

[image: Cover: Factors determining the outcomes of immune imprinting after repeated orthoflavivirus infections]






    Table of Contents

  
    	Cover

    	Factors determining the outcomes of immune imprinting after repeated orthoflavivirus infections 
    
      	1 Introduction

      	2 Factors affecting B-cell-mediated immune imprinting 
      
        	2.1 Antigenic distance of prior exposures

        	2.2 The nature of primary exposure 
        
          	2.2.1 Antigenic threshold

          	2.2.2 Order of sequential antigenic exposure

        


        	2.3 Antigen conformation 
        
          	2.3.1 Heterogeneity of orthoflaviviruses

          	2.3.2 Dynamic conformational changes of the E glycoprotein

          	2.3.3 Immunodominance

        


        	2.4 Epitope masking by cross-reactive antibody or glycan composition

        	2.5 Host genetics

      


      	3 Future directions 
      
        	3.1 B cell repertoire and clonal evolution analyses in repeated orthoflavivirus exposures

        	3.2 Landscape mapping of serum-level antibody

        	3.3 Fine mapping of the antigenic structure of orthoflaviviruses

      


      	Author contributions

      	Funding

      	Conflict of interest

      	Generative AI statement

      	Author disclaimer

      	References

    


  

Landmarks

  
    	Cover

    	Table of Contents

    	Start of Content


  


Print Page List
  
    	 Page 01. 

    	 Page 02. 

    	 Page 03. 

    	 Page 04. 

    	 Page 05. 

    	 Page 06. 

    	 Page 07. 

    	 Page 08. 

    	 Page 09. 

    	 Page 10. 

    	 Page 11. 

    	 Page 12. 

    	 Page 13. 

    	 Page 14. 

    	 Page 15. 

  




REVIEW

published: 16 July 2025

doi: 10.3389/fimmu.2025.1560851

[image: Frontiers: Stamp Date]


Factors determining the outcomes of immune imprinting after repeated orthoflavivirus infections


Gielenny M. Salem 1†, Fan-Chi Chen 2, James J. Cai 3 and Day-Yu Chao 2,4,5*†


1 Infection Biology Program, Global Center for Pathogen Research and Human Health, Lerner Research Institute, Cleveland Clinic, Cleveland, OH, United States, 2 Doctoral Program in Microbial Genomics, National Chung Hsing University and Academia Sinica, Taichung City, Taiwan, 3 Department of Veterinary Integrative Biosciences, Texas A&M University, College Station, TX, United States, 4 Graduate Institute of Microbiology and Public Health, College of Veterinary Medicine, National Chung Hsing University, Taichung City, Taiwan, 5 Department of Post-Baccalaureate Medicine, College of Medicine, National Chung Hsing University, Taichung City, Taiwan




Edited by: 

George William Carnell, University of Nottingham, United Kingdom

Reviewed by: 

Nanda Kishore Routhu, Emory University, United States

Kelsey Lowman, National Institutes of Health (NIH), United States

*Correspondence: 

Day-Yu Chao
 dychao@nchu.edu.tw

†ORCID: 

Day-Yu Chao
 orcid.org/0000-0001-7139-026X 

Gielenny M. Salem
 orcid.org/0000-0001-6077-1606


Received: 15 January 2025

Accepted: 09 June 2025

Published: 16 July 2025

Citation:
Salem GM, Chen F-C, Cai JJ and Chao D-Y (2025) Factors determining the outcomes of immune imprinting after repeated orthoflavivirus infections. Front. Immunol. 16:1560851. doi: 10.3389/fimmu.2025.1560851



Orthoflaviviruses, a group of arthropod-borne viruses, represent a significant global health threat, with hundreds of millions of infections each year, often leading to severe clinical outcomes. This Review elucidates the complexities of immune imprinting, also known as original antigenic sin (OAS), and its influence on immune responses to repeated, heterologous orthoflavivirus infections. We examine how initial exposure to a virus can shape subsequent immune responses, potentially resulting in sub-optimal binding of pre-existing antibodies to related but distinct viruses. Although OAS is often linked with adverse outcomes, such as enhanced disease severity in dengue due to antibody-dependent enhancement, we re-introduce the concept of “antigenic seniority,” which highlights the potential advantages of prior exposures by promoting cross-protection against related variants. This perspective underscores the dual nature of immune imprinting and its implications for vaccine development and therapeutic strategies against orthoflavivirus infections. By exploring the delicate balance between protective and maladaptive immune responses, we emphasize critical considerations for developing effective vaccines and interventions in the context of evolving viral threats.
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1 Introduction

Orthoflaviviruses, primarily transmitted to humans by arthropod vectors, include several globally significant pathogens, such as Japanese encephalitis virus (JEV), Yellow fever virus (YFV), West Nile virus (WNV), dengue virus (DENV), and the newly emergent Zika virus (ZIKV) (1). These viruses are responsible for hundreds of millions of infections annually, often leading to severe clinical outcomes, such as encephalitis, hemorrhagic fever, and shock syndrome (2). Further, orthoflaviviruses are classified into serocomplexes based on antigenic relatedness, cross-reactivity, and cross-neutralization, including JEV (with WNV), DENV, Spondweni (with ZIKV), YFV, and tick-borne encephalitis virus (TBEV) (3). Antibodies against viruses within the same serocomplex can cross-neutralize related viruses but fail to do so across different serocomplexes, except in the case of DENV serotypes (4, 5). The co-circulation of multiple orthoflaviviruses in certain regions, coupled with increasing vaccination coverage for YFV and JEV and the modern surge in human geographic mobility, have heightened the likelihood of exposure to multiple orthoflaviviruses throughout a person’s lifetime. This raises the critical question of how pre-existing immunity, shaped by prior infections or vaccinations, influences the outcome of subsequent vaccination or infection with a heterologous orthoflavivirus.

When the immune system first encounters a foreign antigen (primary-encountered antigen, PEAg), such as a surface protein of a given virus, the immune response leads to the generation of specific antibodies and cytotoxic T lymphocytes. During the primary response, a fraction of the specific B- and T-lymphocytes will differentiate into memory cells. Memory B and T cells generated during primary immune response can rapidly respond to the same antigen upon re-exposure if they later encounter the same antigen. However, when the immune system encounters a secondary Ag (second-encountered antigen, SEAg), which is structurally similar but distinct antigen, the pre-existing antibodies induced from the PEAg bind to SEAg ineffectively (does not lead to virus neutralization), resulting in an impaired or ineffective immune response to the SEAg (Figure 1) (6–8). This phenomenon has been termed the original antigenic sin (OAS) and was first described by Thomas Francis Jr. in 1960 (9).

[image: Diagram illustrating antigenic responses. PEA antigens (PEAg) interact with antibodies, leading to three scenarios: (I) Cross-reactive neutralizing antibodies bind to secondary antigens (SEAg), causing positive original antigenic sin (OAS). (II) Cross-reactive non-neutralizing antibodies result in negative OAS. (III) Type-specific antibodies bind, leading to no OAS. Legend shows colors for epitopes and antibodies: type-specific and cross-reactive.]
Figure 1 | The impact of Original Antigenic Sin (OAS) on the outcomes of sequential orthoflavivirus infections. Exposure to the primary-encountered antigen (PEAg) or virus results in a long-lived memory B cell immune response, also generating type-specific antibodies that recognize epitopes labeled in blue or purple stars. Re-exposure to a secondary encountered antigen (SEAg), similar to PEAg, will result in three different scenarios of immune response outcomes, depending on whether the epitopes are conserved and the antibody is neutralizing. (I) Re-exposure to SEAg with the conserved epitopes labeled in green star induces a memory-boosting protective immune response to a cross-protective neutralizing antibody response. However, such a memory B cell response will prevent or significantly limit the ability of naïve B cells with epitope specificities to yellow and red stars from developing. In this scenario, although OAS results in a higher immune response to the PEAg than SEAg, the anti-Green antigen memory response confers some protection against SEAg infection, thus positive outcomes due to OAS. (II) In this scenario, the memory response to Green is non-protective, resulting in higher virus replication of SEAg through antibody-dependent enhancement (ADE), thus negative outcomes due to OAS. (III) This scenario depicts two separate exposures. Since no epitopes are shared between PEAg and SEAg, the antibody response to SEAg will be a primary exposure, unaffected positively or negatively by prior exposure to SEAg. The panels were original creations and selected source icons were created with Biorender.com.

OAS has been implicated in several viral infections, including influenza, dengue, and SARS-CoV-2 (10–12). In the case of dengue, primary infection could induce cross-reactive antibodies but of non- or sub-neutralizing nature. These antibodies can enhance virus infection through Fcγ-receptor-mediated viral entry, known as antibody-dependent enhancement (ADE). ADE has been linked to more severe clinical outcomes such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), with complications being more prevalent among patients with a history of DENV infection by the heterologous serotypes (11, 13).

While OAS generally implies the negative consequences of pre-existing immunity, it can be beneficial by offering protection against antigenically related virus strains (Figure 1). A more nuanced concept, “antigenic seniority,” provides a refined model of immune imprinting, highlighting how prior exposure to a pathogen shapes subsequent immune responses (12, 14). In this model, antibodies from initial exposure take a “senior position” in the immune framework, and responses to future infections or immunizations preferentially boost these pre-existing antibody responses while generating new, but often weaker, antibody responses. This back-boosting aspect of OAS can have a relative protective effect when novel virus variants emerge, such as has been shown for influenza or COVID-19 (15–17). For example, in the case of Omicron breakthrough infections among individuals vaccinated with the Wuhan (Wu) strain, immune responses were dominated by cross-reactive memory B cells (MBCs) targeting epitopes shared across multiple SARS-CoV-2 variants. This preferential recall may result from strong immune imprinting due to repeated exposure to the Wu S protein, which is antigenically dominant in bivalent vaccines (18). Exploiting this model of antigenic seniority will be key in developing vaccines with broader protection against SARS-CoV-2, SARS, MERS-CoV, and other viral infections (19). Although OAS or cross-reactive immunity has been extensively reviewed in DENV or ZIKV infections (20), a deeper understanding of antigenic seniority is essential for improving the effectiveness of vaccine development, particularly in the face of newly emerging orthoflaviviruses, and offers insights into why certain vaccines appear less effective against specific variants of concern.

The phenomenon of OAS exemplifies a double-edged sword of immunological memory: it can either enhance protection against closely related strains or hinder the immune system’s ability to elicit a protective response to novel viral variants. Since the geographic expansion of ZIKV circulation in Central and South America after 2016, there has been growing concern that prior immunity to DENV may exacerbate the severity of ZIKV infection (21). Although in vitro and ex vivo models suggested that the sera from individuals with prior DENV infection can enhance ZIKV infection, longitudinal cohort studies have not consistently shown that ADE leads to severe disease outcomes in ZIKV-infected individuals (22). The outcomes of an antibody response in protection or enhancement from infection are influenced by its magnitude, isotype, affinity, breadth, and duration, interacting with the heterogeneity of virion structures. Additionally, the effect of antibody feedback modulated by different immune cells in vivo has a positive or negative impact on the outcomes of viral infection, as recently reviewed (23), which may explain the discrepancies between the in vitro and clinical findings. The antigenic variability of the infected viral strains also plays an important role (24). Furthermore, a recent study suggests that prior exposure to JEV followed by DENV infection may induce broadly neutralizing antibodies capable of targeting not only JEV and DENV but also ZIKV, a virus the immune system has not yet encountered (25). In this Review, we examine the factors potentially influencing different clinical outcomes of immune imprinting, particularly focusing on the generation and selection of high-affinity B cells and how these processes could be either beneficial or harmful in the context of repeated orthoflavivirus infections or vaccination. While T-cell-mediated immune imprinting is also an important consideration, it will not be the focus of this Review.




2 Factors affecting B-cell-mediated immune imprinting

Immune imprinting can lead to diverse B-cell-mediated immune outcomes upon repeated exposure to heterologous antigens. The nature of these outcomes is shaped by several key factors, which include (1) the kinetics of the immune response (i.e., the relative timing and magnitude of memory versus naïve B and T cell responses); (2) the affinity and functionality of antibodies generated; and (3) the breadth and diversity of the immune response at the time of antigen encounter. Additionally, the impacts of immune imprinting are strongly influenced by the degree of antigenic relatedness based on amino acid sequence composition (antigenic distance), the nature of the antigen (antigenic threshold), feedback of the antibodies induced from prior exposure, antigen conformation, glycosylation patterns, and any structural constraints imposed by epitope masking. The widespread distribution, shared antigenicity, and evolutionary relationships of orthoflaviviruses contribute to cross-reactive immune responses across multiple orthoflaviviruses (26, 27). Here, we will explore in greater detail how these factors dictate the nature and efficacy of the B cell response to repeated orthoflavivirus exposures (Figure 2).
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Figure 2 | Germinal center dynamics and factors influencing the outcomes of an immune response upon repeated exposure to viral antigens. Upon initial antigen exposure, B cell responses to viral antigens generate plasmablasts (PBs) and long-lived plasma cells (LLPCs), which produce antibodies that neutralize, opsonize, and activate complement against specific antigens on the invading pathogen. Efficient interactions with the T cell receptor (TCR) and CD40 ligand (CD40L) expressed on antigen-specific follicular helper T cells (Tfh) determine the fates of activated B cells, which either lead to further B cell activation, proliferation and differentiation into long-lived PBs or into MBCs migrating to secondary lymphoid tissues for germinal center (GC) formations. MBCs are crucial components of long-term humoral immunity. Upon antigen re-exposure, memory B cells can rapidly become antibody-producing plasma cells or re-enter GCs to undergo further antibody somatic hypermutation (SHM), class-switch recombination (CSR), and affinity maturation. The re-participation of memory B cells in the GC reaction is important for generating broadly neutralizing antibodies against highly mutating viruses. Six factors influence the outcomes of an immune response upon repeated exposure to viral antigens, including antigenic distance, antigenic threshold, antibody feedback, virion heterogeneity, epitope masking from prior exposure, and host genetics. All panels were original creations with source icons created with Biorender.com. FDC, follicular dendritic cell.



2.1 Antigenic distance of prior exposures

The “antigenic distance hypothesis,” proposed by Smith et al., posits that the efficacy of vaccines is primarily influenced by the antigenic relatedness between previous vaccine strains, the current circulating variants, and newly emergent epidemic strains (28, 29). This framework offers insights into why individuals infected with H1N1 influenza viruses during childhood (and thus imprinted with H1N1-specific antigens) are subsequently protected against infections with antigenically similar strains, like H5N1, but exhibit less protection against more distantly related strains, such as H3N2. A parallel phenomenon can be observed with SARS-CoV-2, where exposure to the virus in late 2019 and its subsequent variants, either through infection or vaccination, led to significantly higher antibody titers against emerging variants, providing a degree of cross-protection (30).

In the context of orthoflaviviruses, within the Flaviviridae family, antigenic distance plays a crucial role in shaping immune responses. These enveloped viruses share a positive-sense single-stranded RNA genome that encodes 10 proteins, including the envelope (E) protein, which harbors key antigenic determinants (31). Although orthoflaviviruses are antigenically related, they exhibit genetic diversity in their E protein sequences. For instance, JEV and WNV share 79% sequence identity in their E proteins, whereas ZIKV displays an intermediate identity, ranging from 54–58% with JEV and WNV, and 40–46% identity with Yellow fever virus (32, 33). Antigenic distance, distinct from genetic distance, refers to how different the antigens (such as proteins on the surface of a virus or bacteria) of two different strains or variants are from each other. It is typically quantified by measuring the differences in epitopes between two strains or variants relative to the reciprocal neutralizing antibody titers. Despite the difference, the segregation observed in phylogenetic trees often mirrors, but not always, the division of orthoflaviviruses into distinct serocomplexes based on the extent of shared epitopes between strains (5, 27, 32, 34). A notable example is seen with dengue viruses, which cluster more closely based on the antigenic distance rather than their traditional serotype classification or sequence diversity (35). This has been demonstrated using antigenic maps constructed from neutralizing antibody titers in African green monkeys and human vaccination or infection data. These findings highlight how antigenic distance influences the degree of cross-reactivity, ultimately resulting in ADE or immune protection following exposure to different orthoflaviviruses. A recent study confirmed that the risk of hospitalization after dengue infection depends on the antigenic distance between an individual’s primary and secondary infections, with higher risk occurring at intermediate levels of antigenic distance (36, 37).

Although the negative imprinting effect of ADE through cross-reactive antibodies and its association with severe disease outcomes after repeated orthoflavivirus infection have been extensively reviewed (11, 13), the positive imprinting effect examples of cross-protection can be found in murine or human studies. In mice, prior exposure to orthoflaviviruses like DENV or YFV reduced viremia and mitigated the pathology during subsequent ZIKV infection, with the most robust protection being homologous primary ZIKV infection, followed by DENV-2 exposure (38). Further studies using immune-deficient AG129 mice highlighted that immunity to DENV-2 and ZIKV significantly suppressed YFV viremia, with humoral immune responses being the primary mediators of cross-protection, particularly after CD4+ or CD8+ T cell depletion (39). In humans, individuals in DENV-endemic regions who had repeated exposures to DENV exhibited higher neutralizing antibody (NAb) titers against ZIKV than those with a single DENV exposure (40), and no increase in ZIKV disease severity was observed in longitudinal studies conducted in Nicaragua (41–43). Conversely, prior ZIKV infection could enhance subsequent DENV infections, leading to more severe disease outcomes, a phenomenon that appears to be serotype-dependent (44, 45). Given that DENV and ZIKV share immunodominant epitopes and have similar antigenic distance, the differing outcomes depending on the order of infection may be affected by the structural differences between DENV 1–4 and ZIKV. These structural differences may modulate the virion thermostability, susceptibility to neutralization, and cell infectivity, as discussed in Section 2.3 “Antigen conformation”. Other potential explanations, such as the order of infection, discussed in Section 2.2.2, “Order of sequential antigenic exposure” could also play crucial roles in modulating host immune responses. Recent studies have identified specific cross-reactive human monoclonal antibodies that play a protective role against multiple orthoflavivirus from different sero-complexes. For example, antibodies recognizing the lateral ridge of domain III of the E protein in both ZIKV and DENV-1 have been shown to neutralize both viruses and protect mice from the ZIKV challenge (46). Similarly, cross-reactive antibodies between DENV and JEV recognize shared quaternary epitopes, leading to neutralization and protection against both viruses (25). In contrast, viruses such as tick-borne encephalitis virus (TBEV) and YFV are less antigenically related to other orthoflaviviruses, except for a shared fusion-loop epitope (FLE). Sequential exposure to TBEV and YFV, as seen in individuals pre-vaccinated with TBEV and later vaccinated with the YFV-17D vaccine, results in high cross-reactive IgG antibodies targeting the FLE. These antibodies exhibit poor neutralizing capacity but can enhance future DENV and ZIKV infections in vitro, highlighting the potential risks of immune imprinting in cross-reactive immune responses (47, 48).

Although there are debates between antigenic distance and the outcomes of immune imprinting, recent advances in molecular fate-mapping could further refine our understanding of how antigenic distance shapes immune memory. Schiepers and colleagues (49) introduced a novel fate-mapping approach that enables the tracking of the origins of the serum antibodies back to their specific B cell cohorts, providing insight into the dynamics of OAS. Their study demonstrated that sequential homologous exposures lead to a phenomenon termed “primary addiction”, where recall antibody responses are dominated by MBCs from the initial exposure, thereby suppressing de novo responses from naïve B cells. However, this imprinting effect sharply declined with increasing antigenic distance between priming and boosting antigens, allowing for the recruitment of new B cell clones. Although this work was conducted in the context of influenza and SARS-CoV-2, its principles and implications can be extended to orthoflaviviruses. The ability to quantify the relative contributions of primary versus de novo B cell responses holds promise for dissecting how antigenic distance between the primary and subsequent exposure antigens shapes the immune outcomes at the serum level, given the complexity of distinguishing pre-existing from newly activated B cell responses following heterologous infection or vaccination.




2.2 The nature of primary exposure

Upon initial antigen exposure, B cells in secondary lymphoid organs can function as antigen-presenting cells (APCs), which bind native, unprocessed antigens via their B cell receptors (BCRs), process them, and present the resulting peptides on major histocompatibility complex (MHC) class II molecules to CD4+ T cells (50). In contrast, when a B cell encounters an antigen that has been processed and presented on MHC class II molecules by another antigen-presenting cell (APC), such as a dendritic cell or macrophage, recognition of antigen-MHC complexes occurs indirectly through a helper T cell-mediated process. In this context, T helper cells (CD4+ T cells) engage with the MHC class II-bound antigenic peptides on the surface of the APCs via their T cell receptors (TCRs) and CD40 ligand (CD40L). This interaction facilitates B cell activation through cytokine signals and direct cell-to-cell contact, promoting a more robust immune response. This two-way interaction between B and T cells subsequently contributes to B cell activation, differentiation, and proliferation. These interactions ultimately determine whether activated B cells will differentiate into antibody-producing long-lived plasma cells (LLPCs) or MBCs, which migrate to secondary lymphoid tissues to establish GCs. MBCs are essential for long-term humoral immunity, providing rapid and enhanced responses upon antigen re-exposure. Upon reactivation, MBCs can rapidly differentiate into antibody-secreting LLPCs or re-enter GCs to undergo further rounds of somatic hypermutation and affinity maturation.



2.2.1 Antigenic threshold

The antigenic threshold theory posits that the magnitude of BCR cross-linking alone does not solely dictate the quality and longevity of the humoral response. Instead, it suggests that a threshold of antigenic stimulation, achieved during infection or vaccination, is required to drive sufficient proliferation and differentiation of antigen-specific B cells into long-lived plasma cells capable of sustaining protective antibody titers over time (51). Vaccines containing multimeric antigens typically elicit robust BCR engagement in combination with CD4+ T cell help, thereby promoting the generation of durable LLPCs and conferring long-term immunity (51). Nonetheless, some multivalent vaccines provide only partial or transient protection despite presenting multiple epitopes, necessitating booster doses. These findings suggest that multivalency alone is insufficient to reliably determine the duration of protective humoral immunity. Rather, durable and long-term immunity depends on surpassing a critical antigenic threshold that ensures the generation of a stable pool of LLPCs necessary to maintain long-term serological memory.

MBC and LLPCs participation, particularly in the GC reaction, is thought to be crucial for generating and maintaining protective neutralizing antibodies, especially against rapidly mutating viruses such as HIV and influenza. Recent studies have begun to illuminate the mechanisms by which the fate of B cells is controlled, with transcriptional and epigenetic regulation emerging as central determinants of B cell differentiation (52). In particular, the IRF4-dependent imprinting of activation history has been shown to progressively shape B cell differentiation from naive cells to the terminal plasma cell stage. In this framework, if the stimulation is sufficiently strong to induce critical thresholds of IRF4 and BLIMP1 expression, B cells may bypass the GC and MBC stages and differentiate directly into LLPCs. This progressive differentiation model not only explains the gradual increase in LLPC output from GCs, as observed during COVID-19 infection, but also accounts for the variations in the quality and timing of the B cell response under different immunological conditions (12, 15). In severe cases of COVID-19, diminished Tfh cells impair the GC reaction, resulting in reduced affinity maturation and the emergence of MBC clones with low-affinity BCRs, indicative of impaired antibody responses. Similarly, immunization studies using domain III of West Nile virus (WNV) and Japanese encephalitis virus (JEV) have shown that pre-existing MBC diversity can limit the affinity maturation of the recall response, confining it to low-affinity clones; this suggested that MBCs in these cases were restricted by pre-existing clonal diversity, leading to the selection of low-affinity clones (53).

A similar phenomenon has been observed with the tetravalent dengue vaccine, Dengvaxia®, which included the structural proteins from four DENV serotypes (DENV1-4) on a YFV-17D backbone. Despite its multivalent design, the vaccine failed to confer sufficient efficacy in dengue-naïve individuals and was effective primarily among those with prior exposure to dengue viral infection (54). In contrast, other vaccines, such as the JEV vaccine, have been shown to induce more durable immune responses. The chimeric nature of Dengvaxia® vaccine induces a different immunological profile compared to other orthoflavivirus vaccines containing single viral entity, such as the JEV vaccine strain SA14-14-2. Although the underlying mechanism remains to be explored, it is likely that strong protection can be achieved if a single vaccine dose is sufficient to induce critical thresholds of IRF4 and BLIMP1 expression (55). Dengvaxia® targets four DENV serotypes, likely requiring a more complex immune response tailored to each serotype’s epitopes, as shown in the influenza vaccine (56). Its efficacy varies with prior dengue exposure, such that individuals with prior infection benefit from enhanced protection, whereas seronegative individuals may face an increased risk of severe disease upon subsequent infection (57). This underscores the importance of the antigenic threshold and the importance of eliciting appropriate Tfh cell responses. Investigating how immune imprinting influences vaccination outcomes, especially in tetravalent vaccines, will provide valuable insights into immunity and vaccine development (58).




2.2.2 Order of sequential antigenic exposure

The order in which antigenic exposures occur plays a critical role in shaping the immune response, particularly during infections with closely related viruses. This principle, well-illustrated during the COVID-19 pandemic, revealed that sequential exposures to antigenically distinct variants of SARS-CoV-2 may blunt the development of robust immune “memory” (59). Similar findings have been exemplified by studies in primates and humans involving sequential orthoflavivirus infections. In DENV infections, heterologous secondary infections, distinct from the primary exposure, are associated with increased disease severity through ADE. Yet, recent studies suggest that this risk of hospitalization in secondary DENV infections is not solely determined by the serotype combination but also by the specific order of infections and the antigenic distance between the primary and secondary strains (36, 37). Experimental studies in non-human primates (prior exposure to DENV-3 or ZIKV, followed by secondary ZIKV infection) further support this concept. In rhesus macaques, hallmarks of immune imprinting were supported by (i) altered plasmablast response, (ii) reduced BRC diversity and somatic hypermutation, (iii) boosting of pre-existing DENV-3 neutralizing antibodies, and (iv) non-reciprocal cross-reactive IgG. Firstly, prior DENV-3 exposure led to a higher proportion of IgG-expressing plasmablasts during subsequent ZIKV infection, indicating isotype skewing shaped by DENV-3 priming. Single-cell sequencing, which tracked clonal expansion, revealed that DENV-3 primed animals also displayed lower somatic hypermutation and reduced variable gene diversity, reflecting a constrained, imprinted B cell response. ZIKV infection also triggered a 2- to 3-fold increase in pre-existing DENV-3 neutralizing antibodies, consistent with an anamnestic response. Lastly, DENV-3 infection elicited persistent ZIKV-binding IgG, but not the reverse, highlighting how infection order shapes immune memory (60). Another study on non-human primates with a tertiary DENV-4 infection showed that the order of prior exposure to DENV-2 or ZIKV influenced the immune response in early control of viremia, even in the absence of CD4+ T cells (61). Additionally, high levels of broadly cross‐reactive antibodies were found in samples from TBEV-infected patients pre-vaccinated with the YFV vaccine as well as in DENV patients pre-vaccinated against TBEV and/or YFV vaccines. While the cross‐reactive antibodies from YFV vaccination did not neutralize TBEV, they were effective in neutralizing DENV and dengue virus infections (62). Similarly, prior ZIKV infection enhanced subsequent DENV disease severity, but not the reverse order (44, 45).

The possible mechanistic explanation for these order-dependent outcomes is the effect of antibody feedback, a regulatory process first documented in 1909 (63). Antibody feedback can either enhance or suppress humoral responses by modulating antigen availability and B cell selection. As discussed by Cyster and Wilson (23), this mechanism exerts both stimulatory and suppressive effects on GC dynamics, modulating B cell selection, affinity maturation, and clonal expansion. In the context of sequential orthoflavivirus infections, pre-existing antibodies from prior exposure can limit antigen accessibility through epitope masking, thereby dampening the recruitment of naïve B cells and favoring the reactivation of MBCs targeting conserved, often subdominant, epitopes. A well-documented form of negative antibody feedback is antibody-dependent enhancement (ADE), where non-neutralizing or sub-neutralizing antibodies facilitate viral entry into Fcγ-receptor-bearing cells, exacerbating viral replication and contributing to severe disease. In dengue, ADE has been mechanistically and epidemiologically linked to severe outcomes during secondary infections with heterologous serotypes (11, 34). However, antibody feedback is not solely detrimental. In early phases following primary infection, cross-reactive antibodies may transiently provide heterotypic protection, particularly if neutralizing titers remain high (64). Beyond the acute phase, though, immune imprinting by previous orthoflavivirus exposures can bias MBC responses toward previously encountered epitopes. Notably, upon secondary exposure, MBCs preferentially re-engage familiar epitopes; sometimes at the expense of generating new, virus-specific neutralizing responses (65). Moreover, circulating antibodies may enhance antigen uptake though immune complex formation, promoting presentation and germinal center activity, and potentially boosting responses to shared antigenic sites. These contrasting forces of antibody feedback are relevant in shaping the breadth and quality of MBCs responses during heterologous infections, directly influencing outcomes such as cross-protection or ADE.





2.3 Antigen conformation

Antigen conformation refers to the structural characteristics of the antigen. The structural characteristics of the epitopes and their spatial arrangement are crucial in preferential recognition by the host to elicit humoral response and are influenced by the (i) heterogeneity of virions, (ii) their dynamic conformational changes, and (iii) immunodominant epitopes.



2.3.1 Heterogeneity of orthoflaviviruses

The heterogeneity in orthoflavivirus antigenic structures is dictated by variable mature, partially mature, or immature virion status due to differences in the maturation process (66). The maturation process of orthoflaviviruses is a key determinant of the structural diversity, resulting in heterogeneous virion particles, and may explain the complexity of disease outcomes. During replication, orthoflaviviruses undergo a series of conformational changes, forming non-infectious virions with icosahedral symmetry composed of prM and envelope (E) protein heterotrimers (67). As these particles transit through the acidic environment of the Golgi apparatus, prM proteins are cleaved by the cellular protease furin, leading to rearrangement of E proteins into a herringbone pattern. This maturation process results in a smoother and infectious virion, while the incomplete prM cleavage yields partially mature, mosaic virions that exhibit mature and immature structural features (68–70). These heterogeneous and dynamic infectious particles circulate in infected hosts and may interact at various sites at the host cell surfaces and the immune system, which adds complexity to the immune responses, as antibodies may differentially recognize mature, immature, and mosaic virions (68, 71, 72). In DENV infections, such heterogeneity of virion particles has been suggested to be influenced by serotypes, genotypes, or strains, viral passage history, and the target cell types supporting viral replication (67, 68, 73). The variation in the virion population, coupled with antigenic differences between virus strains, could impact the immune response and, by extension, the disease severity (22, 44). Additionally, studies showed that the compositions of the polyclonal sera after repeated exposures to heterogeneous orthoflaviviruses were highly variable (5, 74). Since the traditional neutralization assays cannot fully capture the protective potential of the polyclonal response, a recent study suggests that using mature viruses could serve as correlates of protection (75).




2.3.2 Dynamic conformational changes of the E glycoprotein

Besides heterogeneity of orthoflavivirus particles, extensive studies observed the temperature-dependent large-scale morphological changes, termed “virus breathing,” that expand the envelope (E) glycoprotein structure and affect the exposure of antigenic sites (76). The dynamic conformational changes of E proteins during maturation are also crucial for virus-cell membrane fusion (72). The E protein is structured into three domains: I, II, and III (33, 72). A critical domain within domain II is the fusion loop (FL), which is highly conserved among all orthoflaviviruses and pivotal in viral fusion and host cell entry (77). During viral maturation, the hydrophobic residues of FL are buried in the adjacent E monomer, making them less accessible on the mature virions unless the particles undergo conformational changes, such as those occurring during a viral expansion (i.e., during fever, where the virus “breathes” or in a partially mature stage). However, upon viral entry, conformational changes induced by the acidic pH in endosomes allow the FL to be exposed, and consequently generation of antibodies that recognize and bind to this epitope (78). Notably, these small-scale protein dynamics consequently influence their interactions with the immune system and infectivity.




2.3.3 Immunodominance

Certain epitopes on the virus tend to elicit a stronger immune response over others. This phenomenon, referred to as immunodominance, occurs because the immune system more efficiently recognizes these epitopes due to their accessibility or higher affinity for peptide-MHC interactions (79). The E protein is the major target of neutralizing antibodies and constitutes epitopes that vary in immunogenicity, such as immunodominant, subdominant, or rare epitopes. Immunodominant epitopes are the primary antigenic peptides that preferentially initiate most of the immune response during initial antigen exposure (80). Among orthoflaviviruses, the fusion loop (FL) often serves as an immunodominant epitope, frequently targeted by both primary and secondary infections (34, 81). Antibodies targeting the FL region of E protein are further categorized into FLE- (FL-E monomer) and EDE-(envelope dimer epitope) recognizing antibodies (71). Given the conservation of the FL peptide, these FLE-directed antibodies dominate the immune response during orthoflavivirus infection, are generally cross-reactive across all orthoflaviviruses, but are often weakly neutralizing (34). Evidences showed that FLE antibodies contributed to ADE-associated severity upon dengue secondary infection (82, 83). A cluster of antigenic determinants at the tip of the TBEV E protein FL peptide revealed that these determinants are cryptic and mostly inaccessible at the surfaces of infectious virions, explaining the lack of efficient neutralizing activity (77). This immunodominant targeting of the FL likely reflects both its structural conservation and its recurrent presentation during infection, which can skew the antibody repertoire and affect subsequent responses through immune imprinting. Thus, these FL-directed antibodies can outcompete responses to more protective, subdominant epitopes such as the EDE. Broadly neutralizing EDE antibodies recognize the interface between two E monomers (71, 84), and target the mature and intact virion, neutralizing all four serotypes of DENV and ZIKV, thereby offering broader protection (34, 85). Though highly neutralizing, antibodies targeting domain III are typically less prevalent and constitute only a fraction of the humoral response (86). A recent study also showed that using different forms of the E protein (monomeric and dimeric) for absorption assays to dissect the complexity of polyclonal sera after repeated orthoflavivirus exposures is critical in determining actual protective capacity against subsequent infections (48). Finally, rare or non-immunodominant epitopes are seldom targeted by the immune system but may become more prominent by repeated exposures or in certain individuals, as in the case of potently cross-neutralizing EDE antibodies or antibodies recognizing the C-C’ loop of domain III (87, 88). These non-immunodominant but functionally relevant antibodies may gain therapeutic advantage against orthoflavivirus infections (89). Overall, this skewed epitope targeting leads to the preferential recall of immunodominant epitopes and shape the humoral response, even when they are not the most effective at neutralization.

Additionally, immunodominance is influenced by the intrinsic affinity of peptides for MHC molecules. Studies showed that peptides with higher affinity for MHC class II molecules are more likely to be presented and recognized by CD4+ T cells, leading to a dominant immune response against those epitopes (79). The relative positioning of B and T cell epitopes within an antigen can also influence immunodominance (90). Regions bound by immunodominant antibodies are often adjacent to CD4 epitopes, potentially boosting their presentation and recognition by T cells (90). For example, DENV-specific CD4+ T cell recognized epitopes within the E protein, particularly in E domain III and the E-dimer region (91).





2.4 Epitope masking by cross-reactive antibody or glycan composition

The concept of epitope masking postulates that pre-existing antibodies, directed against conserved but non-neutralizing epitopes, promote antigen clearance while simultaneously inhibiting the ability of novel antigens to engage with memory and naïve B cells. This mechanism restricts de novo antibody production against similar or cross-reactive epitopes (92). In the case of heterosubtypic infections involving orthoflaviviruses, such as those caused by DENV serotypes or ZIKV, plasmablast proliferation is triggered, generating cross-reactive antibodies that preferentially target epitopes associated with prior orthoflavivirus infections, as observed in both human and animal models. However, these antibodies may also lead to suboptimal immune responses by binding weakly to the boosting antigen. This occurs through multiple low-affinity interactions with the surface B cell receptor, expressed at high density on MBCs. As a result, while the immune system generates substantial quantities of the soluble antibody, the resulting antibodies may not effectively neutralize the virus.

An alternative mechanism proposed by the epitope masking theory suggests that pre-existing antibodies that bind conserved epitopes can occlude immunodominant regions of the antigen (specifically the FLE epitopes), thus preventing them from being recognized by new B cells. This masking effect may paradoxically promote the formation of a de novo B cell response that targets the unmasked epitopes, which are rare or hidden but conserved across different orthoflaviviruses, such as those targeted by EDE antibodies, that were not encountered during the primary infection (Figure 3). A recent study demonstrated that glycan masking can be harnessed to selectively display epitope for antibody discovery (93). By introducing engineered N-glycosylation sites into DENV-2 EDIII, Nilchan and colleagues effectively shielded other known epitopes and only displayed the target binding sites. This strategy enabled the identification of highly potent neutralizing antibodies while minimizing ADE effects. Similarly, applying glycan masking to the N-terminal domain (NTD) and receptor-binding domain (RBD) of SARS-CoV-2 vaccine strain refocused the B cell responses onto the desired neutralizing epitopes, without compromising the antigen’s overall folded structure (94). These approaches offer a promising strategy for developing vaccines and therapeutics with a more targeted immune response and reduced risk of disease enhancement.

[image: Diagram illustrating cross-reactive antibodies. Panel A shows Envelope Dimer Epitope (EDE) and Fusion Loop Epitope (FLE), which are targets for specific antibodies. Panel B depicts interactions between various antigens (PEAg, SEAg, and TEAg) and antibodies, leading to different outcomes: cross-neutralizing EDE antibodies provide memory-boosting effects, non-neutralizing FLE antibodies cause negative antibody feedback, and epitope masking leads to strong boosting of non-EDE antibodies. A legend explains antigens, epitopes, and antibody types.]
Figure 3 | Epitope masking and Immune response outcomes in sequential Orthoflavivirus infections. There are three different scenarios of immune response outcomes to the tertiary encountered antigens (TEAg) after sequential exposure to primary encountered antigen or virus (PEAg) and secondary encountered (SEAg) in orthoflavivirus infection. (A) The cross-reactive antibody response after orthoflavivirus infection can be divided into envelope dimer epitope (EDE)-recognizing and fusion loop E-monomer (FLE)-recognizing antibodies. (B) (I) Re-exposure to SEAg with the conserved epitopes, labeled in green star, to all three antigens can induce a memory-boosting protective immune response to cross-reactive neutralizing EDE-like antibody response. (II) In contrast, such conserved and immunodominant epitope to TEAg, such as the FLE, could result in higher virus replication of TEAg through antibody-dependent enhancement (ADE). Hence, the memory response to the Green epitope results in negative antibody feedback and is nonprotective. (III) This scenario depicts that the memory response to the Green epitope can mask the FLE epitope, which is usually immune dominant. Consequently, the memory response to other conserved non-immune dominant epitopes labeled in orange could be boosted, providing a protective effect to TEAg. The panels were original creations and selected source icons were created with Biorender.com.

Orthoflaviviruses undergo post-translational modification with N-linked glycan chains, which are crucial for protein folding, stability, and virus entry. The glycosylation patterns on the virion surface, mainly on the E protein, can affect virion production (95, 96), susceptibility to neutralization (97), pathogenicity (98), and ultimately, modulate the immune response (22). In particular, contemporary ZIKV strains, associated with large outbreaks and neurodevelopmental malformations, possess an N-linked glycosylation site at position 154 (N154) on the E protein, which is absent in many historical strains (98). These glycosylated ZIKV strains demonstrated increased pathogenicity in ifnar-/- mice following peripheral administration compared to nonglycosylated variants. This difference may be attributed to enhanced attachment and infection of DC-SIGN- or lectin-expressing cells (98). The type of glycan, the differences in glycan composition among orthoflaviviruses, and the specific arrangements of these carbohydrate moieties on the virion surface can mask or expose epitopes, influencing neutralization potential by antibody recognition, and their ability to be recognized during sequential infections (97).

DENV contains two N-linked glycosylation sites at positions 67 (N67) and 153 (N153). While N153 (or N154 in ZIKV, WNV, and JEV) is conserved among orthoflaviviruses, N67 is unique to DENV and has been shown to enhance virus replication and tropism towards dendritic cells and macrophage-derived cells (22, 99, 100). This interaction was highly facilitated by high-mannose glycans, whereas complex sugars strengthen binding to DC-SIGNR. JEV mutants with a single or extra glycosylation at N67 increased binding to DC-SIGN, while wild-type JEV, with a single glycosylation site at N154, showed effective replication and a neurotropic advantage (101). Additionally, EDE-targeting neutralizing antibodies (EDE1 and EDE2) behave distinctly with ZIKV and DENV-2 due to the N67 glycan. EDE1 is glycan-independent and effectively neutralizes both viruses, whereas EDE2 requires N67 for neutralizing DENV-2 but enhances ZIKV infection (102, 103).

Besides the E protein, the prM protein is also glycosylated in various orthoflaviviruses. In DENV, glycosylation occurs at N7, N31, N52, and N69 (104); in ZIKV, it occurs at N69, (105); in JEV, at N15 and T17 (95, 96); and in WNV at N15 (106). The loss of prM N-glycosylation in ZIKV resulted in protein aggregation and activation of the ER stress response, negatively impacting the ZIKV infectious cycle (105). Similarly, glycosylation-null JEV mutants at E (N154) and prM (N15 and T17) residues demonstrated poor viral particle formation and secretion, indicating the importance of glycosylation motifs in proper folding and viral assembly (95, 96). Removal of prM and E glycosylation in WNV resulted in the production of modestly infectious particles (106). Overall, the glycosylation of both E and prM proteins in orthoflaviviruses plays an essential role in viral stability, immune evasion, and pathogenicity, making it a critical factor in both the immune response and vaccine development.




2.5 Host genetics

Host genetic variation, particularly in immune-related genes, significantly modulates the immune response through immune imprinting (107–109). One of the most influential regulators of adaptive immunity is the MHC encoded by the highly polymorphic human leukocyte antigen (HLA) gene locus. The polymorphism of MHC molecules results in the variability of peptides presented to T cells, as different MHC alleles possess unique peptide-binding grooves. This genetic variation can influence the efficiency and specificity of immune responses, including those generated by B cells. Specific alleles have been associated with both protective and increased susceptibility to severe disease outcomes, with distinct associations observed across various populations. Variations in classical HLA class I (such as HLA-A and HLA-B) and HLA class II (such as HLA-DR, HLA-DQ, and HLA-DP) molecules determine resistance, susceptibility, and severity of the infected host to orthoflaviviruses (110, 111). In the Vietnamese population, HLA class I alleles, such as HLA-A*33, have been linked to a lower risk of severe dengue hemorrhagic fever (DHF), while allele HLA-A*24 is associated with increased risk of DHF, especially during DENV-2 infections (112). HLA-DRB1*0901 has shown protective effects against developing severe dengue shock syndrome (DSS) (113). In a larger ethnic Thai cohort, HLA-A*0207, HLA-B*51, and HLA-B*52 predisposed individuals to DF or DHF (110). In contrast, HLA-A*0203 was linked to less severe dengue fever (DF), while HLA-B*44 and B*62 were protective against severe diseases in secondary infections. These associations were partly explained by the strong peptide-binding affinities of specific alleles, which facilitated T cell activation and enhanced protection. Among HLA class II alleles, HLA-DRB1*15:01 has been associated with increased interferon-gamma secretion, suggesting a role in enhancing immune responses (114). In contrast, HLA-DRB1*03 and HLA-DRB1*09 were linked with reduced risk of severe dengue, highlighting its potential protective role (115). Finally, robust CD4+ T cell responses associated with HLA-DRB1*0401, DRB1*0701 are linked to resistance, while weaker responses related to DRB1*08:02 increased susceptibility to severe dengue (116). These findings suggest that HLA alleles and their variations could inform disease risk or vaccine strategies, and are critical for immune imprinting.

Recent studies involving monozygotic twins have shown that genetic differences in MHC molecules can shape immune imprinting that is not solely determined by environmental exposures. Despite dissimilar memory responses to past exposures, both twins developed similar subtype preferences following influenza vaccination (117), underscoring the influence of genetic factors on immune imprinting.





3 Future directions

A review of in vitro, in vivo, or ex vivo human studies suggests that cross-reactive immunity generated by prior exposure to mosquito-borne orthoflaviviruses can influence the outcome of subsequent heterologous orthoflavivirus infections (118). However, many of these studies failed to track outcomes after sequential infections, particularly in non-diseased populations, leading to gaps in our understanding of the long-term dynamics of immune imprinting. Although few studies have explored cross-protection after repeated orthoflavivirus exposures, some evidence suggests that exposure to at least two heterologous orthoflaviviruses can protect against a third heterologous orthoflavivirus. For example, tertiary infections with different DENV serotypes, distinct from those of primary and secondary infections, often result in subclinical outcomes, indicating that prior infections can prime immune responses and confer protective immunity (4). Conversely, a tertiary dengue infection following prior ZIKV exposure can worsen disease severity, a pattern that is serotype-dependent (44). In contrast, protection is observed when the order of infection is reversed (i.e., ZIKV followed by DENV) (44). Furthermore, our recent findings of broadly neutralizing antibodies in DENV-recovered individuals with prior JEV exposure may explain the low incidence of ZIKV infections in Asia and provide a consistent framework for why West Nile virus (WNV) cases in South America are not prevalent (25, 119).

One major challenge in investigating immune imprinting through repeated orthoflavivirus exposures is the difficulty in recruiting recovered individuals with distinct exposure histories for longitudinal studies, particularly for collecting peripheral blood mononuclear cells (PBMCs) or secondary lymphoid tissues. To overcome this, we recommend establishing diverse longitudinal cohorts based on different infection and vaccination histories. Future work should integrate diverse approaches, combining epidemiology, single-cell transcriptomics, virology, novel animal models, and structure biology to provide a more comprehensive understanding of the complex and long-term effects of immune imprinting.



3.1 B cell repertoire and clonal evolution analyses in repeated orthoflavivirus exposures

The antibody response after repeated exposure to different orthoflavivirus is affected by the mechanistic intricacies of immune imprinting, which is influenced by the dynamic GC reaction following repeated antigen exposure. In GCs, activated B cells undergo iterative rounds of somatic hypermutation, where only the clones expressing the highest affinity receptors to the antigen are selected for clonal expansion by receiving survival signals from Tfh cells. However, a portion of MBC clones will undergo further affinity maturation, leading to inter-clonal competition and a progressive loss of MBC clonal diversity, given that selection favors clones with the highest antigen affinity to immunodominant epitopes (120, 121). Nevertheless, GC reactions continuously recruit activated B cells concurrently, leading to the breadth of the humoral response. Up to 30% of late-stage GCs consist of clones with limited rounds of mutations and low antigen affinity, suggesting that the entry and expansion of B cells specific for non-dominant epitopes is favored, thereby contributing to the maintenance of antibody diversity (122). Future studies should focus on the balance between clonal expansion, affinity maturation, and the preservation of diversity, using lineage tracing to explore the landscape of B cell repertoire evolution and competition (123).

To dissect the cellular interactions that shape these GC dynamics during sequential heterologous flavivirus exposures, newly developed tools such as the uLIPSTIC (universal labelling immune partnerships by SorTagging intercellular contacts) (124) mouse model present exciting opportunities. Using Staphylococcus aureus transpeptidase sortase A (SrtA) to covalently transfer a peptide substrate containing the motif LPETG onto an amino-terminal pentaglycine (G5) acceptor to label interacting cells, uLIPSTIC enables labelling of transient cell-cell interactions in vivo. A Rosa26uLIPSTIC mouse model, expressing a high level of mSrtA, was developed to identify GC-resident T follicular helper cells based on their ability to interact with germinal center B cells. Applying this system in orthoflavivirus models could help distinguish the T helper cells provided to recalled versus de novo B cell clones. When combined with fate-mapping or single-cell analysis, uLIPSTIC could provide a high-resolution view of GC dynamics during heterologous orthoflavivirus infections. Overall, these approaches would enhance our understanding of immunodominance, clonal dynamics, and how these processes influence long-term protective immunity, ultimately informing vaccine strategies to broaden and strengthen humoral responses (125, 126).




3.2 Landscape mapping of serum-level antibody

A key challenge in flavivirus immunology is deciphering the composition and origin of serum polyclonal antibody responses following sequential infections or vaccinations. The complex interplay between MBCs and GC reactions, often involving multiple rounds of affinity maturation, shapes the circulating polyclonal antibody pools and ultimately contributes to the outcomes of OAS. Despite the importance of understanding the origin and composition of serum polyclonal antibody pools, molecular analyses of immunoglobulin genes obtained from memory or GC B cells do not directly assess the composition of antibodies in the serum, limiting our ability to resolve the functional dynamics of polyclonal responses. Recent advances are beginning to overcome this barrier. In particular, the neutralization fingerprinting analysis framework (127) deconvolutes the serum antibody specificity using panels of well-characterized type-specific or cross-reactive monoclonal antibodies. This approach has already been applied to assess responses in seronegative and seropositive individuals receiving the TAK-003 tetravalent dengue vaccine, currently in phase 3 trial, providing a scalable framework for mapping neutralization specificities. Complementing this, the molecular fate-mapping approach (49) enabled researchers to trace the origins of serum antibodies back to specific B cell cohorts. Adapting this technique to heterologous orthoflaviviruses would enable the precise dissection of sequential exposures at the serum level. These recent advances would inform the rational design of vaccines that aim to balance breadth and specificity across antigenically diverse orthoflaviviruses.




3.3 Fine mapping of the antigenic structure of orthoflaviviruses

The antigenic relationships of orthoflaviviruses, conceptualized by Calisher in 1989 as “antigenic mirrors,” offer a valuable framework for understanding cross-reactive immunity (3). Future research should focus on expanding our understanding of the antigenic relationships between orthoflaviviruses, particularly by integrating structural and functional analyses of cross-reactive antibodies. Additionally, orthoflaviviral anti-envelope (E) antibodies are categorized into three categories based on their specificity: group-reactive (GR), complex-reactive (CR), and type-specific (TS) (88). While current knowledge of the antigenic structure of orthoflavivirus is primarily based on a limited set of antibodies derived from DENV or ZIKV infections (128, 129), with structure data based on cryo-electron microscopy or X-ray crystallography, there is a need for more comprehensive mapping of the antigenic determinants that drive cross-reactive responses after repeated exposure to different orthoflaviviruses. Emerging techniques, such as electron microscopy-based polyclonal epitope mapping (EMPEM), have shown promise in finely delineating epitope specificities of serum antibodies in response to natural infection or vaccination (130, 131). Combining structural mapping with the analysis of the landscape of MBC repertoires from the cohort with complex exposure history will enhance our understanding of how immune imprinting shapes humoral immunity and clinical outcomes. These insights could inform strategies for designing more effective vaccines and therapies that take into account cross-reactivity and long-term dynamics of immunity.






Author contributions

GS: Conceptualization, Writing – original draft, Writing – review & editing, Data curation, Visualization. FC: Visualization, Writing – review & editing. JC: Conceptualization, Writing – review & editing. DC: Conceptualization, Data curation, Funding acquisition, Writing – original draft, Writing – review & editing, Project administration.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the National Science and Technology Council (NSTC), Taiwan (Grant No. NSTC-113-2926-I-005-502-G).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Author disclaimer

Any opinions, findings, and conclusions expressed in this material are those of the authors and do not necessarily reflect the views of NSTC.




References

	 Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus genome: organization, expression and replication. Annu Rev Microbiol. (1990) 44:649–88. doi: 10.1146/annurev.mi.44.100190.003245, PMID: 2174669


	 Pierson TC, Diamond MS. The continued threat of emerging flaviviruses. Nat Microbiol. (2020) 5:796–812. doi: 10.1038/s41564-020-0714-0, PMID: 32367055


	 Calisher CH, K. N, Dalrymple JM, Shope RE, Porterfield JS, Westaway EG, et al. Antigenic relationships between flaviviruses as determined by cross-neutralization tests with polyclonal antisera. J Gen Virol. (1989) 70:37–43. doi: 10.1099/0022-1317-70-1-37, PMID: 2543738


	 Corbett KS, Katzelnick L, Tissera H, Amerasinghe A, de Silva AD, de Silva AM, et al. Preexisting neutralizing antibody responses distinguish clinically inapparent and apparent dengue virus infections in a Sri Lankan pediatric cohort. J Infect Dis. (2015) 211:590–9. doi: 10.1093/infdis/jiu481, PMID: 25336728


	 Rathore APS, St John AL. Cross-reactive immunity among flaviviruses. Front Immunol. (2020) 11:334. doi: 10.3389/fimmu.2020.00334, PMID: 32174923


	 Brown EL, Essigmann HT. Original antigenic sin: the downside of immunological memory and implications for COVID-19. mSphere. (2021) 6:e00056–21. doi: 10.1128/mSphere.00056-21, PMID: 33692194


	 Huang C, Vishwanath S, Carnell G, Chan A, Heeney J. Immune imprinting and next-generation coronavirus vaccines. Nat Microbiol. (2023) 8:1971–85. doi: 10.1038/s41564-023-01505-9, PMID: 37932355


	 Rijkers GT, Overveld F. The “original antigenic sin” and its relevance for SARS-CoV-2 (COVID-19) vaccination. Clin Immunol Commun. (2021) 1:13–6. doi: 10.1016/j.clicom.2021.10.001, PMID: 38620690


	 Francis TJ. On the doctrine of original antigenic sin.
Proc Am Philos Soc. (1960) 104:572–8. doi: https://www.jstor.org/stable/985534


	 Henry C, Palm A-KE, Krammer F, Wilson PC. From original antigenic sin to the universal influenza virus vaccine. Trends Immunol. (2018) 39:70–9. doi: 10.1016/j.it.2017.08.003, PMID: 28867526


	 Halstead SB. Pathogenesis of dengue: challenges to molecular biology. Science. (1988) 239:476–81. doi: 10.1126/science.3277268, PMID: 3277268


	 Aguilar-Bretones M, Fouchier R, Koopmans M, van Nierop G. Impact of antigenic evolution and original antigenic sin on SARS-CoV-2 immunity. J Clin Invest. (2023) 133:e162192. doi: 10.1172/JCI162192, PMID: 36594464


	 Halstead S. Pathogenesis of dengue: dawn of a new era. F1000Res. (2015) 4:1353. doi: 10.12688/f1000research, PMID: 26918141


	 Miller MS, Gardner TJ, Krammer F, Aquado LC, Tortorella D, Basler CF, et al. Neutralizing antibodies against previously encountered influenza virus strains increase over time: a longitudinal analysis. Sci Transl Med. (2013) 5:198ra107. doi: 10.1126/scitranslmed.3006637, PMID: 23946196


	 Maltseva M, Keeshan A, Cooper C, Langlois M. Immune imprinting: The persisting influence of the first antigenic encounter with rapidly evolving viruses. Hum Vaccin Immunother. (2024) 20:2384192. doi: 10.1080/21645515.2024.2384192, PMID: 39149872


	 Knight M, Changrob S, Li L, Wilson PC. Imprinting, immunodominance, and other impediments to generating broad influenza immunity. Immunol Rev. (2020) 296:191–204. doi: 10.1111/imr.v296.1, PMID: 32666572


	 Worobey M, Plotkin S, Hensley SE. Influenza vaccines delivered in early childhood could turn antigenic sin into antigenic blessings. Cold Spring Harb Perspect Med. (2020) 10:a038471. doi: 10.1101/cshperspect.a038471, PMID: 31964642


	 Yisimayi A, Song W, Wang J, Jian F, Yu Y, Chen X, et al. Repeated Omicron exposures override ancestral SARS-CoV-2 immune imprinting. Nature. (2024) 625:148–56. doi: 10.1038/s41586-023-06753-7, PMID: 37993710


	 Cobey S. Vaccination against rapidly evolving pathogens and the entanglements of memory. Nat Immunol. (2024) 25:2015–23. doi: 10.1038/s41590-024-01970-2, PMID: 39384979


	 St John AL, Rathore APS. Adaptive immune responses to primary and secondary dengue virus infections. Nat Rev Immunol. (2019) 19:218–30. doi: 10.1038/s41577-019-0123-x, PMID: 30679808


	 Culshaw A, Mongkolsapaya J, Screaton GR. The immunopathology of dengue and Zika virus infections. Curr Opin Immunol. (2017) 48:1–6. doi: 10.1016/j.coi.2017.07.001, PMID: 28738211


	 Katzelnick L, Bos S, Harris E. Protective and enhancing interactions among dengue viruses 1–4 and Zika virus. Curr Opin Virol. (2020) 43:59–70. doi: 10.1016/j.coviro.2020.08.006, PMID: 32979816


	 Cyster JG, Wilson PC. Antibody modulation of B cell responses-Incorporating positive and negative feedback. Immunity. (2024) 57:1466–81. doi: 10.1016/j.immuni.2024.06.009, PMID: 38986442


	 Khandia R, Munjal A, Dhama K, Karthik K, Tiwari R, Malik YS, et al. Modulation of dengue/Zika virus pathogenicity by antibody-dependent enhancement and strategies to protect against enhancement in Zika virus infection. Front Immunol. (2018) 9:597. doi: 10.3389/fimmu.2018.00597, PMID: 29740424


	 Salem G, Galula J, Wu S, Liu J, Chen Y, Wang W, et al. Antibodies from dengue patients with prior exposure to Japanese encephalitis virus are broadly neutralizing against Zika virus. Commun Biol. (2024) 7:15. doi: 10.1038/s42003-023-05661-w, PMID: 38267569


	 Uhuami AO, Lawal N, Bello MB, Imam MU. Flavivirus cross-reactivity: Insights into e-protein conservancy, pre-existing immunity, and co-infection. Microbe. (2024) 4:100105. doi: 10.1016/j.microb.2024.100105


	 Slon Campos J, Mongkolsapaya J, Screaton G. The immune response against flaviviruses. Nat Immunol. (2018) 19:1189–98. doi: 10.1038/s41590-018-0210-3, PMID: 30333606


	 Smith DJ, Lapedes Alan S, Jong JCd, Bestebroer TM, Rimmelzwaan GF. Mapping the antigenic and genetic evolution of influenza virus. Science. (2004) 305:371–6. doi: 10.1126/science.1097211, PMID: 15218094


	 Fonville J, Wilks S, James S, Fox A, Ventresca M, Aban M, et al. Antibody landscapes after influenza virus infection or vaccination. Science. (2014) 346:996–1000. doi: 10.1126/science.1256427, PMID: 25414313


	 Addetia A, Piccoli L, Case JB, Park Y-J, Betramello M, Guarino B, et al. Neutralization, effector function and immune imprinting of Omicron variants. Nature. (2023) 621:592–601. doi: 10.1038/s41586-023-06487-6, PMID: 37648855


	 Lindenbach BD, Rice CM. Flaviviridae: The viruses and their replication. In:  DM Knipe, PM Howley, editors. Fields’ Virology, 4th ed. Lippincott Williams & Wilkins, Philadelphia, PA (2001). p. 991–1110.


	 Heinz F, Stiasny K. The antigenic structure of Zika virus and its relation to other flaviviruses: implications for infection and immunoprophylaxis. Microbiol Mol Biol Rev. (2017) 81:e00055–16. doi: 10.1128/MMBR.00055-16, PMID: 28179396


	 Heinz F, Stiasny K. Flaviviruses and their antigenic structure. J Clin Virol. (2012) 55:289–95. doi: 10.1016/j.jcv.2012.08.024, PMID: 22999801


	 Rey FA, Stiasny K, Vaney M-C, Dellarole M, Heinz FX. The bright and the dark side of human antibody responses to flaviviruses: lessons for vaccine design. EMBO Rep. (2018) 19:206–24. doi: 10.15252/embr.201745302, PMID: 29282215


	 Katzelnick LC, Fonville JM, Gromowski GD, Bustos Arriaga J, Green A, James SL, et al. Dengue viruses cluster antigenically but not as discrete serotypes. Science. (2015) 349:1338–43. doi: 10.1126/science.aac5017, PMID: 26383952


	 Wang L, Huang A, Katzelnick L, Lefrancq N, Escoto A, Duret L, et al. Antigenic distance between primary and secondary dengue infections correlates with disease risk. Sci Transl Med. (2024) 16:eadk3259. doi: 10.1126/scitranslmed.adk3259, PMID: 38657027


	 Katzelnick L, Coello EA, Huang A, Garcia-Carreras B, Chowdhury N, Maljkovic BI, et al. Antigenic evolution of dengue viruses over 20 years. Science. (2021) 374:999–1004. doi: 10.1126/science.abk0058, PMID: 34793238


	 Hassert M, Steffen TL, Scroggins S, Coleman AK, Shacham E, Brien JD, et al. Prior heterologous flavivirus exposure results in reduced pathogenesis in a mouse model of Zika virus infection. J Virol. (2021) 95:e0057321. doi: 10.1128/JVI.00573-21, PMID: 34076486


	 Shinde DP, Walker J, Reyna RA, Scharton D, Mitchell B, Dulaney E, et al. Mechanisms of flavivirus cross-protection against yellow fever in a mouse model. Viruses. (2024) 16:836. doi: 10.3390/v16060836, PMID: 38932129


	 Hattakam S, Ngono AE, McCauley M, Shresta S, Yamabhai M. Repeated exposure to dengue virus elicits robust cross neutralizing antibodies against Zika virus in residents of Northeastern Thailand. Sci Rep. (2021) 11:9634. doi: 10.1038/s41598-021-88933-x, PMID: 33953258


	 Aogo RA, Zambrana JV, Sanchez N, Ojeda S, Kuan G, Balmaseda A, et al. Effects of boosting and waning in highly exposed populations on dengue epidemic dynamics. Sci Transl Med. (2023) 15:eadi1734. doi: 10.1126/scitranslmed.adi1734, PMID: 37967199


	 Katzelnick L, Zambrana J, Elizondo D, Collado D, Garcia N, Arguello S, et al. Dengue and Zika virus infections in children elicit cross-reactive protective and enhancing antibodies that persist long term. Sci Transl Med. (2021) 13:eabg9478. doi: 10.1126/scitranslmed.abg9478, PMID: 34613812


	 Andrade DV, Harris E. Recent advances in understanding the adaptive immune response to Zika virus and the effect of previous flavivirus exposure. Virus Res. (2018) 254:27–33. doi: 10.1016/j.virusres.2017.06.019, PMID: 28655548


	 Zambrana J, Hasund C, Aogo R, Bos S, Arguello S, Gonzalez K, et al. Primary exposure to Zika virus is linked with increased risk of symptomatic dengue virus infection with serotypes 2, 3, and 4, but not 1. Sci Transl Med. (2024) 16:eadn2199. doi: 10.1126/scitranslmed.adn2199, PMID: 38809964


	 Sariro CA, Nogueira ML, Vasilakis N. A tale of two viruses: does heterologous flavivirus immunity enhance Zika disease? Trends Microbiol. (2018) 26:186–90. doi: 10.1016/j.tim.2017.10.004, PMID: 29122447


	 Robbiani D, Bozzacco L, Keeffe J, Khouri R, Olsen P, Gazumyan A, et al. Recurrent potent human neutralizing antibodies to Zika virus in Brazil and Mexico. Cell. (2017) 169:597–609.e11. doi: 10.1016/j.cell.2017.04.024, PMID: 28475892


	 Bradt V, Malafa S, von Braun A, Jarmer J, Tsouchnikas G, Medits I, et al. Pre-existing yellow fever immunity impairs and modulates the antibody response to tick-borne encephalitis vaccination. NPJ Vaccines. (2019) 4:38. doi: 10.1038/s41541-019-0133-5, PMID: 31508246


	 Santos-Peral A, Luppa F, Goresch S, Nikolova E, Zaucha M, Lehmann L, et al. Prior flavivirus immunity skews the yellow fever vaccine response to cross-reactive antibodies with potential to enhance dengue virus infection. Nat Commun. (2024) 15:1696. doi: 10.1038/s41467-024-45806-x, PMID: 38402207


	 Schiepers A, van Wout MFL, Greaney AJ, Zang T, Muramatsu H, Lin PJC, et al. Molecular fate-mapping of serum antibody responses to repeat immunization. Nature. (2023) 615:482–9. doi: 10.1038/s41586-023-05715-3, PMID: 36646114


	 Akkaya M, Kwak K, Pierce SK. B cell memory: building two walls of protection against pathogens. Nat Rev Immunol. (2020) 20:229–38. doi: 10.1038/s41577-019-0244-2, PMID: 31836872


	 Slifka MK, Amanna, Ian J. Role of multivalency and antigenic threshold in generating protective antibody responses. Front Immunol. (2019) 10:956. doi: 10.3389/fimmu.2019.00956, PMID: 31118935


	 Shao W, Wang Y, Fang Q, Shi W, Qi H. Epigenetic recording of stimulation history reveals BLIMP1-BACH2 balance in determining memory B cell fate upon recall challenge. Nat Immunol. (2024) 25:1432–44. doi: 10.1038/s41590-024-01900-2, PMID: 38969872


	 Wong R, Belk J, Govero J, Uhrlaub J, Reinartz D, Zhao H, et al. Affinity-restricted memory B cells dominate recall responses to heterologous flaviviruses. Immunity. (2020) 53:1078–94.e7. doi: 10.1016/j.immuni.2020.09.001, PMID: 33010224


	 Guy B, Jackson N. Dengue vaccine: hypotheses to understand CYD-TDV-induced protection. Nat Rev Microbiol. (2016) 14:45–54. doi: 10.1038/nrmicro.2015.2, PMID: 26639777


	 Tawfik A, Kawaguchi T, Takahashi M, Setoh K, Yamaguchi I, Tabara Y, et al. Transcriptomic analysis reveals sixteen potential genes associated with the successful differentiation of antibody-secreting cells through the utilization of unfolded protein response mechanisms in robust responders to the influenza vaccine. Vaccines (Basel). (2024) 12(2):136. doi: 10.3390/vaccines12020136, PMID: 38400120


	 Foucambert P, Esbrand FD, Zafar S, Panthangi V, Cyril Kurupp AR, Raju A, et al. Efficacy of dengue vaccines in the prevention of severe dengue in children: A systematic review. Cureus. (2022) 14:e28916. doi: 10.7759/cureus.28916, PMID: 36225478


	 Sridhar S, Luedtke A, Langevin E, Zhu M, Bonaparte M, Machabert T, et al. Effect of dengue serostatus on dengue vaccine safety and efficacy. N Engl J Med. (2018) 379:327–40. doi: 10.1056/NEJMoa1800820, PMID: 29897841


	 Ooi E, Kalimuddin S. Insights into dengue immunity from vaccine trials. Sci Transl Med. (2023) 15:eadh3067. doi: 10.1126/scitranslmed.adh3067, PMID: 37437017


	 Fryer HA, Hartley GE, Edwards ESJ, O'Hehir RE, van Zelm MC. Humoral immunity and B-cell memory in response to SARS-CoV-2 infection and vaccination. Biochem Soc Trans. (2022) 50:1643–58. doi: 10.1042/BST20220415, PMID: 36421662


	 Singh T, Miller IG, Venkatayogi S, Webster H, Heimsath HJ, Eudailey JA, et al. Prior dengue virus serotype 3 infection modulates subsequent plasmablast responses to Zika virus infection in rhesus macaques. mBio. (2024) 15:e0316023. doi: 10.1128/mbio.03160-23, PMID: 38349142


	 Marzan-Rivera N, Serrano-Collazo C, Cruz L, Pantoja P, Ortiz-Rosa A, Arana T, et al. Infection order outweighs the role of CD4(+) T cells in tertiary flavivirus exposure. iScience. (2022) 25:104767. doi: 10.1016/j.isci.2022.104764, PMID: 35982798


	 Roßbacher L, Malafa S, Huber K, Thaler M, Aberle S, Aberle J, et al. Effect of previous heterologous flavivirus vaccinations on human antibody responses in tick-borne encephalitis and dengue virus infections. J Med Virol. (2023) 95:e29245. doi: 10.1002/jmv.29245, PMID: 38009693


	 Smith T. Active immunity produced by so called balanced or neutral mixtures of diphtheria toxin and antitoxin. J Exp Med. (1909) 11:241–56. doi: 10.1084/jem.11.2.241, PMID: 19867246


	 Katzelnick LC, Montoya M, Gresh L, Balmaseda A, Harris E. Neutralizing antibody titers against dengue virus correlate with protection from symptomatic infection in a longitudinal cohort. Proc Natl Acad Sci U S A. (2016) 113:728–33. doi: 10.1073/pnas.1522136113, PMID: 26729879


	 Van Beek M, Nussenzweig MC, Chakraborty AK. Two complementary features of humoral immune memory confer protection against the same or variant antigens. Proc Natl Acad Sci U S A. (2022) 119:e2205598119. doi: 10.1073/pnas.2205598119, PMID: 36006981


	 Zhang Y, Zhang W, Ogata S, Clements D, Strauss JH, Baker TS, et al. Conformational changes of the flavivirus E glycoprotein. Structure. (2004) 12:1607–18. doi: 10.1016/j.str.2004.06.019, PMID: 15341726


	 Pierson T, Diamond M. Degrees of maturity: the complex structure and biology of flaviviruses. Curr Opin Virol. (2012) 2:168–75. doi: 10.1016/j.coviro.2012.02.011, PMID: 22445964


	 Rey FA, Stiasny K, Heinz FX. Flavivirus structural heterogeneity: implications for cell entry. Curr Opin Virol. (2017) 24:132–9. doi: 10.1016/j.coviro.2017.06.009, PMID: 28683393


	 Mukhopadhyay S, Kuhn R, Rossmann M. A structural perspective of the flavivirus life cycle. Nat Rev Microbiol. (2005) 3:13–22. doi: 10.1038/nrmicro1067, PMID: 15608696


	 Rodenhuis-Zybert I, Wilschut J, Smit J. Partial maturation: an immune-evasion strategy of dengue virus? Trends Microbiol. (2011) 19:248–54. doi: 10.1016/j.tim.2011.02.002, PMID: 21388812


	 Dejnirattisai W, Wongwiwat W, Supasa S, Zhang X, Dai X, Rouvinsky A, et al. A new class of highly potent, broadly neutralizing antibodies isolated from viremic patients infected with dengue virus. Nat Immunol. (2014) 16(2):170-177. doi: 10.1038/ni.3058, PMID: 25501631


	 Zhao R, Wang M, Cao J, Shen J, Zhou X, Wang D, et al. Flavivirus: from structure to therapeutics development. Life (Basel). (2021) 11(7):615. doi: 10.3390/life11070615, PMID: 34202239


	 Dowd KA, Pierson TC. The many faces of a dynamic virion: implications of viral breathing on flavivirus biology and immunogenicity. Annu Rev Virol. (2018) 5:185–207. doi: 10.1146/annurev-virology-092917-043300, PMID: 30265634


	 Makino Y, Tadano M, Saito M, Maneekarn N, Sittisombut N, Sirisanthana V, et al. Studies on serological cross-reaction in sequential flavivirus infections. Microbiol Immunol. (1994) 38:951–5. doi: 10.1111/j.1348-0421.1994.tb02152.x, PMID: 7723688


	 Odio CD, Daag JV, Crisostomo MV, Voirin CJ, Coello Escoto A, Adams C, et al. Dengue virus IgG and neutralizing antibody titers measured with standard and mature viruses are protective. Nat Commun. (2025) 16:191. doi: 10.1038/s41467-024-53916-9, PMID: 39747846


	 Stiasny K, Medits I, Rossbacher L, Heinz FX. Impact of structural dynamics on biological functions of flaviviruses. FEBS J. (2023) 290:1973–85. doi: 10.1111/febs.v290.8


	 Stiasny K, Kiermayr S, Holzmann H, Heinz FX. Cryptic properties of a cluster of dominant flavivirus cross-reactive antigenic sites. J Virol. (2006) 80:9557–68. doi: 10.1128/JVI.00080-06, PMID: 16973559


	 Modis Y, Ogata S, Clements D, Harrison SC. Structure of the dengue virus envelope protein after membrane fusion. Nature. (2004) 427:313–9. doi: 10.1038/nature02165, PMID: 14737159


	 Weaver JM, Lazarski CA, Richards KA, Chaves FA, Jenks SA, Menges PR, et al. Immunodominance of CD4 T cells to foreign antigens is peptide intrinsic and independent of molecular context: implications for vaccine design. J Immunol. (2008) 181:3039–48. doi: 10.4049/jimmunol.181.5.3039, PMID: 18713974


	 Angeletti D, Gibbs JS, Angel M, Kosik I, Hickman HD, Frank GM, et al. Defining B cell immunodominance to viruses. Nat Immunol. (2017) 18:456–63. doi: 10.1038/ni.3680, PMID: 28192417


	 Lai CY, Tsai WY, Lin SR, Kao CL, Hu HP, King CC, et al. Antibodies to envelope glycoprotein of dengue virus during the natural course of infection are predominantly cross-reactive and recognize epitopes containing highly conserved residues at the fusion loop of domain II. J Virol. (2008) 82:6631–43. doi: 10.1128/JVI.00316-08, PMID: 18448542


	 Morrone S, Lok S. Structural perspectives of antibody-dependent enhancement of infection of dengue virus. Curr Opin Virol. (2019) 36:1–8. doi: 10.1016/j.coviro.2019.02.002, PMID: 30844538


	 Beltramello M, Williams KL, Simmons CP, Macagno A, Simonelli L, Quyen NT, et al. The human immune response to Dengue virus is dominated by highly cross-reactive antibodies endowed with neutralizing and enhancing activity. Cell Host Microbe. (2010) 8:271–83. doi: 10.1016/j.chom.2010.08.007, PMID: 20833378


	 Rouvinski A, Guardado-Calvo P, Barba-Spaeth G, Duquerroy S, Vaney MC, Kikuti CM, et al. Recognition determinants of broadly neutralizing human antibodies against dengue viruses. Nature. (2015) 520:109–13. doi: 10.1038/nature14130, PMID: 25581790


	 Swanstrom J, Plante J, Plante K, Young E, McGowan E, Gallichotte E, et al. Dengue virus envelope dimer epitope monoclonal antibodies isolated from dengue patients are protective against Zika virus. mBio. (2016) 7:e01123–16. doi: 10.1128/mBio.01123-16, PMID: 27435464


	 Gallichotte EN, Young EF, Baric TJ, Yount BL, Metz SW, Begley MC, et al. Role of Zika virus envelope protein domain III as a target of human neutralizing antibodies. mBio. (2019) 10(5):e01485–19. doi: 10.1128/mBio.01485-19, PMID: 31530669


	 Zhao H, Fernandez E, Dowd KA, Speer SD, Platt DJ, Gorman MJ, et al. Structural basis of Zika virus-specific antibody protection. Cell. (2016) 166:1016–27. doi: 10.1016/j.cell.2016.07.020, PMID: 27475895


	 Tsai WY, Lai CY, Wu YC, Lin HE, Edwards C, Jumnainsong A, et al. High-avidity and potently neutralizing cross-reactive human monoclonal antibodies derived from secondary dengue virus infection. J Virol. (2013) 87:12562–75. doi: 10.1128/JVI.00871-13, PMID: 24027331


	 Robinson LN, Tharakaraman K, Rowley KJ, Costa VV, Chan KR, Wong YH, et al. Structure-guided design of an anti-dengue antibody directed to a non-immunodominant epitope. Cell. (2015) 162:493–504. doi: 10.1016/j.cell.2015.06.057, PMID: 26189681


	 Biavasco R, De Giovanni M. The relative positioning of B and T cell epitopes drives immunodominance. Vaccines (Basel). (2022) 10(8):1227. doi: 10.3390/vaccines10081227, PMID: 36016115


	 Chen HW, Hu HM, Wu SH, Chiang CY, Hsiao YJ, Wu CK, et al. The immunodominance change and protection of CD4+ T-cell responses elicited by an envelope protein domain III-based tetravalent dengue vaccine in mice. PLoS One. (2015) 10:e0145717. doi: 10.1371/journal.pone.0145717, PMID: 26714037


	 Zarnitsyna V, Ellebedy AH, Davis C, Jacob J, Ahmed R, Antia R, et al. Masking of antigenic epitopes by antibodies shapes the humoral immune response to influenza. Soc Lond B Biol Sci. (2015) 370:20140248. doi: 10.1098/rstb.2014.0248, PMID: 26194761


	 Nilchan N, Kraivong R, Luangaram P, Phungsom A, Tantiwatcharakunthon M, Traewachiwiphak S, et al. An engineered N-glycosylated dengue envelope protein domain III facilitates epitope-directed selection of potently neutralizing and minimally enhancing antibodies. ACS Infect Dis. (2024) 10:2690–704. doi: 10.1021/acsinfecdis.4c00058, PMID: 38943594


	 Lin WS, Chen IC, Chen HC, Lee YC, Wu SC. Glycan masking of epitopes in the NTD and RBD of the spike protein elicits broadly neutralizing antibodies against SARS-CoV-2 variants. Front Immunol. (2021) 12:795741. doi: 10.3389/fimmu.2021.795741, PMID: 34925381


	 Kim JM, Yun SI, Song BH, Hahn YS, Lee CH, Oh HW, et al. A single N-linked glycosylation site in the Japanese encephalitis virus prM protein is critical for cell type-specific prM protein biogenesis, virus particle release, and pathogenicity in mice. J Virol. (2008) 82:7846–62. doi: 10.1128/JVI.00789-08, PMID: 18524814


	 Ishida K, Yagi H, Kato Y, Morita E. N-linked glycosylation of flavivirus E protein contributes to viral particle formation. PLoS Pathog. (2023) 19:e1011681. doi: 10.1371/journal.ppat.1011681, PMID: 37819933


	 Goo L, DeMaso CR, Pelc RS, Ledgerwood JE, Graham BS, Kuhn RJ, et al. The Zika virus envelope protein glycan loop regulates virion antigenicity. Virology. (2018) 515:191–202. doi: 10.1016/j.virol.2017.12.032, PMID: 29304471


	 Carbaugh DL, Baric RS, Lazear HM. Envelope protein glycosylation mediates Zika virus pathogenesis. J Virol. (2019) 93(12):e00113–19. doi: 10.1128/JVI.00113-19, PMID: 30944176


	 Rey FA. Dengue virus envelope glycoprotein structure: new insight into its interactions during viral entry. Proc Natl Acad Sci U S A. (2003) 100:6899–901. doi: 10.1073/pnas.1332695100, PMID: 12782795


	 Mondotte JA, Lozach PY, Amara A, Gamarnik AV. Essential role of dengue virus envelope protein N glycosylation at asparagine-67 during viral propagation. J Virol. (2007) 81:7136–48. doi: 10.1128/JVI.00116-07, PMID: 17459925


	 Liang JJ, Chou MW, Lin YL. DC-SIGN binding contributed by an extra N-linked glycosylation on Japanese encephalitis virus envelope protein reduces the ability of viral brain invasion. Front Cell Infect Microbiol. (2018) 8:239. doi: 10.3389/fcimb.2018.00239, PMID: 30042931


	 Rouvinski A, Dejnirattisai W, Guardado-Calvo P, Vaney MC, Sharma A, Duquerroy S, et al. Covalently linked dengue virus envelope glycoprotein dimers reduce exposure of the immunodominant fusion loop epitope. Nat Commun. (2017) 8:15411. doi: 10.1038/ncomms15411, PMID: 28534525


	 Dejnirattisai W, Supasa P, Wongwiwat W, Rouvinski A, Barba-Spaeth G, Duangchinda T, et al. Dengue virus sero-cross-reactivity drives antibody-dependent enhancement of infection with zika virus. Nat Immunol. (2016) 17:1102–8. doi: 10.1038/ni.3515, PMID: 27339099


	 Yap SSL, Nguyen-Khuong T, Rudd PM, Alonso S. Dengue virus glycosylation: what do we know? Front Microbiol. (2017) 8:1415. doi: 10.3389/fmicb.2017.01415, PMID: 28791003


	 Gwon YD, Zusinaite E, Merits A, Overby AK, Evander M. N-glycosylation in the pre-membrane protein is essential for the Zika virus life cycle. Viruses. (2020) 12(9):925. doi: 10.3390/v12090925, PMID: 32842538


	 Hanna SL, Pierson TC, Sanchez MD, Ahmed AA, Murtadha MM, Doms RW. N-linked glycosylation of west nile virus envelope proteins influences particle assembly and infectivity. J Virol. (2005) 79:13262–74. doi: 10.1128/JVI.79.21.13262-13274.2005, PMID: 16227249


	 Linnik JE, Egli A. Impact of host genetic polymorphisms on vaccine induced antibody response. Hum Vaccin Immunother. (2016) 12:907–15. doi: 10.1080/21645515.2015.1119345, PMID: 26809773


	 Haralambieva I, Ovsyannikova I, Pankratz V, Kennedy R, Jacobson R, Poland G, et al. The genetic basis for interindividual immune response variation to measles vaccine: new understanding and new vaccine approaches. Expert Rev Vaccines. (2013) 12:57–70. doi: 10.1586/erv.12.134, PMID: 23256739


	 Poland GA, Ovsyannikova IG, Jacobson RM. Immunogenetics of seasonal influenza vaccine response. Vaccine. (2008) 26:D35–40. doi: 10.1016/j.vaccine.2008.07.065, PMID: 19230157


	 Stephens HA, Klaythong R, Sirikong M, Vaughn DW, Green S, Kalayanarooj S, et al. HLA-A and -B allele associations with secondary dengue virus infections correlate with disease severity and the infecting viral serotype in ethnic Thais. Tissue Antigens. (2002) 60:309–18. doi: 10.1034/j.1399-0039.2002.600405.x, PMID: 12472660


	 Manet C, Roth C, Tawfik A, Cantaert T, Sakuntabhai A, Montagutelli X, et al. Host genetic control of mosquito-borne Flavivirus infections. Mamm Genome. (2018) 29:384–407. doi: 10.1007/s00335-018-9775-2, PMID: 30167843


	 Loke H, Bethell DB, Phuong CX, Dung M, Schneider J, White NJ, et al. Strong HLA class I–restricted T cell responses in dengue hemorrhagic fever: a double-edged sword? J Infect Dis. (2001) 184:1369–73. doi: 10.1086/jid.2001.184.issue-11, PMID: 11709777


	 Nguyen TP, Kikuchi M, Vu TQ, Do QH, Tran TT, Vo DT, et al. Protective and enhancing HLA alleles, HLA-DRB1*0901 and HLA-A*24, for severe forms of dengue virus infection, dengue hemorrhagic fever and dengue shock syndrome. PLoS Negl Trop Dis. (2008) 2:e304. doi: 10.1371/journal.pntd.0000304, PMID: 18827882


	 Ovsyannikova IG, Pankratz VS, Salk HM, Kennedy RB, Poland GA. HLA alleles associated with the adaptive immune response to smallpox vaccine: a replication study. Hum Genet. (2014) 133:1083–92. doi: 10.1007/s00439-014-1449-x, PMID: 24880604


	 Chen Y, Liao Y, Yuan K, Wu A, Liu L. HLA-A, -B, -DRB1 alleles as genetic predictive factors for dengue disease: A systematic review and meta-analysis. Viral Immunol. (2019) 32:121–30. doi: 10.1089/vim.2018.0151, PMID: 30835646


	 Weiskopf D, Angelo MA, Grifoni A, O'Rourke PH, Sidney J, Paul S, et al. HLA-DRB1 alleles are associated with different magnitudes of dengue virus-specific CD4+ T-cell responses. J Infect Dis. (2016) 214:1117–24. doi: 10.1093/infdis/jiw309, PMID: 27443615


	 Mallajosyula V, Chakraborty S, Sola E, Fong R, Shankar V, Gao F, et al. Coupling antigens from multiple subtypes of influenza can broaden antibody and T cell responses. Science. (2024) 386:1389–95. doi: 10.1126/science.adi2396, PMID: 39700292


	 Hou B, Chen H, Gao N, An J. Cross-reactive immunity among five medically important mosquito-borne flaviviruses related to human diseases. Viruses. (2022) 14:1213. doi: 10.3390/v14061213, PMID: 35746683


	 Lorenz C, Chiaravalloti-Neto F. Why are there no human West Nile virus outbreaks in South America? Lancet Reg Health Am. (2022) 12:100276. doi: 10.1016/j.lana.2022.100276, PMID: 36776433


	 Appanna R, Kg S, Xu M, Toh Y, Velumani S, Carbajo D, et al. Plasmablasts during acute dengue infection represent a small subset of a broader virus-specific memory B cell pool. EBioMedicine. (2016) 12:178–88. doi: 10.1016/j.ebiom.2016.09.003, PMID: 27628668


	 Godoy-Lozano E, Téllez-Sosa J, Sánchez-González G, Sámano-Sánchez H, Aguilar-Salgado A, Salinas-Rodríguez A, et al. Lower IgG somatic hypermutation rates during acute dengue virus infection is compatible with a germinal center-independent B cell response. Genome Med. (2016) 8:23. doi: 10.1186/s13073-016-0276-1, PMID: 26917418


	 Havenar-Daughton C, Abbott RK, Schief WR, Crotty S. When designing vaccines, consider the starting material: the human B cell repertoire. Curr Opin Immunol. (2018) 53:209–16. doi: 10.1016/j.coi.2018.08.002, PMID: 30190230


	 Horns F, Vollmers C, Croote D, Mackey S, Swan G, Dekker C, et al. Lineage tracing of human B cells reveals the in vivo landscape of human antibody class switching. Elife. (2016) 5:e16578. doi: 10.7554/eLife.16578.046, PMID: 27481325


	 Nakandakari-Higa S, Walker S, Canesso MCC, van der Heide V, Chudnovskiy A, Kim DY, et al. Universal recording of immune cell interactions in vivo. Nature. (2024) 627:399–406. doi: 10.1038/s41586-024-07134-4, PMID: 38448581


	 Lubow J, Levoir L, Ralph D, Belmont L, Contreras M, Cartwright-Acar C, et al. Single B cell transcriptomics identifies multiple isotypes of broadly neutralizing antibodies against flaviviruses. PloS Pathog. (2023) 19:e1011722. doi: 10.1371/journal.ppat.1011722, PMID: 37812640


	 Lyski Z, Messer W. Approaches to interrogating the human memory B-cell and memory-derived antibody repertoire following dengue virus infection. Front Immunol. (2019) 10:1276. doi: 10.3389/fimmu.2019.01276, PMID: 31244836


	 Raju N, Zhan X, Das S, Karwal L, Dean HJ, Crowe JE, Jr., et al. Neutralization fingerprinting technology for characterizing polyclonal antibody responses to dengue vaccines. Cell Rep. (2022) 41:111807. doi: 10.1016/j.celrep.2022.111807, PMID: 36516766


	 Sevvana M, Kuhn RJ. Mapping the diverse structural landscape of the flavivirus antibody repertoire. Curr Opin Virol. (2020) 45:51–64. doi: 10.1016/j.coviro.2020.07.006, PMID: 32801077


	 Dussupt V, Modjarrad K, Krebs SJ. Landscape of monoclonal antibodies targeting Zika and dengue: therapeutic solutions and critical insights for vaccine development. Front Immunol. (2021) 11:621043. doi: 10.3389/fimmu.2020.621043, PMID: 33664734


	 Turner H, Jackson A, Richey S, Sewall L, Antanasijevic A, Hangartner L, et al. Protocol for analyzing antibody responses to glycoprotein antigens using electron-microscopy-based polyclonal epitope mapping. STAR Protoc. (2023) 4:102476. doi: 10.1016/j.xpro.2023.102476, PMID: 37516970


	 Han J, Schmitz AJ, Richey ST, Dai Y-N, Turner HL, Mohammed BM, et al. Polyclonal epitope mapping reveals temporal dynamics and diversity of human antibody responses to H5N1 vaccination. Cell Rep. (2021) 34:108682. doi: 10.1016/j.celrep.2020.108682, PMID: 33503432







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Salem, Chen, Cai and Chao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/cover.jpg
, frontiers | Frontiers in Immunology

Factors determining the outcomes of
immune imprinting after repeated
orthoflavivirus infections





OEBPS/Images/fimmu-16-1560851-g002.jpg
Antigenic threshold

Strength of stimulation
Antigen valency
Antibody feedback
Innate stimuli

Cytokine environment
BCR affinity

BLIMP1

Antibody feedback

Virion structure heterogeneity

Completely Completely Partially mature
immature virion mature virion virion

"positive" 'negative”
feedback feedback

Low-affinity, -
B cell follicle Seif-rediuu

l“\ 5 - -’“ :
Yelectlon - Long-lived 4 "§="

'
" plasma cells ‘_-(

I
= Differentiation

Naive B cell | L !
ctivated B cell

Proliferation £
Antigenic distance * T

>

Pre-Tg, cell
engagement ()
A Dark zone
SN Light zone

Epitope masking

7 \
v v
’ ‘ al Center
Memory , , 3
>= B cell e ——r— I

y 2 T
;o Short-lived
o e PBs

HLA genetics

Long arm Short arm

il BEl )

HLA_region





OEBPS/Images/fimmu-16-1560851-g003.jpg
A. Cross-reactive antibodies

Envelope dimer Epitope Fusion Loop Epitope
(EDE) (FLE)

EDE antibodies FLE antibodies

B | ' | Memory Boosting |
' (1) == cffect of EDE Abs;
Protective to TEAg
Cross-neutralizing
EDE antibodies
I B Negative Antibody
+ @ (1 =)  feedback
- Cross-reactive h (ADE due to TEAQ)
SEAg antibodies Non-neutralizing
FLE antibodies
Legend: Epitope masking
Antigens Epitopes Antibodies Strong Boosting effect
‘ Common, Cross-reactive Y —) of ﬁo:n-EDE Abs;
masked Cross-neutralizing, Protective to TEAg
Common, EDE-targeting
unmasked

Non-neutralizing,
FLE-targeting

Neutralizing,
unmasked epitope- ﬁ

targeting






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1560851-g001.jpg
antibodies

Cross-reactive,
A Neutralizing A

SEAg
Cross-reactive,
Non-neutralizing 9,{
antibodies ,

Type-specific
antibodies

}-_- =mm)  No OAS

Legend:

Epitopes Antibodies
PEAg * * Y Y Type-specific
SEAg * * Y Y Type-specific
Common

Cross-reactive

or shared





