbial pathogens [28, 29] and 

with a P. falciparum AMA1 combination allele vaccine [30, 31]. We hypothesize that 

immunization with a mixed-allele DBPII vaccine or a synthetic DEKnull vaccine [32] will 
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be more effective in inducing broadly neutralizing antibody responses to diverse DBPII 

alleles than a single allele vaccine. Our data demonstrates that the mixed-allele vaccine 

overall produces a stronger binding-inhibitory antibody response, even to alleles not 

included in the vaccine than the single allele and DEKnull vaccines, but this neutralizing 

inhibition is stronger to some alleles than others.

2. Materials and Methods

2.1. Recombinant protein expression

The gene encoding the ligand domain of Plasmodium vivax Duffy binding protein region II 

(DBPII) from three naturally occurring alleles: Sal1, 7.18 and P (accession numbers P22290; 

AAL79051.1 and AAL7907.3 respectively), a synthetic allele (DEKnull) [32] and 

PvMSP1-19 were codon-optimized for expression with a C-terminal 6x His-tag (pET21a+, 

Novagen) in BL21 (DE3) LysE E. Coli (Invitrogen) [22].

2.2. Purification of refolded recombinant DBPII

Expressed proteins were purified from inclusion bodies under denaturing conditions as 

previously described [21, 33, 34], with some modifications. The final protein concentration 

in the refolding mixture was adjusted to 50 µg/ml, degassed with nitrogen and the refolding 

process allowed to proceed for 36 h at 10°C with brief stirring every 12 h. This was 

followed by dialysis steps ending in PBS and filtered through a 0.2 µm filter. Endotoxins 

were quantified (ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript)). Final 

protein concentrations were adjusted to 1 mg/ml and stored in aliquots at −80°C. Denatured 

forms of the refolded proteins were generated by treating with 10 mM DTT followed by 

alkylation as previously described [35, 36] and also stored at −80°C.

2.3. Purification of rPvMSP1-19

Recombinant PvMSP1-19 was expressed using the same protocol for recombinant DBPII 

above but purified under native conditions. Enriched protein dialyzed against PBS and 

endotoxin levels determined as above. Final protein concentrations were adjusted to 1 mg/ml 

and stored in aliquots at −80°C.

2.3. Western blot analysis

Refolded and denatured antigens were separated on SDS-PAGE, transferred onto 

nitrocellulose, blocked in PBS/0.05% Tween-20 containing 5% skimmed milk and probed 

with an anti-DBPII specific monoclonal antibody (mAb-2D10) [22]. Bound antibody was 

detected with goat anti-mouse HRP-conjugated antibody (KPL) and ECL substrate (GE 

Healthcare).

2.4. Functional analysis of refolded rPvDBPII antigens

A standard erythrocyte-binding assay [33, 34, 37] tested functionality of refolded antigens. 

Briefly, 20 µg refolded rDBPII was incubated with 100 µl of DARC+ or DARC-erythrocytes 

in PBS/1% BSA for 2 h and then separated on 500 µl silicone oil (Dow Corning), 30 sec at 

500 × g. Bound protein was eluted by re-suspending cell pellet in 40 µl of 0.3 M NaCl and 
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incubated 10 min at 25°C with agitation every 2–3 min, centrifuged at 500 × g for 5 min and 

supernatant mixed with SDS-PAGE loading buffer, heated at 65°C for 3 min. Samples were 

separated on SDS-PAGE, transferred onto nitrocellulose membrane and probed with an anti-

DBPII antibody, mAb-3D10 [22].

2.5. Animal handling and Immunizations

BALB/c (Harlan) were handled in compliance with good animal practice and approved 

IACUC protocol. Endotoxin levels in vaccine preparations were ≤ 5 endotoxin units per 100 

µg of protein. Six cohorts of 15 mice each were set up and pre-immune serum was collected 

from each mouse. Animals in the first five cohorts were immunized twice with 25 µg/dose 

of recombinant Sal1, 7.18, P, DEKnull or PvMSP1-19, respectively, at three weeks interval, 

while the sixth cohort received 25 µg/dose of a mixture of Sal1/7.18/P (8.33 µg each). A 

seventh cohort of 10 mice (control) received adjuvant alone in PBS. A 50 µl antigen-

adjuvant mixture (TiterMax Gold) was injected subcutaneously at the base of the tail and 

serum samples were collected three weeks after second immunization and stored at −20°C 

until needed.

2.6. Measurement of antibody titers to recombinant proteins

All the individual sera were analyzed by end point titration ELISA to homologous and 

heterologous recombinant DBPII alleles and PvMSP1-19 [38, 39]. Wells of 96-well plates 

were coated with 200 ng/well recombinant DBPII, blocked with 5% skimmed milk powder 

in wash buffer and incubated with 3-fold dilutions of mice sera starting at a 1:4000. Bound 

antibody was detected with AP-conjugated goat-anti-mouse antibody (KPL). Anti-DBPII 

monoclonal antibody (3D10), previously demonstrated to have the same binding specificity 

to variant DBPII alleles [22], was used as standard calibrator on each plate. All OD values 

were normalized at a point on the standard curve where OD630 ≈ 1.0 and antibody values 

were expressed as ELISA Units (EU), determined as a ratio of the OD630 generated by the 

test antibody and OD630 of the standard. Anti-PvMSP1-19 sera was a negative control, 

while pre-immune sera or sera from mice immunized with adjuvant alone were used as 

background control. Antibody titers were determined as reciprocal of the serum dilution to 

achieve EU = 1.5 [40].

2.7. Inhibition of DBPII binding to human erythrocytes

COS7 cells were transfected with the plasmid pEGFP-DBPII designed to express Sal1, 7.18, 

P, 27.16 and AH alleles of the DBPII (Table 1) prepared as previously reported [8, 41, 42]. 

Each construct was designed to target the expressed DBPII allele onto the surface of 

transiently transfected COS7 cells with a C-terminal GFP fusion tag as a transfection 

marker. Transfected cells were pre-incubated with triple fold dilutions of pooled mouse anti-

DBPII sera from each immunization group prior to incubation with human erythrocytes. 

Rosettes were counted in 30 microscope fields at 200× magnification as positive when 

adherent erythrocytes covered ≥ 50% of the cell surface [10, 17, 43]. Percent binding-

inhibition of each antiserum was determined by assessing the percentage of rosettes in wells 

of transfected COS7 cells in the presence of test serum (Ts) relative to rosettes in wells of 
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transfected cells in presence of pre-immune serum (PIs). Anti-MSP1-19 serum served as 

negative control for each experiment.

% Inhibition = [1− (# rosettes in the presence of Ts / # rosettes in the presence of PIs)] × 

100

2.8. Statistical analyses

Distribution of the antibody titers and inhibition concentrations for each antiserum was 

compared between all the alleles tested for any statistically significant differences in 

antibody reactivity and inhibitory responses by 1-way analysis of variance (ANOVA) and 

multiple comparison analysis by Bonferroni test using SAS software.

3. Results

3.1. Production of functional rDBPII immunogen

Refolded rDBPII antigens used for vaccination were observed as a single band of 39 kDa on 

SDS-PAGE gel (Fig. 1a). Mobility shift of refolded and denatured antigens was used as a 

simple indicator of the presence of disulfide linkages in the refolded antigens (Fig. 1b). The 

conformational structure of refolded DBPII was confirmed using a conformation-dependent 

anti- DBPII specific monoclonal antibody 2D10 [22], which demonstrated a strong 

reactivity with the refolded and little reactivity with denatured antigens (Fig. 1c). To confirm 

functional integrity, a standard in vitro erythrocyte-binding assay was used to test the ability 

of refolded rDBPII to bind Duffy positive erythrocytes. Refolded antigens bound to DARC 

positive erythrocytes with specificity similar to that of the native merozoite antigens, with 

very little or no binding observed with DARC negative erythrocytes (Fig. 1d). No binding 

was detected with recombinant PvMSP1-19 and PfAMA1, which were used as control 

antigens as well as control erythrocytes without bound antigen. This is a good indication that 

the refolded antigens have conformation similar to the native parasite protein.

3.2. Anti-DBPII reactivity profiles

Immunogenicity of rDBPII was evaluated in BALB/c immunized in separate groups with 

single recombinant rDBPII alleles, Sal1, 7.18, P, DEKnull, or a combination of recombinant 

Sal1, 7.18 and P (Sal1/7.18/P). PvMSP1-19 or adjuvant alone served as controls. Binding 

specificity and antibody titers of each individual antiserum were determined by ELISA with 

the homologous recombinant DBPII alleles as well as cross reactivity with the heterologous 

antigens used for the immunization and the PvMSP1-19 control. Both single and mixed-

allele vaccination strategies elicited high-level anti-DBPII IgG responses in mice against 

homologous and heterologous rDBPII. No anti-DBPII responses were observed with anti-

PvMSP1-19 and pre-immune sera (Fig. S1). Antibody ELISA titers at EU = 1.5 were used 

as the basis for comparing anti-DBP antibody responses from different immunization groups 

to different rDBPII alleles. The mixed-allele immunization induced a higher antibody 

response to all the individual refolded rDBPII immunogens, including the synthetic 

DEKnull, compared to the single allele immunizations (Fig. 2). However, with exception of 

the anti-7.18 antibody (p < 0.045), there were no statistically significant differences in 

antibody titers among the groups. Each immunization group elicited antibody responses of 
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similar magnitude to both homologous and heterologous antigens, with the exception of 

anti-P, which showed a lower antibody titer to its homologous antigen. Anti-DEKnull 

response was similar to that of the single naturally occurring alleles.

3.3. Functional assessment of the anti-DBPII antibodies

To assess the quality of immune responses generated by the different immunization 

strategies, we evaluated the potential of anti-DBPII immune sera from each group to inhibit 

DBPII-erythrocyte binding in a standard in vitro COS7 cell assay. Each antiserum titrated by 

end point dilution was incubated with COS7 cells expressing one of five naturally occurring 

DBPII alleles on their surfaces, including two DBPII alleles not used for immunization 

(Table 1). There was a concentration-dependent inhibition of DBPII-erythrocyte binding 

with all tested antisera, with 100% inhibition observed at a 1:500 serum dilution while no 

inhibition was observed with anti-PvMSP1 sera at 1:1000 (Fig. 3). The reciprocal serum 

dilution to give a 50% inhibition (IC50) of DBPII-erythrocyte binding of the different COS7 

expressed alleles was used as a quantitative measure to compare the biological and 

functional activity of anti-DBPII antibodies from the different immunization groups.

There was considerable variation in the level of inhibitory responses to the different alleles 

by the various immune sera (Fig. 4). Mixed-allele vaccination induced anti-DBPII highly 

inhibitory responses skewed towards a Sal1 and 27.16, even though the allele 27.16 was not 

part of the mixed-allele vaccine. Anti-DEKnull induced a lower inhibitory response to all 

the different alleles tested with the exception of Sal1. Using the inhibitory patterns to these 

DBPII, the different alleles could be classified into three antigenic groups, with Sal1 and 

27.16 belonging to two separate antigenic groups and 7.18, AH and P to a third group. No 

difference in inhibitory pattern was observed between sera from the single allele and the 

mixed-allele vaccination groups with respect to the individual alleles.

Statistical analysis using Bonferroni multiple comparison adjustment demonstrated that the 

mixed-allele vaccine overall showed a stronger potential to produce a higher inhibitory 

response than a single allele vaccine (Fig. 5). The antisera were classified into two statistical 

groups (a and b), with no significant differences in inhibitory antibody responses observed 

within each group. However, a significant difference in inhibitory response was observed 

between the mixed allele vaccine in the ‘a’ group and anti-7.18 and anti-DEKnull antibodies 

in the ‘b’ group (p<0.05). Quantitative analysis of both ELISA and in vitro binding-

inhibition data failed to show any correlation between antibody titer and functional 

inhibition (P= 0.12, 0.46, 0.91, 0.96 and 1.0 for Anti-Sal1, 7.18, P, DEKnull and the 

combination Sal1/7.18/P respectively.

4. Discussion

The biological role of the P. vivax DBP makes it an important vaccine candidate against 

asexual stage P. vivax infection, but the polymorphic nature of its ligand domain represents 

a practical challenge for vaccine to protect against diverse P. vivax strains. In endemic 

regions, individuals develop naturally acquired immunity, which is weak and biased towards 

strain specific immunity, with very few individuals developing broadly inhibitory anti-DBP 

immune antibody responses [15, 18]. Studies with other malaria antigens demonstrated that 
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immunization with a single allele is not sufficient to induce protection against infection by 

parasites carrying distant alleles [25, 44–47]. Indeed, failure of two leading P. falciparum 

blood-stage vaccine candidates to protect against clinical malaria can be attributed to strain-

specific responses elicited by vaccination with a monovalent vaccine [48, 49]. For a DBP 

vaccine we are evaluating two strategies, a multi-allele vaccine and a modified vaccine, to 

focus immune responses to conserved targets of functional anti-DBP protective immunity. 

Immunization with a multi-allele vaccine may enhance immunogenicity of the individual 

components by directing a bulk of the immune response against epitopes common to the 

constituent alleles resulting in a broader specificity, while diluting out the immunodominant 

effect of variant epitopes in the constituent alleles [30, 50]. The modified synthetic allele 

vaccine, DEKnull, was designed by ablation of the dominant polymorphic “DEK epitope” 

most diverse among DBP alleles leaving less immunogenic conserved neutralizing epitopes 

[32].

We compared immunogenicity of single allele vaccines versus the mixed-allele and 

DEKnull vaccines in order to assess the antibody specificities and the functional efficacy of 

vaccine-elicited antibodies. Vaccination strategies elicited high-level antibody responses 

against homologous and heterologous antigens (Fig. S1). We used antibody titers at EU=1.5 

as a quantitative measure to compare reactivity of the different antisera. No significant 

differences were observed in reactivity of antibodies from the single allele vaccines against 

heterologous and homologous antigens (Fig. 2), although the P vaccine group showed a 

trend towards induction of strain-specific immune reactivity with the individual alleles and 

interestingly, a relatively lower antibody reactivity to its homologous antigen compared to 

the heterologous antigens. The reactivity of the mixed-allele vaccine did not significantly 

differ among its component antigens and tended to produce relatively higher antibody 

responses to all the alleles compared to the single allele vaccines. However, these 

differences were only significant when compared to the 7.18 immunization group.

In vitro functional assays for DBP enabled us to determine the efficacy of vaccine-elicited 

antibodies to inhibit DBPII-erythrocyte interaction, using a panel of DBPII allelic variants. 

The minimum dilution to achieve 50% (IC50) inhibition was used as a quantitative measure 

for comparing efficacy. The analysis demonstrated specific differences in anti-DBPII 

inhibitory responses from all vaccination groups against each allele (Fig. 4). This result 

suggested that the polymorphisms in DBPII play a role in altering the antigenic character of 

the different alleles and thus confer significant differences in their sensitivity to inhibitory 

anti-DBPII antibodies as previously reported [22, 25, 27]. The mixed-allele vaccine sera 

produced similar inhibitory responses to the 7.18, P and AH alleles, but significantly higher 

inhibitory responses to Sal1 and 27.16, when compare with antisera from single allele 

vaccines. Multiple comparison analysis demonstrated that the mixed-allele vaccine overall 

elicited more inhibitory antibodies to the different DBP alleles than the single allele 

vaccines, with significant differences (p<0.05) observed when compared with anti-7.18 and 

anti-DEKnull (Fig. 5). However, the level of inhibition varied considerably by the target 

DBPII allele. We also demonstrate that a synthetic allele can induce anti-DBPII binding 

antibodies, although anti-DEKnull antibodies showed lower inhibitory titers for most alleles 

except Sal1 (Fig. 4), suggesting presence of other epitopes. Based on quantitative and 
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qualitative analysis, there was no correlation between antibody titer and inhibition of 

binding similar to naturally acquired human anti-DBP antibodies [15].

In conclusion, our data established that a vaccine made up of antigenically distinct DBPII 

maintained specificity to each allele but broadens the number of alleles to which a response 

was made, suggesting that a mixed-allele vaccine has the potential of generating inhibitory 

antibodies against a range of DBPII alleles for broader specificity, supporting data from 

studies of another malaria vaccine candidate, PfAMA-1 [30, 45, 51]. Further investigation is 

required to optimize such a vaccine especially with respect to the choice and number of 

alleles required to achieve the broadest specificity.
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Abbreviations

AMA1 apical membrane antigen-1

DARC Duffy Antigen Receptor for Chemokines

DBP Duffy Binding protein (DBP)

DBPII DBP region II

rDBPII recombinant rDBPII

MSP1 merozoite surface protein-1
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Highlights

• DBP region II is an attractive vaccine candidate against P. vivax blood stages.

• A multi-allele DBPII vaccine is more immunogenic than single allele vaccines.

• A multi-allele DBPII vaccine induces a strain-limited neutralizing response.

• There is no correlation between antibody titer and functional inhibition.

• Composition of a DBPII vaccine requires optimization to enhance efficacy.
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Fig. 1. Purification and functional analysis of recombinant proteins
(a) Coomassie-stained SDS-PAGE gel of recombinant DBPII variants and PvMSP1-19 

purified by affinity chromatography on Ni+ column. (b) Differential mobility of refolded 

rDBPII antigens on SDS-PAGE gel before (−) and after (+) reduction with DTT. (c) 

Western blot analysis of rDBPII probed with conformation dependent mAb-2D10, shows 

antibody reacting with refolded (−) but not reduced (+) antigens. (d) Erythrocyte binding 

assay showing binding of refolded antigens to Duffy positive erythrocytes (+) and reduced 

or no binding with chymotrypsin-treated Duffy positive erythrocytes (−). Duffy positive 

erythrocytes incubated with PvMSP1-19 and PfAMA-1 and erythrocytes without bound 

antigen were used as negative controls.
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Fig. 2. IgG antibody titers from mice immunized with refolded rDBPII
A titer for each group (n=15) was determined by end point dilution against homologous and 

heterologous antigens. All OD values were converted to ELISA Units (EU) by normalizing 

against the OD of a standard. Antibody titers were determined from a regression curve for 

each immunization group at EU = 1.5. The bars represent the ELISA titers for each 

immunization group against the different antigens. Error bars represent the standard 

deviation and the asterisk (*) indicates that there is a significant difference in antibody titers 

between the two antibodies. Anti-MSP1-19 antiserum and rMSP1-19 served as negative 

control antiserum and antigen, respectively.
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Fig. 3. Inhibition of DBPII binding to DARC on human erythrocytes
Transfected COS7 cells that express one of the DBPII alleles on their surface were 

incubated with the different mouse antisera at various dilutions prior to addition of human 

erythrocytes. Binding was scored after counting rosettes in 30 fields at a magnification of 

200×. The percent binding inhibition was determined relative to a 1:1000 dilution of pooled 

pre-immune sera used as control. Each curve on the charts represents the mean of two 

independent experiments with each dilution tested in triplicate. Error bars represent ± 

standard deviation.
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Fig. 4. Binding-Inhibitory profiles of anti-DBPII immune sera
A 50% Inhibition dilution (IC50) of each antiserum was compared between COS7-expressed 

alleles of DBPII by Wilcoxon rank test. The charts show the mean 1C50 dilutions of each 

antiserum across multiple experiments. The variation in means (represented by diamond) 

across alleles show significant differences in inhibitory response of each antiserum to the 

different alleles tested. Box plots indicate the median, lower and upper quartiles of the 

dilutions.
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Fig. 5. Multiple comparisons of anti-DBPII binding-inhibitory responses
The overall inhibitory response of each antiserum against all five COS7-expressed DBPII 

alleles was compared with Bonferroni multiple comparison adjustment. Bars represent the 

mean IC50 value of each antiserum dilution against all the natural isolates tested in the 

COS7 assay. Sera were classified into two groups (a and b), indicating that antisera within 

each group have inhibitory responses that are not statistically different from each other. 

Asterisk (*) indicates that there is a significant difference in the inhibitory responses 

between the immune sera from the mixed-allele vaccine and the 7.18 and DEKnull vaccines 

(P= 0.05).
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