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Abstract

:

Immunological memory is the key source of protective immunity against pathogens. At the current stage of the COVID-19 pandemic, heterologous combinations of exposure to viral antigens during infection and/or vaccination shape a distinctive immunological memory. Immune imprinting, the downside of memory, might limit the generation of de novo immune response against variant infection or the response to the next-generation vaccines. Here, we review mechanistic basis of immune imprinting by focusing on B cell immunobiology and discuss the extent to which immune imprinting is harmful, as well as its effect on SARS-CoV-2 infection and vaccination.
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1. Introduction


Immunological memory is crucial in the long-term protection against pathogens. Paradoxically, it can be both beneficial and harmful: the memory response primed by a viral strain leads to a certain level of pre-existing cross-reactive immunity. It may confer protection against severe outcomes caused by subsequent variant strain. However, under certain conditions, the memory B cells with high affinity and specificity which are induced by a primary viral infection can block the development of B cells in response to the subsequent infection of a novel but related virus, which is being referred to as immune imprinting.



COVID-19 (Coronavirus Disease 2019) caused by the infection of SARS-CoV-2 (Severe acute respiratory syndrome coronavirus 2) is a respiratory illness with symptoms ranging from mild to severe, and has had a profound impact on global health and the world economy since the beginning of its outbreak in late 2019 [1]. The virus has violently and rapidly spread worldwide, accumulating genetic mutations that give rise to new variants [2]. The emerging variants are expected as part of the viral evolution and are associated with changes in transmissibility and disease severity. So far, the vaccines most widely in use were developed based on the genetic sequence of the original Wuhan Hu-1 strain and target the spike protein on the surface of the coronavirus. As the spike protein is the pivot for triggering protective immune response, any changes in the spike protein can potentially compromise the effectiveness of SARS-CoV-2 vaccine. The variants of concern (VOC), such as Beta (B.1.351), Delta (B.1.617.2) and recently emerged Omicron with additional mutations on the spike, had all demonstrated immune escape of the vaccine-elicited immunity against SARS-CoV-2 [2,3,4,5,6,7,8,9]. In particular, the rising SARS-CoV-2 subvariants of Omicron BQ and XBB have rapidly expanded and posed a serious threat to vaccine efficacy, as well as have been observed to be largely resistant to clinically authorized therapeutic antibodies [10,11]. Confronting the great challenge by emerging VOCs, the Omicron-adapted bivalent vaccines have been developed in record time, and proved to be effective at neutralizing Omicron subvariants, especially for BA.2.75.2, BQ.1.1, and XBB subvariants [11,12]. Memory B cells are a powerful defense against emerging VOCs as they provide long-lived “antibody memory” with the capacity to adapt to the diversification of viral antigens [13,14,15]. However, pre-existing and cross-reactive memory B cell pools may complicate the vaccine-induced memory B cell response by immune imprinting. Given the distinctive histories of SARS-CoV-2 infection and vaccination, different immune repertoires can be primed at population level, which can drive difference of immune response to subsequent variant infection or the variant-adapted vaccine booster [16]. Understanding the impact of immune imprinting on the response to SARS-CoV-2 infection and vaccination is crucial for improving strategies to better combat the emerging VOCs in the COVID-19 pandemic.




2. B Cell Memory Induced by SARS-CoV-2


Upon exposure to viral antigen during infection, naïve B cells activate through the B cell receptor (BCR) and migrate to the B cell follicle in secondary lymphoid tissues [14,17]. A germinal center forms as the activated B cell moves to the B cell follicle to present its antigen to cognate T follicular helper (TFH) cells, which provide CD40 and CD40 ligand (CD40L) signaling to promote survival [14,18,19,20]. CD40L and TFH cell-derived cytokines enable the B cell to undergo clonal expansion and somatic hypermutation (SHM) within the dark zone of the forming germinal center [14,20]. During this period, the germinal center B cell proliferates rapidly and replicate every 4 to 6 h to allow for extensive antigen specific evolution [21,22]. A subset of follicular B cells undergoes immunoglobulin class-switch recombination to express IgG and differentiates into short-lived plasmablasts that provide low-antigen affinity antibodies during the early adaptive immune response and contribute towards the B cell pool antigen affinity diversity [14,19,23]. The B cells that acquire high-affinity mutations for the antigen enter the germinal center light zone where they compete with other high-affinity B cells for antigen presentation to T cells [14,19]. Successful competition in this process allows for the generation of high affinity memory B cells and plasma cells, both of which are sources of antigen-specific antibodies, one of the most important weapons against infectious disease [14,16,19] (Figure 1a). The lifespan of these long-lived plasma cells and the durability of the humoral response against pathogens is determined by the magnitude and intensity of B cell signaling during the generation of antigen-stimulated immune response in germinal center [14,23,24].



After terminal differentiation in the germinal center, newly formed plasma cells with high antigen affinity migrate to the bone marrow where, in the absence of antigens, they survive and secrete high-affinity antibodies [14,24] which provide sustained protection upon reinfection or breakthrough infection after vaccination [16,17,20,25]. During SARS-CoV-2 infection, these long-lived plasma cells can secrete neutralizing antibodies (NAbs) targeting SARS-CoV-2 spike for up to 240 days post antigen exposure, despite decreasing antibody levels following infection [25,26]. Furthermore, serum collected in convalescent patients demonstrated that the declining antibody titers were not linear but followed a biphasic pattern, wherein the decline was faster during the first 1 to 4 months after infection, and slower during the subsequent 5 to 16 months [26,27]. This accelerated early reduction in circulating antibodies against spike followed by a more gradual decline can be attributed to the humoral immune conversion of antibodies secreted by short-lived plasma cells into those generated by long-lived plasma cells residing in the bone marrow [26]. Distinct kinetics of immunoglobulin isotypes were also observed with a relatively faster decline of IgM and IgG antibodies targeting the receptor binding domain (RBD) of SARS-CoV-2 spike proteins while anti-RBD IgA levels remain more consistent at 1.3 to 6.2 months post-infection [28]. In the non-human primate model, spike-specific plasma cells persisted beyond 300 days following SARS-CoV-2 vaccination, and were highly correlated with the magnitude of humoral responses in the long-term follow-up [29]. Innate immunity, such as type I IFN response, might have an impact on the early programming of B cell differentiation and subsequently the quality and quantity of plasma cells following exposure to SARS-CoV-2 antigen [29,30,31].



Long-lived memory B cells provide a quiescent and durable source of high-affinity antibodies against pathogens [26]. After re-exposure to antigens, memory B cells rapidly proliferate and differentiate into antibody-secreting cells, eliciting a rapid and strong secondary humoral immune response [26,32]. During SARS-CoV-2 infection, memory B cells are generated with specificity towards their cognate antigen, including the broadly neutralizing antigen epitopes targeting SARS-CoV-2 spike through affinity maturation [25,33]. In the analysis of individuals with asymptomatic and symptomatic SARS-CoV-2 infection, spike-binding memory B cells were identifiable in 77% of participants in both symptomatic and asymptomatic participants with no significant difference in frequency between the two groups [34]. However, memory B cells specific to SARS-CoV-2 were sparse during infection with 0.008–0.1% of B cells predominantly expressing IgM or IgG1 in COVID-19 patients [25]. The poly-reactive memory B cell pool allowed for a more flexible and cross-reactive response in antigen binding [16], which might be particularly important in fighting against the highly contagious VOCs in the current COVID-19 pandemic. With no exposure to variant antigens, 10% of memory B cells can target the variant epitope better than the ancestral viral antigen, demonstrating the potential breadth of protection mediated by memory B cells [16,35]. In SARS-CoV-2 infection, the neutralizing antibodies against spike protein mainly display a lack of SHM, suggesting SARS-CoV-2 is relatively untroubled to be targeted and neutralized as compared to other virus such as HIV, for which the potent NAbs are not readily to be induced by infection or vaccination [30,36]. Although the analyses in convalescent individuals revealed the memory B cells against RBD epitopes were expanded but largely producing antibodies with modest neutralizing activity [30,37], these less matured memory B cells can re-enter the germinal center to undergo further rounds of SHM after exposure to viral variants [22].



The emerging VOCs, such as the Omicron sublineages, have demonstrated dramatically increased ability to evade neutralizing antibodies, even those from people who received the bivalent mRNA booster vaccine or who are immunized and had breakthrough infection [38,39,40]. Given the alarming reduction in neutralizing antibodies against immune-escaped VOCs, the durability and flexibility of memory B cells has proved highly important in the coevolution of variants: the circulating or tissue-resident memory B cells can maintain antigen specificity as well as being capable of quickly adapting to new variants, thus being highly involved in countering the rapidly evolving SARS-CoV-2 [41,42]. Memory B cell repertoires from convalescent COVID-19 patients revealed that SARS-CoV-2 specific memory B cells can persist in lymphoid and mucosal tissues for up to 6 months post-infection [22,43,44,45]. In addition, with decreased neutralizing antibody titers following SARS-CoV-2 infection over time, memory B cells against RBD not only preserved well for up to 8 months in circulation [34], but also continue to evolve in convalescence with advancing somatic mutations [25,28,30,33]. At six months post-infection, the memory B cell compartment underwent clonal turnover with new and expanded clones expressing antibodies of increased potency and better resistance to RBD mutations, which might be driven by the SARS-CoV-2 antigens remaining in the small intestinal epithelium [28]. Of note, a recent study demonstrated that a third antigenic exposure by Delta breakthrough infection was capable of eliciting Delta-specific memory B response and also expanded the breadth and potency of memory B pool, while a fourth antigenic exposure by Omicron breakthrough did not boost the overall memory B cell response and showed little effect on the breadth and potency of memory B cells [41]. The limitations in boosting potent memory B cell response present a further challenge in the development of strain-specific vaccines to fight against future VOCs.




3. Immune Imprinting in COVID-19 Pandemic


3.1. Immune Imprinting


As mentioned earlier, the general theory of immunology describes the rule of clonal selection of the best matching B cells in the germinal center. However, many studies have reported a controversial phenomenon that when a second antigen involves in the existing humoral response, the boosted humoral immunity elicited by the second antigen not only cross-reacts but also reacts better with the first antigen presented to the immune system [46,47,48]. This phenomenon is called immune imprinting, also known as ‘original antigenic sin’. In viral infection, immune imprinting is manifesting as the secondary immune response to successive viral variants can be shaped by the ancestral virus exposed to the immune system and is skewed towards the ancestral immunogen.



Immune imprinting in cross-reactive humoral immunity between two related viruses with antigenic similarities has been elegantly explored and described by many groups who are focusing on emerging widespread and pathogenic viruses, such as influenza virus and dengue virus. In early studies on influenza, it was found that the humoral immunologic memory generated from previous influenza viral exposure can influence the development of cross-reactive NAbs to the subsequent influenza viral strains or vaccinations [48]. The study on the historical serum samples from individuals revealed that the antibody subtype that cross-reacts to antecedent variants of influenza virus, consistently has the highest titers. These data suggest the phenomenon of back-boosting with the original antibodies by subsequent infection [49]. Accordingly, analyses on B cell repertories also showed that memory B cells generated after exposure to sequential infections with more advanced influenza viral variants or variant-adjusted vaccinations can still have cross-reactivity to antecedent influenza viral strains experienced earlier in life [13,50,51]. Of note, the analyses of monoclonal antibodies produced by B cells following influenza vaccination demonstrated that individuals with a low level of pre-existing antibodies were more likely to develop antibodies against more conserved hemagglutinin (HA) stalk region. While those with a higher level of pre-existing antibodies mainly generated antibodies targeting the HA head, suggesting that pre-existing head antibodies blocked the development of protective HA stalk-specific antibodies, a phenomenon showing negative modulation by imprinting effect [52]. Immune imprinting also occurs in dengue viral infection as suggested by the boosting of cross-reactive antibody responses upon re-exposure to a different serotype but with a higher level of antibodies specific to the original virus compared to those against the secondary viral strain [53,54].



Although many studies have reported consistent observations of immune imprinting in viral infection, the precise mechanism of immune imprinting remains obscure. One supposition is that within the germinal center niches, those matured B cells induced by prior infection and exhibiting high-affinity BCR can outstrip naïve B cells that need higher signaling thresholds for activation, and rapidly differentiate into antibody-secreting plasma cells following re-exposure to their cognate antigen. Thus, when encountering a related but antigenically distant pathogens, pre-existing memory B cell response can not only be worthless but also compromise the ability of naïve B cells in response to new antigens (Figure 1b). Furthermore, under survival pressure, the virus continues evolving by mutation of antigenic epitopes, often the most exposed epitopes expressed on the surface, to escape from the adaptive immune system [55,56]. However, some conserved and potentially non-neutralizing epitopes of the virus remain unchanged. Those conserved epitopes being repeatedly exposed could become the dominant target for memory B cell activation, thus interfering with the B cells responding to key neutralizing epitopes of new pathogen.




3.2. Immunological Imprinting in SARS-CoV-2 Infection


SARS-CoV-2, as a positive-stranded RNA virus, is prone to genetic evolution with a persistent generation of mutations to adapt to its hosts, which leads to the emergence of multiple divergent variants. The VOC Omicron B.1.1.529 was first reported to WHO in November 2021. Omicron and its subvariants with the fast transmission have displaced the prior VOCs, and become the most prevalent circulating SARS-CoV-2 variants nowadays, leading to a large population of breakthrough infections [8,9]. The Omicron variants were analyzed and found to have more than 30 mutations in spike region, with 15 mutations corresponding to the epitopes on RBD. These mutations synergize and create better opportunities for the viruses to escape immune surveillance, while some conserved RBD epitopes remain unmutated [40]. These conserved epitopes share cross-reactivity with the prior strains, including the ancestral Wuhan Hu-1 strain. This explains why even after multiple rounds of drastic antigen drifts in SARS-CoV-2 since the wildtype Wuhan Hu-1, the booster vaccine with the Wuhan Hu-1 strain remain effective in preventing severe conditions among general populations under the latest waves of dominant infections caused by the latest VOCs such as Omicron subvariants [57]. Nevertheless, in a longitudinal study, humoral immunity against VOCs were significantly compromised in the triple-vaccinated cohort due to immune imprinting primed by prior exposure to the ancestral Wuhan Hu-1 strain, while COVID-19 patients associated with VOC infections displayed serological profiles specific to variant epitopes [58]. Accordingly, a group analyzed fully vaccinated and boosted subjects with distinct SARS-CoV-2 infection histories to explore the cross-protectivity against Omicron, and observed “hybrid immune damping”, a phenomenon which was attributable to the immune imprinting effect that instead of targeting the new variant, NAbs specific to Wuhan Hu-1 wildtype was back-boosted after Omicron infection [39]. In addition to SARS-CoV-2 variants, immune imprinting by prior seasonal coronavirus infections can also potentially modulate the humoral immunity against SARS-CoV-2 infection. In hospitalized COVID-19 patients, there was a strong boosting of spike protein epitopes of other seasonal coronaviruses that target conserved epitopes of OC43 and HKU1 betacoronaviruses in the longitudinal immune profile. This seemingly has a negative impact on the efficacy of COVID-19 vaccine by hindering the induction of de novo NAbs against SARS-CoV-2 [59]. These data suggest that the immune imprinting is not only present in the influenza but also in the COVID-19 pandemic. The distinct antibody and B cell profiles in hybrid immunity with different combinations of SARS-CoV-2 vaccination and infection, which are highly involved in immune imprinting, need to be systemically investigated for further COVID-19 booster strategy.




3.3. Impact of Immune Imprinting on COVID-19 Vaccine


The approved or authorized COVID-19 vaccines are developed by different platforms including mRNA [60,61], viral vectors that express full-length spike proteins [62,63,64], inactivated whole virus [65,66,67] or purified spike proteins [68,69]. All of these vaccines are designed based on the ancestral SARS-CoV-2 genomic sequence, Wuhan Hu-1, which was released in 2020 [70]. These COVID-19 vaccines are highly effective against the predominant circulating virus that were genetically close to the ancestral strain, such as Alpha (B.1.1.7) variant. However, fast-spreading SARS-CoV-2 variants with multiple mutations all through their genome have emerged in different countries all over the world. Among the VOCs, those with mutations critically in neutralizing antibody epitope RBD affect the biological function of SARS-CoV-2 and are capable of escaping vaccine-induced immune response, therefore posting a great challenge for vaccine effectiveness. Updating first-generation vaccines by changing the original spike into the spike from the new dominant variant has been proposed by vaccine manufacturers. Recurrent vaccination with either prototype vaccine or variant-adapted vaccine will become common. Immune imprinting might negatively impact the effectiveness of vaccine development for evolving variants: the primary negative effect is its intervention with naïve B cells in generating more specific antibodies with high affinity to the current circulating VOC; secondly, the repeated exposure to conserved but non-neutralizing viral epitopes might result in the dominant humoral immunity with non-functional antibodies.



Early studies have revealed a certain level of immune imprinting during immunization with SARS-CoV-2 variant-targeting vaccines following the original vaccine series. Back-boosting of memory B cells responding to the ancestral viral strain was observed in monkeys vaccinated with Beta variant-targeting vaccine following immunization with prototype vaccine [29]. Consistent with the preclinical data from animal model, in a human clinical trial, boosting with Beta variant-adapted mRNA vaccine after two-shot prototype mRNA vaccine led to higher NAb titers specific to the original strain than that against Beta variant, although variant-adapted mRNA vaccine can still develop a rapid anamnestic response targeting key VOCs, and appeared to generate a numerically higher level of NAbs against Beta variant than prototype mRNA vaccine [71]. Therefore, the question is raised as to whether there’s extra benefit from boosting with the variant-adapted vaccine when the recall of B cell and antibody response elicited by homologous boosting with the original vaccine might have already been sufficient to offer protection against infection and server disease caused by circulating variant. Cromer’s group attempted to predict the efficacy of variant-modified vaccine boosters based on the meta-analysis of NAb data from clinical studies that compare the booster dose with the original vaccine or variant-adapted vaccines. They found that individuals with an updated variant vaccine showed in average 1.5-fold higher antibody levels than those with the original vaccine. Interestingly, the variant vaccine still shows benefits even when the vaccine does not entirely match the viral strain [72].



Under the pressure of the unprecedented growth rate of the VOC Omicron which has dominated globally, Omicron-adapted vaccines were developed and tested in record time by different groups. A report from NIAID and Moderna (and others) based on a study in non-human primates suggested that following primary vaccination with standard Moderna mRNA, monkeys boosted with either the Omicron-adjusted mRNA vaccine or the homologous mRNA vaccine elicited comparable humoral response against Omicron variant [12]. Both vaccine booster regimens enhanced neutralization of Omicron, and offered protection in the lung after viral challenge. Immune imprinting appeared to highly involve in driving the similarly high frequencies of memory B cells as measured in non-human primates boosted with the original or Omicron-adapted vaccine. It is plausible that imprinted memory B cells induced by the original mRNA vaccine dominate the response to the booster vaccine. Thus, based on the small-scale preclinical study, at least in the short term, boosting with Omicron-mRNA vaccine has not yet presented big advantage over the original mRNA vaccine regarding the induction of protective NAbs against variant as well as control of viral replication after challenge, and immune imprinting seemingly involved in damping the B cell response to variant epitopes. The Omicron-matched vaccine with accepted safety and immunogenicity profile is further tested in a clinical trial at large cohort scale. The bivalent SARS-CoV-2 mRNA vaccine, which contains two spike components of ancestral SARS-CoV-2 and Omicron variant BA.1 lineage, was administrated as a second booster in individuals who had previously received two primary series and the first booster dose of the original mRNA vaccine [73]. The group that received bivalent vaccine generated a 1.6-fold higher NAbs against Omicron BA.1 variant, and 1.4-fold higher NAbs against BA.4/5 variant as compared to those boosted with the original vaccine. Thus, according to the data from human clinical trial, the bivalent Omicron-adapted mRNA vaccine, seemingly also being affected by immune imprinting, is only modestly superior to the prototype mRNA vaccine for induction of NAb response against the current circulating Omicron variant. On 31 August 2022, the U.S. Food and Drug Administration (FDA) has authorized the bivalent formulations of mRNA vaccines (half for ancestral strain, half for Omicron BA.4/5) from Moderna and Pfizer for the use as a single booster shot, and approximately 12% of U.S. population had received the bivalent mRNA booster. Of note, recent data from a pair of studies on subjects with bivalent mRNA booster suggested that bivalent mRNA vaccine did not elicit superior NAb response against BA.4/5 as compared with the monovalent vaccine by pseudovirus assay, which is probably attributable to the immune imprinting by previous SARS-CoV-2 antigen exposure [74,75]. Although the bivalent vaccine has become a new tool in response to the emerging VOC Omicron, great challenge may be posed by immune imprinting which inhibits the development of memory B cells and NAb against new epitopes of Omicron. The efficacy of the bivalent COVID-19 vaccine in preventing viral replication and transmission, especially in people with distinct histories of viral antigen exposure or in other words, with disparate immune imprinting, needs to be monitored closely over time.





4. Conclusions


Immunological memory is a double-edged sword: it can offer protection against novel but closely related pathogens or block the development of NAbs against related but antigenically distant pathogens. Due to the constant evolution of SARS-CoV-2, recurrent vaccination and breakthrough infection have been common, making the population-level immunity against COVID-19 diverse and complicated. How the immune imprinting influences the SARS-CoV-2 infection or vaccination is yet to be comprehensively determined and should be considered when evaluating the efficacy of the updated vaccines at a population level. To combat the emerging SARS-CoV-2 variants that favor immune evasion, reformulating COVID-19 vaccine matched to the dominant variant is being pursued. Further COVID-19 vaccine strategies might need to be developed for overcoming the negative modulation by imprinted immune response. Boosting immunity with well-designed immunodominant RBD proteins of variants or spacing out vaccine shots over a longer time interval could potentially skew the humoral immunity toward key RBD epitopes of emerging VOCs.
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Figure 1. Establishment of B cell memory and immune imprinting. (a) Activation of memory B cells through vaccination or viral infection. Upon exposure to viral antigens by vaccination or infection, a germinal center starts to form. In the dark zone of the germinal center, optimal B cells with high-affinity BCR expressed on the surface can be selected for clonal expansion with the help of TFH cells and differentiate into long-term memory B cells and plasma cells. Some B cells can rapidly differentiate into short-lived plasma cells with low-binding affinity that are formed in the extrafollicular sites of secondary lymphoid organs. (b) The impact of immune imprinting on humoral immunity. In the presence of subsequent viral variants, the lymph nodes that have previously generated memory cells after exposure to ancestral viral antigens tend to produce a relatively higher number of memory B cells expressing antibodies against the ancestral virus compared to the B cells targeting the viral variants. (Created with BioRender.com). 
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