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Abstract
Plasmodium vivax, the second most common human malaria parasite, remains a major public health
concern, and no vaccine has yet been approved. Nevertheless, a recent clinical trial provided evidence of
partial protection by a vaccine targeting Duffy binding protein region II (DBPII), a ligand that mediates
reticulocyte invasion through its interaction with the human atypical chemokine receptor 1 (ACKR1), also
known as the Duffy antigen receptor for chemokines (DARC). This success supports the DBPII/DARC
interaction as a validated and promising target for blood-stage vaccines against P. vivax. Amid progress
in the development of P. vivax blood-stage vaccines, we are investigating immune responses to DBPII in
individuals exposed to different levels of malaria transmission in Brazil. Here, we reviewed key advances
in DBP research and analyzed data from a 15-year open cohort of P. vivax-exposed individuals in the
Brazilian Amazon, providing new insights into immune features associated with persistent DBPII
antibody responses and protection against malaria.

Background
The effectiveness of most current malaria prevention tools remains insufficient against Plasmodium
vivax, a parasite that continues to be highly prevalent in Southeast Asia and South America [1] and
whose public health significance is increasingly recognized in Africa [2]. A major challenge for
Plasmodium vivax control and elimination lies in its biological complexity. First, eliminating the dormant
liver stage of P. vivax, which is responsible for multiple relapses, remains difficult because the efficacy of
the only available anti-relapse therapy is affected by human genetic polymorphisms [3–6]. Second,
subpatent P. vivax reservoirs cannot be detected by conventional malaria diagnostic methods, including
cryptic erythrocytic infections that are sequestered in the bone marrow and spleen (revised by [7, 8]).
Consequently, subpatent infections are not taken into account in global burden estimates [9], although
contributing to recurrent and chronic infections [10]. Additional biological challenges include the ability
to infect mosquitoes before the onset of clinical symptoms (revised by [11]) and emerging antimalarial
drug resistance [12]. Consequently, it is not unexpected that the proportion of malaria caused by P. vivax
has been increasing in co-endemic regions where intensive malaria-control activities have successfully
reduced the incidence of P. falciparum [13].

Developing a safe and effective vaccine against vivax malaria could assist efforts to eliminate P. vivax.
Despite potential obstacles associated with the development of P. vivax vaccines -- which include a
complex life cycle, the absence of long-term cell culture systems and restricted animal models --
significant progress has been made in the last few years (revised by [10, 14–16]). Notably, a substantial
number of P. vivax vaccine trials have been registered in recent years (ClinicalTrials.gov;
https://clinicaltrials.gov, P. vivax vaccine). Of interesting, modelling studies predict that a combination of
vaccines, even with modest efficacy against different parasite stages, can provide additive or synergistic
reductions in P. vivax transmission [17].
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Aiming to contribute to current efforts towards P. vivax vaccine development, we have concentrated on
naturally acquired immunity to the Duffy binding protein (DBP), a blood-stage invasion ligand that plays a
critical role in the P. vivax blood-stage infection [18–20]. Briefly, the DBP is a microneme protein that
belongs to the Duffy binding-like erythrocyte-binding protein (DBL-EBP) family, and the DBL domain of
DBP (region II, DBPII) binds to the human atypical chemokine receptor 1 (ACKR1), also known as the
Duffy antigen receptor for chemokines (DARC), which is located on the surface of red blood cells [21–
24]. The importance of this interaction is underscored by the finding that individuals with a mutation in
the DARC promoter are highly resistant to P. vivax infection [25]. DBPII and DARC form a 2:2 complex
through receptor-mediated dimerization, in which an N-terminal helix from each DARC monomer binds at
the interface between two DBL domains [26, 27]. The DBP/DARC-binding interface was recently
expanded to include a sulfated tyrosine binding site adjacent to the primary DARC binding site [28]
(Fig. 1). Therefore, a vaccine that elicits antibodies that bind the DBPII/DARC or DBPII dimer interfaces
would be expected to block parasite invasion (revised by [16]).

A historical overview of key research findings on DBP is presented in Fig. 2 [18, 22–27, 29–53]. In this
review, we compiled data from a long-term follow-up study of the DBP in the Brazilian Amazon area,
where P. vivax is responsible for almost two thirds of all cases [1].

DBPII Antibodies in Primary P. vivax Infection: Short-Lived and
Strain-Specific
Few studies have investigated DBP antibody responses during primary P. vivax infection in healthy adults,
with limited data largely derived from controlled human malaria infection (CHMI) studies involving DBPII-
based vaccines [52]. To investigate whether a first P. vivax exposure was able to induce DBPII antibodies,
and if this response could be boosted by relapses/recrudescence, we took advantage of a small
outbreak of vivax malaria, located in a non-malarious area of Brazil [36]. Although DBP was recognized
initially by only 20% of primary infected individuals, a new episode of blood-stage infection increased the
proportion of IgG responders to 80%. Despite the occurrence of recurrent infections, most of these
individuals lost their anti-DBP antibody response within 6 months of follow-up. A similar pattern of
response was detected in serology using a recombinant protein representing the ligand domain of the
DBP (cysteine-rich region II, DBPII) whose sequences were homologous of the P. vivax outbreak isolate
[54]. An important finding of the P. vivax outbreak study was the discovery of how parasite genetic
diversity relates to naturally acquired human antibodies for inhibition of DBPII–DARC binding (BIAbs). In
vitro assays with mammalian cells expressing homologous or heterologous DBPII sequences from the
outbreak isolate, allowed us to undoubtedly demonstrate that BIAbs activity is biased towards a specific
allele [36], as suggested previously using rabbit immune sera [35]. This first description of DBPII strain
specificity in humans with primary infection was later confirmed in children from Papua New Guinea
(PNG) [37]. More recently, we demonstrated that a primary P. vivax infection leads to long-term DBPII-
specific memory B cells (MBCs) [55]. Specifically, using an ELISPOT assay, we demonstrated that
individuals exposed to a P. vivax outbreak more than 10 years earlier harbored MBCs that produced
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antibodies with specific activity against DBPII (Sal-1) as well as the engineered DBPII immunogen,
DEKnull-2. Further studies of isolated DBPII-specific MBCs from individuals exposed to P. vivax outbreaks
are needed to confirm these findings.

A second putative erythrocyte binding protein (EBP2, also named EBP/DBP2) was identified, and this
protein harbors all the features of the DBL-EBP family, including a Duffy-binding-like domain (Region II,
EBP2-II) [56]. We demonstrated that EBP2-II is antigenically distinct from DBPII and could not be
functionally inhibited by anti-DBPII antibodies [57]. Considering the relevance of this novel DBL member,
the EBP2 antibody response profile was retrospectively investigated in primary/recurrent samples from
the P. vivax outbreak. The results showed that a primary P. vivax infection was not sufficient to induce
significant IgM/IgG antibodies to EBP2-II and contrary to anti-DBPII antibody response, EBP2-II
antibodies were not boosted by relapses or recrudescences [54]. After sequencing the full DBL domain
of the EBP2 outbreak isolate, it was possible to conclude that polymorphisms in the ebp2 gene were
unlikely to explain the absence of anti-EBP2 booster after a brief P. vivax exposure. In accordance, our
results showed that the DBL domain of EBP2 was much less polymorphic than that of DBPII, with a
single haplotype as highly prevalent worldwide [58]. In this context, it is possible to speculate that the
absence of booster could be associated with restricted host cell binding specificity of EBP2 which
preferentially binds to an immature reticulocyte subpopulation that is generally restricted to the bone
marrow (DARC-positive CD71high) [57]. Considering P. vivax bone marrow niche environment [7, 59, 60],
antibodies against EBP2-II may require a much more prolonged exposure to peripheral blood stages to
be detected. According, EBP2-II was highly recognized by long-term malaria-exposed individuals, with
higher levels of IgG associated with multiple vivax malaria episodes in the Amazon area [54, 61].
Altogether, the outbreak study showed EBP2-II, compared with DBPII, was poorly immunogenic among
individuals who experienced their first blood-stage P. vivax infection. However, EBP2 was highly
immunogenic in long-term malaria exposed individuals, reinforcing its potential to compose a multiple
blood-stage P. vivax vaccine [61].

DBPII Antibodies after Long-Term P. vivax Exposure: Strain-Specific
and Strain-Transcending Responses

Malaria and Population Background in the Study Setting
In Latin America, most of malaria burden is found within the Amazon Basin, which includes nine
countries and territories in South America [62]. In this region, three countries, the Bolivarian Republic of
Venezuela, Brazil and Colombia accounted for more than 75% of all cases in the region [1], with most of
the cases due to P. vivax (~ 70% in 2024). In Brazil, the economic burden of malaria is concentrated in the
Brazilian Amazon, a malaria-endemic region that accounts for more than 99% of malaria cases, which
are predominantly caused by P. vivax [62, 63]. P. vivax infections are more likely to be subpatent and
remain asymptomatic as malaria transmission decreases [64].
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In a small rural community in the Brazilian Amazon, the Rio Pardo settlement, we have conducted a 15-
year longitudinal study of DBP-specific immune responses [61]. Malaria transmission in the study area is
considered hypo- to mesoendemic [65, 66]. Most residents are native to the Amazon region, contributing
to a relatively high Amerindian genomic ancestry (~ 40%) despite the highly admixed Brazilian population
[67]. In this area, the distribution of DARC genotypes was consistent with the heterogeneous ethnic
origins of the Amazon population, with a predominance of non-silent DARC alleles, with FY*A > FY*B [68].
As most individuals were DARC-positive, the FY*A allele was associated with a reduced risk of clinical
malaria, whereas the FY*B allele was associated with an increased susceptibility, as previously
demonstrated by others [41].

Strain-specific and Strain-transcending antibodies in the
Amazon area
In the study area, we demonstrated that, within the same population with DBPII strain-specific immunity,
a small proportion of individuals exhibited stable, strain-transcending DBPII inhibitory responses [46, 68,
69]. This finding appears to be common across different endemic settings and populations [37, 70]. The
reason for this may lie in the fact that, while naturally acquired DBPII antibodies tend to be biased toward
strain-specific responses [36], protective neutralizing IgG antibodies target epitopes that overlap with
conserved residues essential for DARC binding and DBP dimerization [47, 48, 71, 72].

Using a DBPII-based multiplex assay to assess strain-transcending antibodies, we demonstrated that
antibody breadth, defined as reactivity to multiple DBPII variants, rather than the magnitude of anti-DBPII
antibodies, correlated with the BIAb response [73]. Considering that broadly neutralizing antibodies are
associated with reduced risk of P. vivax clinical malaria [40, 74, 75], DBPII inhibitory responses should be
tracked in all DBPII-based vaccine strategies.

To focus protective immune responses on conserved epitopes, structure-based design strategies have
been employed to develop surface-engineered DBP immunogens [43, 44, 76]. In the first generation of
engineered DBP immunogens (named DEKnull), all B-cell epitopes, except for the mutated polymorphic
DEK motif, were conserved with the original native DBP sequence from which it was derived [76]. While
the DEKnull vaccine confirmed the potential to target strain-transcending immunity, its low
immunogenicity led to additional surface engineering of the next generation immunogen, DEKnull-2 [45].
In the study area, the same authors demonstrated that conserved functional epitopes on the newly
engineered DEKnull-2 antigen are targeted by naturally acquired blocking inhibitory antibodies (BIAbs),
contributing to long-term P. vivax protective immune responses. Considering the kinetics of IgM/IgG
antibodies over time, IgG responses to the epitope-conserved DEKnull-2 remained stable and associated
with a broadly neutralizing BIAb response, while DBP variant-specific IgG antibodies waned during low
transmission [77]. In contrast, IgM responses tended to be strain-specific and were not associated with
the presence or absence of broadly neutralizing IgG antibodies.
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More recently, increased DBP gene copy number has been linked to parasite evasion of anti-DBP humoral
immunity [78], with multi-copy parasites being more frequent among asymptomatic than symptomatic
infections [79]. In this context, we observed a low but appreciable frequency of gene amplification in
members of the erythrocyte-binding-like protein family, including DBP and EBP2, in P. vivax isolates from
the Amazon rainforest, where DARC negativity is rare [80]. These findings support the current view that P.
vivax parasites carrying multiple copies of the DBP gene represent a globally widespread phenomenon
[81–85], and this should be considered when designing DBPII-based vaccines.

Host genetics influences DBPII-Specific Antibody Responses
In the open cohort study, it was demonstrated that host DARC polymorphisms may influence the
naturally acquired inhibitory anti-DBPII immunity [68]. Of note, the naturally acquired DBPII specific
binding inhibitory antibodies (BIAbs) tended to be more frequent in heterozygous individuals carrying a
DARC-silent allele (FY*BES). No clear explanation exists for the higher inhibitory antibody levels in
individuals with a single versus two DARC-positive alleles, as DARC has not been shown to downregulate
humoral responses to P. vivax [86]. Although these in vitro assays have advanced our understanding of
DBPII–DARC interactions, long-term P. vivax culture could provide further insights into the role of DARC
genotypes in invasion and immune responses.

Given the high rate of non-responsiveness to DBPII among P. vivax-exposed individuals, we explored
whether DBPII responsiveness was linked to HLA class II. The results showed that individuals carrying
the DRB1*13:01 allele were more likely to develop and sustain a DBPII-specific IgG response, whereas
those with the DRB1*14:02-DQA1*05:03-DQB1*03:01 haplotype were persistent non-responders [46]. HLA
class II gene polymorphisms also influenced the BIAbs response, with three alleles (DRB1*07:01,
DQA1*02:01 and DQB1*02:02) comprising a single haplotype linked with the presence and persistence of
the BIAbs response. Notably, these alleles exhibited strong linkage disequilibrium, indicating they are co-
inherited more frequently than expected by chance. Despite limited data on the association between
HLA alleles and P. vivax antibody responses [87], systematic reviews and meta-analyses have identified
associations between HLA alleles linked to higher (e.g., DRB1*13:01) or poorer DBPII antibody responses
(e.g., the DRB1*14 allelic group) and vaccination responses to microbial infections, including hepatitis B,
influenza, serogroup C meningococcus, measles, and rubella [88–90]. Although responsiveness to P.
vivax antigens is likely multifactorial and influenced by different genetic factors [91], our findings suggest
that DBPII peptide-binding affinities to HLA class II molecules may guide strategies to modulate helper T-
cell activation, which could be relevant for the development of DBPII-based vaccines.

Coordinated Cytokine Signatures of persistent Anti-DBPII
responders
Despite the key role of antibodies in malaria immunity, mechanisms sustaining long-lasting DBPII
responses remain unclear [74, 92]. In this open cohort study, P. vivax-exposed individuals with long-term
strain-transcending DBPII responses -- defined here as persistent responders -- were characterized by
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exhibiting IgG responses to multiple P. vivax blood-stage antigens, with prominent reactivity to surface
antigens (such as MSP1-19 and MSP5), the apical antigen (AMA1), and invasion-related antigens,
including EBP2 and RBP2a [93]. This broadly reactive antibody profile remained consistent throughout
the cohort, even in the absence of frequent boosting from reinfection.

To further describe the profile of persistent responders, cytokine responses were measured in
supernatants of PBMC cultures stimulated with DBPII-based antigens. Persistent responders showed an
inverse pattern of pro-inflammatory cytokine responses, with increased IFN-γ associated with lower TNF
and IL-6 levels [93]. This pattern may reflect a balance between protective immunity and
immunopathology, as IL-6 and TNF are commonly associated with malaria infection and disease severity
[94–96]. Of note, DBPII-persistent responders presented high levels of both IL-4 and IFN-γ as compared
with non-responder individuals, consistent with previous studies indicating that these cytokines are
strong predictors of the protective immunity induced by malaria vaccines [97, 98]. Further studies should
investigate the complex nature of cellular interactions required for long-term DBPII protective immune
responses.

Conclusions
In our long-term open cohort study conducted in an area of low and intermittent malaria transmission,
we demonstrated that, beyond strain-specific DBPII immunity, a proportion of individuals were DBPII-
persistent responders, exhibiting stable, strain-transcending DBPII inhibitory responses. While these
findings have been reported by others, our cohort study provides evidence that DBPII-persistent
responders also maintained stable and broad antibody responses against diverse P. vivax blood-stage
proteins, even in the absence of frequent reinfection-induced boosting. These targets included proteins
with distinct parasite localizations and functions, such as merozoite surface proteins, exported or
parasite-associated proteins, apical organelle proteins, and members of different protein families
involved in erythrocyte invasion. Furthermore, DBPII-persistent responders exhibited a distinct
immunological profile characterized by regulation and expansion of multiple functional cytokine
pathways. Factors associated with parasite genetics, including gene amplification, and host genetics
appear to influence this profile of response. Taken together, further studies should investigate the
complex cellular interactions underlying long-term DBPII protective immune responses and determine
whether P. vivax-experienced IgG⁺ B cells require continuous activation to maintain these responses or
whether they reflect bona fide immunological memory.
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Figure 1

Interaction between Plasmodium vivax Duffy binding protein (DBP) and the Duffy antigen receptor for
chemokines (DARC) and key targets of vaccine-induced inhibitory antibodies. (1) DBP is a microneme
protein of the Duffy binding-like erythrocyte-binding protein (DBL-EBP) family and, region II (DBPII)
contains the DBL domain responsible for receptor binding [19, 23, 30]. (2) DBPII binds to DARC on the
red blood cell surface (reticulocytes) [21-24]. (3) Receptor binding promotes DBPII dimerization and
formation of a 2:2 DBPII–DARC complex [26, 27]. (4) The DBPII/DARC-binding interface includes a
sulfated tyrosine-binding site adjacent to the primary DARC-binding region [28]. (5) Antibodies targeting
functionally relevant regions of DBPII may interfere with erythrocyte invasion through distinct
mechanisms [15, 16]. (A) In the absence of inhibitory antibodies, DBPII binds to DARC and undergoes
receptor-mediated dimerization, allowing invasion.(B) Antibodies targeting the DBPII/DARC-binding
interface may prevent receptor engagement. (C) Antibodies targeting the DBPII dimer interface may
inhibit receptor-mediated dimerization and subsequent complex formation.Illustration was created with
assistance from ChatGPT (OpenAI) and Gemini (Google) and reviewed by the authors for scientific
accuracy.
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Figure 2

Milestones in Plasmodium vivaxDuffy binding protein (DBP) research. Key discoveries and advances are
shown chronologically, including the identification and characterization of the DBP–DARC interaction,
DBP genetic diversity and naturally acquired immunity, structural determinants of receptor binding,
engineered DBP immunogens, and recent advances in DBP-based vaccination. Numbers in parentheses
correspond to the references. Illustration was created with assistance from ChatGPT (OpenAI) and
Gemini (Google) and reviewed by the authors for scientific accuracy.
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