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Malaria remains a significant contributor to the global burden of disease, with around 40% of the world’s population at risk of Plasmodium infections. The development of an effective vaccine against the malaria parasite would mark a breakthrough in the fight to eradicate the disease. Over time, natural infection elicits a robust immune response against the blood stage of the parasite, providing protection against malaria. In recent years, we have gained valuable insight into the mechanisms by which IgG acts to prevent pathology and inhibit parasite replication, as well as the potential role of immunoglobulin M (IgM) in these processes. Here, we discuss recent advances in our understanding of the mechanisms, acquisition, and maintenance of naturally acquired immunity, and the relevance of these discoveries for the development of a potential vaccine against the blood stage of Plasmodium falciparum.
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Introduction

Malaria is a deadly disease caused predominantly by the parasite Plasmodium falciparum. In 2018, an estimated 228 million cases occurred globally, resulting in 405,000 deaths, of which most were children (1). With the distribution of long-lasting insecticide-treated bed nets, increased insecticide spraying, and earlier diagnosis and treatment, major progress has been made in reducing morbidity and mortality since 2010. However, malaria continues to be a major global public health challenge and have devastating socioeconomical impact, mainly in Sub-Saharan Africa. Because of the spread of drug-resistant parasites and insecticide-resistant mosquitoes, as well as lack of access to treatment, vaccine development remains the most promising avenue for the eradication of malaria.

Vaccine development efforts have focused on multiple stages of the parasite life cycle, including the pre-erythrocytic stages and the asexual blood stage (Figure 1). While the development of sporozoite vaccines is in a more advanced stage than blood stage vaccines [reviewed in (2, 3)], strategies against both stages still face multiple hurdles. Therefore, the ultimate malaria vaccine may need to target both life cycle stages to reach sufficient vaccine efficacy. The Plasmodium asexual blood stage is responsible for symptomatic disease and can elicit a robust immune response [reviewed in (4)]. Over the course of multiple infections, antibody responses against blood stage parasites broaden and reach a level that protects against malaria (5–7). However, eliciting a long-lasting, protective antibody response by vaccination has proven a difficult task. Among the many reasons for the failures of historical blood stage vaccine candidates are i) sequence variation in vaccine targets that resulted in parasite strain-specific responses (8, 9), ii) inability of the vaccine to elicit sufficiently high antibody titers necessary for protection (10, 11), and iii) quick waning of elicited immune responses (6, 12–15). In parallel to these obstacles for vaccine development, many questions about the nature of naturally acquired immunity remain. For example, it is not fully understood why immunity against malaria develops relatively slowly, how long naturally acquired antibody responses are maintained in the absence of re-exposure, whether antibody responses are strain-transcending or a combination of strain-specific responses, and which (combinations of) antigen(s) should be prioritized for vaccine development.




Figure 1 | Plasmodium falciparum life cycle stages in the human host. The blood stage of P. falciparum is the only life cycle stage responsible for disease in the human host. During the intraerythrocytic developmental cycle (IDC), merozoites invade erythrocytes, followed by development and replication of the parasite through ring, trophozoite, and schizont stages, until new merozoites egress and the cycle repeats. Antibody responses that protect against malaria are directed against two classes of antigens expressed during the IDC. Merozoite antigens, such as MSP1 and AMA1, are common targets of antibodies generated during natural P. falciparum infection. Antibodies against these antigens prevent merozoite invasion of erythrocytes via various effector mechanisms, including neutralization, opsonic phagocytosis, and complement activation. Variant surface antigens (VSAs) are expressed on the surface of infected erythrocytes. Antibodies against VSAs, including PfEMP1, RIFINs, and STEVORs, prevent cytoadherence of infected erythrocytes to vascular endothelium and rosetting, thereby promoting clearance of parasite-infected erythrocytes by the spleen.



The main antigenic targets of blood stage parasites can be divided into two categories: i) parasite variant surface antigens on the cell membrane of infected erythrocytes and ii) proteins that are located on the merozoite surface or secreted by merozoites during erythrocyte invasion (Figure 1). Recent studies examining naturally acquired immunity have revealed important insights into antibody responses against these two groups of P. falciparum antigens, including their development and maintenance, key molecular and immunological mechanisms of parasite inhibition, and a potential role for immunoglobulin M (IgM) in the protective response. This review provides an overview of these discoveries and highlights their relevance for vaccine development.


Plasmodium falciparum Variant Surface Antigens

During the mature stages of the asexual blood stage, P. falciparum expresses variant surface antigens (VSAs) on the cell membrane of the infected erythrocyte. These proteins play crucial roles in both malaria pathogenesis and immune evasion. VSAs belong to multigenic families, most notably P. falciparum erythrocyte membrane protein 1 (PfEMP1), repetitive interspersed repeats (RIFIN), and subtelomeric variant open reading frame (STEVOR). PfEMP1 can bind to specific host receptors lining the vascular endothelium, resulting in sequestration of infected erythrocytes in capillaries, thereby preventing parasite clearance by the spleen (16–18) (Figure 2). In addition, members of all three VSA families mediate rosetting, the formation of a cluster of uninfected erythrocytes around an infected erythrocyte, which enhances microvascular obstruction (19–22). Rosetting and sequestration of infected erythrocytes can contribute to disease by reducing capillary perfusion and promoting parasite survival by preventing splenic clearance [reviewed in (23)]. Antibodies against VSAs may function by countering these immune evasion strategies of the parasite (24–26). In addition, anti-VSA antibodies may contribute to directly killing infected erythrocytes through the induction of opsonic phagocytosis (27) or antibody-dependent cellular cytotoxicity by natural killer (NK) cells (28).




Figure 2 | Antibodies against variant surface antigens. (A) PfEMP1 on the surface of an infected erythrocyte facilitates binding to receptors on human vascular endothelium. (B) Humoral immune responses against PfEMP1 inhibit attachment of infected erythrocytes to host endothelium and induce opsonic phagocytosis of infected erythrocytes. (C) Immune evasion of infected erythrocytes is mediated by RIFINs expressed on the surface of the erythrocyte. Binding of RIFINs to LAIR1 on B cells and natural killer (NK) cells results in suppression of immune responses. (D) Antibodies against RIFINs may function in preventing the binding of infected erythrocytes to LAIR1 on leukocytes. Broadly reactive antibodies to RIFINs were found to contain an insertion of a fragment of LAIR1 in the arm of the antibody heavy chain. (E) STEVORs mediate rosette formation and may play a role in merozoite invasion by adhering to glycophorin C on the erythrocyte surface. (F) Antibodies targeting STEVORs can prevent rosetting and inhibit attachment of merozoites to erythrocytes, thereby potentially limiting parasite replication and survival.





Antibody Responses Against PfEMP1

Each P. falciparum parasite encodes a diverse set of approximately 60 PfEMP1 proteins, but only one of these antigens will be expressed in a single parasite [reviewed in (29)]. PfEMP1 proteins display a high degree of sequence variation, both among the different variants encoded within a single parasite and among those expressed by different parasite strains. Switching PfEMP1 variant expression therefore contributes to quick and efficient evasion of host humoral immune responses by the parasite (18). Unfortunately, the extreme sequence diversity among PfEMP1 variants has hampered our ability to study naturally acquired immunity against these antigens, as well as the development of a PfEMP1-based vaccine.

PfEMP1 proteins are composed of two to ten cysteine-rich interdomain regions (CIDRα, β, γ, and δ) and Duffy binding-like domains (DBLα, β, γ, δ, ϵ, ζ, and x) that can be further divided into 147 subtypes (30–32). These different domains can bind to different host receptors, including endothelial protein C receptor (EPCR), intercellular adhesion molecule 1 (ICAM1), and CD36. These host endothelial receptors are not expressed at similar levels in all organs (33, 34). For example, CD36 expression is low in brain vascular endothelium, while expression of EPCR is high and expression of ICAM1 is upregulated under conditions of inflammation (33, 34). Pathogenesis, disease symptoms, and the development of severe malaria are therefore partially dependent on which PfEMP1 variant is expressed by the parasite.

Severe malaria is mainly seen in children under 5 years of age and includes life-threatening complications such as cerebral malaria and severe anemia. These severe disease manifestations have been associated with the expression of specific subtypes of CIDR and DBL domains, including CIDRα1, DBLα1, DBLα2, and DBLβ (35, 36). Protection from severe malaria is acquired early in life after only a limited number of infections (37). In the past few years, multiple independent cohort studies have revealed the role of PfEMP1 IgG antibodies in this protective response and have shed light on which PfEMP1 domains are the main targets of protective antibodies. Although all PfEMP1 domains appear to be immunogenic (38), subjects with uncomplicated malaria showed higher anti-PfEMP1 IgG titers and harbored IgGs that target PfEMP1 variants associated with severe malaria (27, 39–42). In a cohort of 448 young children (29–56 months old) in Papua New Guinea, children with uncomplicated malaria had higher levels of anti-PfEMP1 IgGs than children with severe malaria (27). The ability of these antibodies to induce opsonic phagocytosis suggests that direct killing of infected erythrocytes may contribute to protection. However, it remains to be definitively established whether cellular immune mechanisms or the prevention of cytoadherence is the main mechanism of action of these antibodies. Similar to these results, a protein microarray analysis of serum reactivity against 170 PfEMP1 fragments showed that children in Mali with severe malaria had lower PfEMP1 antibody levels and these antibodies recognized fewer PfEMP1 variants than antibodies in control subjects (41). In this study, participants were age and residence matched to minimize differences in parasite exposure between groups. This similarity in exposure levels was experimentally confirmed by the observation that children with cerebral malaria and healthy controls showed only minor differences in immune responses against intracellular PfEMP1 domains and merozoite antigens. However, a limitation of this study is that only PfEMP1 domains from the reference P. falciparum strain 3D7 were used, which does not include several known PfEMP1 domains that are associated with severe malaria and does not necessarily match the parasite strains that these children have been exposed to. An extensive study of antibody responses against 456 DBLα domain variants from local parasite isolates among 232 children (0.9–3.2 years old) in Papua New Guinea showed that IgGs against 85 DBLα1 and DBLα2 variants were associated with 70–100% reduction in severe malaria (40). In this study, protection against severe malaria could be further narrowed down to antibody responses against 17 DBLα variants, many of which were physically linked to EPCR-binding CIDRα1 domains (see below). These results suggest that immunity against severe malaria is the result of antibodies targeting a relatively small panel of conserved PfEMP1 domains (less than 5% of the full PfEMP1 repertoire), providing support for developing a vaccine based on these pathogenic PfEMP1 domains. Similarly, Tuju et al. reported that children in Kenya with mild or severe disease (n = 36) showed distinct serological IgG profiles against DBLα domain variants and a similar, but weaker, qualitative difference for IgM (42). The underlying mechanisms that give rise to these different serological outcomes remain to be further investigated and will be informative for vaccine development.

CIDRα1 is a PfEMP1 domain type that may play a dominant role in the development of protection against severe malaria. CIDRα1 domains have been shown to bind to EPCR, and results from several studies suggest that this interaction plays an important role in the development of severe malaria, in particular cerebral malaria (43–45). In cross-sectional studies in two independent cohorts, IgG responses against EPCR-binding CIDRα1 domains were found to develop earlier in life than antibodies against other PfEMP1 CIDR domains (46, 47), highlighting their potential role in protection against clinical disease. In addition, a longitudinal analysis in the Malian cohort showed an ordered acquisition of IgGs against different CIDRα1 domains, starting with IgGs against CIDRα1.7 and CIDRα1.8 (46). This could signify the ordered expression of PfEMP1 variants by P. falciparum, potentially in response to the immune status of the host. Alternatively, it could reflect differences in parasite fitness and transmissibility, resulting in early infections preferentially caused by parasites circulating at higher prevalence (46).

Given the high degree of sequence variation among PfEMP1 variants, one would expect that many PfEMP1 antibodies are strain-specific. However, CIDRα1 domains were shown to have conserved structural features that allow many different PfEMP1 variants to bind to the same host receptor (48). This structural conservation of the EPCR binding site may allow the immune system to produce antibodies that are cross-reactive against many different CIDRα1 domains. Indeed, IgGs isolated from serum by affinity purification using a peptide comprising the EPCR binding site of one CIDRα1 domain were able to bind to other CIDRα1 domains and prevented interaction of the domain with EPCR (48). These results suggest that the structural conservation of CIDRα1 domains may provide an opportunity for the development of a vaccine that elicits protection against severe malaria.



Antibody Responses Against RIFINs

RIFINs are encoded by a set of 150 to 200 genes and are highly antigenically varied (49). Following the pattern of the PfEMP1 family in P. falciparum, a single RIFIN is expressed by each parasite (19). Members of the RIFIN family preferably bind to blood group A erythrocytes to form large rosettes and induce cytoadherence, thereby potentially contributing to severe disease (19). In addition, it has recently been shown that RIFINs can bind to inhibitory receptors expressed on B cells, T cells, and NK cells, including leukocyte immunoglobulin-like receptor B1 (LILRB1) and leukocyte-associated immunoglobulin-like receptor 1 (LAIR1) (50) (Figure 2). Binding of these receptors to their natural ligands results in the suppression of immune responses (51–53). RIFINs bind the same region of LILRB1 as MHC-I, its natural ligand, and mimic the function of MHC-I by co-localizing with LILRB1 in the immunological synapse and inhibiting NK cell activation (54). In addition, it has been demonstrated that binding of RIFIN to LILRB1 inhibited IgM production in primary human B cells and reduced NK-mediated killing of target cells (55). A direct effect of RIFIN-binding to LAIR1-expressing mouse T cell hybridoma reporter cells has not been observed, but the effect of the interaction between RIFIN and LAIR1 has yet to be tested under more relevant experimental conditions, such as using primary human leukocytes (55). Based on these observations, it has been hypothesized that one of the functions of RIFINs is to down-modulate immune responses against P. falciparum through the binding to these inhibitory receptors.

Interestingly, it has been discovered that the human immune system exploits the ability of RIFINs to bind LAIR1 to generate broadly reactive IgM and IgG antibodies to RIFINs (56, 57). These antibodies have highly unusual structures, caused by an insertion of a human LAIR1 exon into the antibody heavy chain variable region CDR3 or into the switch region (Figure 2). Gene insertions in switch regions showed higher prevalence in class-switched memory B cells as compared to naive B cells, suggesting a role for activation-induced cytidine deaminase in facilitating such insertions (56, 57). Through somatic hypermutation, these LAIR1 domains lost the ability to bind to their natural ligand, collagen, thereby preventing the generation of auto-antibodies, but retained high affinity for RIFINs. These LAIR1 antibodies were found in 5–10% of malaria-experienced individuals, whereas only 0.3% of European donors had LAIR1-containing IgG (56, 57). However, the presence of LAIR1 antibodies did not correlate with protection against malaria. Thus, while LAIR1 antibodies are testament to the exceptionally strong selection pressure of P. falciparum on the immune response of infected individuals, the question remains whether antibodies against RIFINs contribute to protection.

IgG antibodies against RIFINs (irrespective of a LAIR1 insert) were detected in children in Tanzania as early as 1 year after birth, but levels did not increase with age (19). No difference was observed in serum IgG reactivity against three RIFINs on a protein microarray between children (1–6 years old) and adults (18–55 years old) in Mali (58). IgGs in the sera from the adults in this cohort bound to more RIFIN peptides in both semi-conserved and hypervariable domains than did the antibodies in the sera from the children (58). However, there was no difference in seroreactivity between A-type RIFINs, expressed on the surface of the infected erythrocyte, and B-type RIFINs, localized inside the parasite, suggesting that the increased antibody reactivity in adults reflects the higher cumulative exposure to the malaria parasite as compared to the children, but not protection (58, 59). In line with this observation, in children in Kenya, IgGs against PfEMP1 were associated with protection from malaria, while antibodies against other VSAs were not (60), suggesting that PfEMP1 proteins are the main target of protective immune responses against parasite proteins expressed on the erythrocyte surface.



Antibody Responses Against STEVORs

Of the VSA families discussed in this review, STEVORs were the last to be identified and remain the least characterized. STEVORs represent a family of approximately 40 polymorphic proteins encoded by genes found in subtelomeric regions of the P. falciparum genome (61). RNA-sequencing analysis of the P. falciparum 3D7 strain revealed a biphasic expression profile of STEVORs within the intraerythrocytic cycle, peaking in early trophozoites and late schizonts/merozoites (62). Additionally, STEVOR expression has been identified in the sporozoite and gametocyte stage of the parasite (63). Localization of STEVORs in all three stages is distinct, suggesting different functions based on the life cycle stage. In both trophozoites and gametocytes, STEVORs can be found on the infected erythrocyte membrane (63), where they likely play a role in parasite sequestration [reviewed in (64, 65)]. In addition, STEVORs have been detected on the apical surface of merozoites (66). STEVORs can bind to glycophorin C on the erythrocyte surface, leading to rosette formation of erythrocytes infected with mature parasites (67) and attachment of merozoite to the erythrocyte membrane (20). Given the widespread distribution of STEVORs throughout the P. falciparum life cycle, antibody responses against these targets may inhibit parasite replication at various stages. Indeed, STEVOR-targeting monoclonal antibodies showed a reduction in rosetting (67) and inhibition of merozoite invasion (20).

Although it is clear that STEVORs are involved in host-pathogen interactions, their role in disease pathogenesis is incompletely understood. Several cohort studies have attempted to unravel this role by analyzing serum antibody responses against STEVORs. In a cohort of Ugandan individuals aged 6–22 years old, seroprevalence of antibodies against STEVORs was lower as compared to anti-RIFIN antibodies (68). Grouping of participants based on risk of febrile malaria revealed only a single STEVOR commonly targeted by the humoral immune system of protected individuals (68). In this study, seroreactivity was tested using a library of 30 unique STEVOR recombinant proteins, each expressed as 1 or 2 truncated fragments (68). As a result, it is possible that antibody reactivity was missed because of misfolding of these protein fragments. Future studies will therefore need to evaluate host immune responses to full length STEVOR proteins. A similar study took a closer look at seroreactivity in children versus adults in a Malian cohort using a peptide array (58). Child and adult sera were able to bind all three RIFINs tested in this panel. While adult antibodies also reacted with all six STEVORs, children only showed reactivity to four of the six (58). A peptide array of these six STEVORs revealed that IgG from adults bound significantly more peptides and had more reactivity to semi-conserved and hypervariable regions as compared to IgG from children (58). When comparing sera obtained from children before and 90 days after a single clinical malaria episode, double the amount of STEVOR peptides were recognized by antibodies in the sera at the post-malaria time point, which more closely resembled the epitope profile targeted by adults (58). This study is limited in the repertoire of STEVOR proteins tested and only measured antibody responses against linear epitopes, but it does highlight how quickly antibodies to a single protein can develop over the course of a single infection. These findings are in line with the rapid acquisition of antibodies contributing to protection against severe disease after only a few clinical episodes.

Additional analyses will be required to distinguish if anti-STEVOR antibodies contribute to protection or merely correlate with antigen exposure. Future studies will require a more extensive analysis of STEVOR expression in clinical isolates, similar to what has been accomplished for PfEMP1. The use of 3D7-based antigens to measure anti-STEVOR antibody responses is a limiting factor when trying to understand the contribution of antibody response to protection, since analyses of clinical isolates have revealed regions within STEVORs with high sequence variation (69) and variability in STEVOR expression between fresh isolates and laboratory-adapted strains (66). Using STEVOR sequences from clinical isolates along with cohorts of individuals who are at risk of or clinically protected from malaria will provide a deeper understanding of variants involved in disease pathogenesis, anti-STEVOR antibody responses that are associated with protection, and potential targets for vaccine design.




Plasmodium falciparum Merozoite Antigens

Erythrocyte invasion by merozoites is an essential step in the asexual replication cycle of Plasmodium parasites, a process that can be blocked by antibodies [reviewed in (70)]. As a result, merozoite antigens have been the subject of intensive research over the past decades, which unfortunately has not (yet) translated into a successful blood stage vaccine [reviewed in (71)]. Merozoites express a large repertoire of proteins on their surface and in specialized secretory organelles, micronemes, and rhoptries, that are released during the invasion process [reviewed in (70)]. Titers of antibodies against members of the merozoite surface protein (MSP) family are typically among the highest detected in malaria-experienced individuals (72, 73), most likely because of their abundance and exposed nature. However, associations between antibody specificities in serum and protection against malaria are generally weaker for merozoite surface proteins than for microneme or rhoptry proteins (74, 75). Because of genetic polymorphisms and functional redundancies among merozoite proteins, it is still unclear which antigens are the best candidates for vaccine development (8, 9). Delineating the key merozoite antigens and the mechanisms by which antibodies against these antigens confer protection therefore remain important areas of research for the development of a blood stage vaccine.


Dissecting Protective Antibody Responses to Merozoite Antigens

The prioritization of antigens for vaccine development has been hampered by multiple issues, including our lack of understanding which immunological measures correlate with protection and which mechanisms of antibody-mediated parasite inhibition are most relevant for immunity. Large-scale efforts will therefore be needed to systematically compare antibody responses across different cohorts using multiple readouts. One of the most high-throughput approaches has been to compare antibody specificities between protected and susceptible people using protein microarrays. These analyses have shown that a large proportion of the P. falciparum proteome is immunogenic and that the breadth and durability of IgG responses increases with cumulative exposure (5–7). In addition, protected individuals have higher levels of IgG against a broad range of antigens, with unique serological profiles for each individual (5–7). The difference between protection from and susceptibility to malaria cannot simply be explained by the presence or absence of one or a small number of antibody specificities. To better understand the high complexity of such data sets and move beyond analyzing IgG responses to individual antigens, recent studies have used machine learning approaches that are able to assess combinations of responses and their association with protection (76, 77). An analysis of protein microarray data comprising antibody reactivity against more than 1,000 antigens in children (2–10 years old) and young adults (18–25 years old) showed that protection was associated with a qualitative shift in antibody responses, with an increase in antibody titers against VSAs and a decrease in antibody titers against antigens enriched for conserved proteins with unknown function (77). Proietti et al. identified an immune signature of IgG responses against 15 antigens that predicted protection from malaria across two cohorts (76). Interestingly, most of these proteins were localized intracellularly and were expressed at different stages of the P. falciparum life cycle, making them unlikely direct targets of parasite-inhibitory antibodies. However, these results may highlight the importance of other components of the adaptive immune system, such as T cell responses, in driving protective B cell immunity. In addition, this immune signature can be used to predict disease susceptibility, monitor the acquisition of naturally acquired immunity over time, and assess the impact of malaria interventions.

One shortcoming of these large-scale protein microarray studies is that they only assess antibody binding, not antibody effector functions such as opsonization or complement fixation. Antibodies that bind to merozoite antigens do not necessarily inhibit erythrocyte invasion. For example, it has been shown that the activity of inhibitory anti-MSP1 IgG can be blocked by non-inhibitory antibodies that compete for binding to overlapping epitopes or bind to more distal regions and presumably prevent binding of inhibitory antibodies through steric hindrance (78). Assays that assess different antibody effector functions are therefore essential to measure the ability of antibodies to inhibit parasite replication or induce parasite killing by immune cells. In recent years, the importance of antibody effector functions in parasite inhibition has been demonstrated and several studies have started to delineate the contribution of antibodies to individual antigens in this process. In the following sections, we summarize recent advances in our understanding of the nature, and mechanisms of acquired antibody-mediated protection against P. falciparum merozoite invasion.



Antibody Responses Against Combinations of Merozoite Antigens

Recent studies on naturally acquired immunity have provided the important insight that the breadth of antigen recognition is more predictive of immunity than antibody reactivity against any single antigen (74, 75, 79–82). This would suggest that a vaccine based on a single antigen may not be successful in eliciting a fully protective antibody response. To better understand how many different antigens should be targeted to achieve protection and whether antibody responses against certain combinations of antigens perform better than others, the cumulative protective effect of individual antibody specificities has been analyzed. In both Sub-Saharan African and Indian populations, combinations of IgGs against four or five antigens provided nearly full protection against malaria, with only limited contributions from antibodies against additional antigens (80, 82). The most effective combinations were reported to target antigens presented during distinct stages of the invasion process, thereby working synergistically to inhibit invasion (79). In some of these combinatorial analyses, IgG responses against several uncharacterized proteins that do not have a functional annotation but are referred to by their gene identifiers (for example, PF3D7_1136200 and PF3D7_0606800) were associated with the highest levels of protection. These findings support the approach to develop a multi-antigen vaccine and encourage further evaluation of several novel protective antigens as potential vaccine candidates.



Strain-Transcending Immunity

Circulating P. falciparum strains are genetically diverse (8, 9). One of the challenges for vaccine development is to elicit immunity against these genetically distinct parasite strains. Passive immunization studies in the 1960s and 1990s showed that the transfer of IgG from immune individuals living in West Africa to malaria patients in East Africa or Thailand resulted in almost complete clearance of parasitemia in the absence of other treatment (83, 84). These results suggest that IgG from immune individuals can inhibit the replication of different P. falciparum strains from diverse geographical regions. However, the question remained whether this protective effect was the result of a combination of strain-specific antibodies targeting multiple genetically diverse antigens, or if this was due to one or more antibodies targeting conserved epitopes and thereby conferring strain-transcending immunity. A recent study by Hill et al. sought to answer this question by measuring opsonic phagocytosis of merozoites from 15 different parasite strains induced by serum antibodies from semi-immune children (5–14 years old) living in Papua New Guinea (85). Children with serum IgGs that promoted phagocytosis of merozoites from all strains tested showed an 85% decrease in the risk of developing malaria during 6 months of follow-up as compared to children with narrow opsonic phagocytosis activity in serum. Depletion of serum antibodies that bound to one merozoite strain drastically reduced opsonization of merozoites from other P. falciparum strains. These results suggest that opsonic phagocytosis activity against merozoites from different strains is mediated by the same antibodies. However, it is important to mention that P. falciparum exposure levels were not matched between groups and it can therefore not be ruled out that differences in opsonic phagocytosis activity between these groups were driven by differences in antibody titers. More research will be required to fully understand the dynamics of strain-transcending immunity and to identify the conserved epitopes targeted by this response.



Antibody Effector Functions Associated With Protection

One of the priorities for malaria vaccine development is the establishment of correlates of protection and the standardization of in vitro assays to measure these immunological parameters. It is therefore important to better understand the molecular and immunological mechanisms by which antibodies inhibit merozoite invasion. In general, antibodies can act by blocking interactions between molecules (i.e., neutralization), or by promoting Fc-mediated effector functions, including complement activation, opsonic phagocytosis, and antibody-dependent cellular cytotoxicity.

Antibodies against several merozoite antigens have been shown to act by neutralization. For example, IgG binding to EBA-175 prevented attachment of this protein to glycophorin A on the erythrocyte surface, thereby inhibiting invasion (86). Similarly, anti-PfRH5 IgG engineered to not engage in any Fc-mediated effector functions was able to protect against P. falciparum challenge, demonstrating that neutralization is likely to be the primary mechanism of action (87). Although the growth inhibition assay has traditionally been the gold standard in vitro assessment of antibody neutralization, it generally does not correlate well with naturally acquired protection against malaria and may therefore be considered less valuable for assessing naturally acquired immune responses than other, more recently developed, assays (74). However, the growth inhibition assay seems well suited to measure the activity of antibodies that are known to mediate their effect through neutralization. We speculate that these antibodies most likely target antigens that are less abundant on the merozoite surface and are involved in essential interactions with ligands on the erythrocyte (Figure 3). The growth inhibition assay may therefore be the assay of choice to evaluate vaccine-elicited antibody responses against EBA-175, PfRH5, and potentially other antigens.




Figure 3 | Antibody-mediated inhibition of merozoites. Antibodies can function in several ways to mediate inhibition of merozoite invasion into erythrocytes. Here, we present a model of various antibody effector mechanisms for two different classes of antigens: highly abundant merozoite surface proteins and relatively scarce microneme and rhoptry proteins. (A) Immunoglobulins G (IgGs; shown in light blue) targeting surface proteins are not effective mediators of inhibition via neutralization, possibly because extremely high antibody concentrations are necessary to completely block the coat of proteins on the merozoite surface. (B) IgGs can effectively neutralize merozoites when targeting relatively scarce microneme and rhoptry proteins on the apical surface, such as PfRH5 and EBA-175. (C) When targeting abundant surface proteins, opsonic phagocytosis is effectively mediated via IgG1 and IgG3 by binding of phagocytic cells (green) to their Fc domain. (D) Many microneme and rhoptry proteins are only released to the surface of the merozoite once it has attached to an erythrocyte and is ready to commence the invasion process. At this moment, the erythrocyte will (partially) shield IgGs bound to microneme and rhoptry proteins from the Fc receptors of phagocytes. Thus, opsonic phagocytosis may not be an efficient effector function for antibodies against this class of proteins. (E) Both IgGs and IgMs (orange) efficiently initiate the classical complement cascade via C1q (dark blue) when targeting surface proteins to prevent merozoite invasion. (F) IgG is an effective mediator of the complement cascade when targeting microneme and rhoptry proteins. IgM may be less efficient against this class of proteins because large, pentameric IgM may not be able to reach between the erythrocyte and merozoite surfaces.



The implementation of novel functional assays has revealed the role of opsonic phagocytosis and complement fixation in antibody-mediated inhibition and has uncovered these effector functions as correlates of naturally acquired protection. As mentioned, opsonic phagocytosis by naturally acquired antibodies, mainly IgG1 and IgG3, has been reported to be strain-transcending (85) and correlates well with protection from disease (81, 88). Opsonic phagocytosis of whole merozoites increased with greater breadth of antibody responses (81, 88), confirming that targeting multiple antigens is beneficial for anti-merozoite immunity. Various antigens have been identified as targets for these opsonizing antibodies, including MSP1, MSP2, and MSP3 (86, 88, 89). To further delineate the role of individual antigen specificities, Kana et al. used beads coated with recombinant proteins to measure the ability of IgG antibodies against single merozoite antigens to induce opsonic phagocytosis (90). Antibody-induced phagocytosis in this assay showed an association with protection against malaria in a longitudinal cohort of 134 children in Ghana for MSP1-19, MSP2 (3D7 allele), MSP3 (N-terminal region of K1 allele), GLURP (region 2), and PfRH2-2030 (the fragment of PfRH2 covering amino acid residues 2030–2528), but not against 21 other antigens that have been implicated as targets of the protective immune response (90). Combinations of antibody responses against six antigens correlated better with protection than responses to any individual antigen, suggesting that antibodies against multiple antigens may be necessary to induce optimal merozoite phagocytosis.

Complement fixation and subsequent activation of the classical complement pathway is also strongly associated with protection for various merozoite antigens (74, 91). This complement cascade culminates in the formation of the membrane attack complex, which mediates merozoite lysis. Reiling et al. determined that fixation of C1q, the first step in the complement cascade, correlated strongly with membrane attack complex formation and therefore measured the ability of serum IgM and IgG antibodies against various merozoite antigens to bind C1q as a proxy of complement-activating potential (74). The prevalence of C1q-fixing antibodies was high for the majority of merozoite antigens studied and correlated strongly with protection against malaria. The strongest protective associations were observed for C1q-fixing antibodies against EBA-140 (region III–V), MSP7, rhoptry-associated leucine zipper-like protein 1 (RALP1), GPI-anchored micronemal antigen (GAMA), and PfRH2-2030 (74). Again, combinations of antibodies against three different antigens showed an increased protective effect over single antigens or combinations of two antigens, with RALP1 and MSP7 among the antigens most frequently found in protective combinations.

Interestingly, strong opsonic phagocytosis activity was mainly observed for antibodies targeting antigens expressed on the merozoite surface, while the strong complement-fixing activity was predominantly observed for antibodies directed against rhoptry and microneme proteins (74, 90). Of the antigens that were tested in both assays, antibodies that displayed strong opsonic phagocytosis activity against three out of four antigens in the bead-based assay performed by Kana et al. showed relatively weak or no complement-fixing activity and the reverse was true for IgG antibodies against EBA140RIII-V and RALP1 (74, 90). It is likely that multiple antibody effector mechanisms act in concert to provide immunity (92). Both complement fixation and opsonic phagocytosis are induced by the cytophilic IgG1 and IgG3 antibodies, underlining that a vaccine-induced response against merozoite antigens should be directed toward these isotypes. The results from Reiling et al. and Kana et al. suggest that cytophilic antibodies against different antigens preferentially act through one particular effector function, and it will be interesting to understand which antigenic properties influence this response. One explanation for the preferential opsonic phagocytosis activity of antibodies against merozoite surface proteins could be that many antigens located in rhoptries and micronemes only become exposed when the merozoite is in direct contact with an erythrocyte (93) [reviewed in (70, 94)] and may therefore be poorly accessible to phagocytes (Figure 3). However, the differences between results from Reiling et al. and Kana et al. could also be influenced by variation in antibody titers between individuals, the studied antigens, characteristics of the cohort, inclusion criteria for participants selected for the study, as well as other variables. To further evaluate the contribution of antibody specificities and effector mechanisms to inhibition of merozoite invasion, samples from the same individuals should be compared side-by-side in assays that measure these different effector functions against the same panel of merozoite antigens. Epitope mapping of antibodies with different levels of inhibitory activity against merozoites will also provide important insights into immune mechanisms. For example, binding of monoclonal IgGs to a non-neutralizing epitope of merozoite protein PfRH5 resulted in slower erythrocyte invasion, thereby increasing exposure times of other epitopes on PfRH5 to neutralizing antibodies (95). This resulted in a synergistic effect between the non-neutralizing and neutralizing antibodies (95). For MSP1, epitope mapping of non-inhibitory and inhibitory antibodies revealed MSP1 cleavage sites as the most vulnerable sites of this antigen (96). It would be highly informative to also perform such studies for other antigens to better understand how antibodies function and which epitopes should be targeted by vaccination to achieve an effective immune response.



Immunoglobulin M Responses Against Merozoite Proteins

Although the focus of studies on naturally acquired immunity has been on IgG, recent studies suggest that IgM may also play an important role in protection (97–99). IgM is an excellent mediator of complement activation and may function in this way to confer immunity (98). An interesting observation about the role of IgM in protection against malaria has come from a comparison between the Fulani and Dogon people, two genetically distinct ethnic groups living in West Africa with different susceptibility to malaria (100). The Fulani are more resistant to malaria but carry lower frequencies of classical malaria-resistance genes (101), which has prompted a search for immunological variables that can explain the observed differences in malaria susceptibility. Differences in the frequency of genetic variants in several immune-related genes have been identified between the Fulani and Dogon people, but the immunological consequences of these results are unclear (102). Transcriptional profiling showed that the Fulani have a strong inflammatory gene signature in the monocyte population during P. falciparum infection, leading to the hypothesis that monocytes in Fulani people exist in a “primed” state that will elicit a stronger immune response upon infection (103). The Fulani also had higher frequencies of activated memory B cells in the absence of infection and higher percentages of plasma cells during P. falciparum infection (104). These enhanced cellular immune responses most likely explain the increased IgM and IgG levels against many P. falciparum proteins in the Fulani as compared to the Dogon (97). Interestingly, the Fulani IgM responses recognized a broader repertoire of P. falciparum proteins than IgG responses, including a set of antigens to which antibody levels have been correlated with protection (97). These results suggest that IgM may play an underappreciated role in protection against malaria.

In a mouse model, IgM+ memory B cells were shown to be the first responders in secondary Plasmodium infections, giving rise to both IgM and IgG antibody-secreting cells (99). IgM+ memory B cells contained somatic hypermutations and recognized target antigens with high affinity, pointing to T-cell dependent affinity maturation within the germinal center. IgM+ memory B cells with specificity for merozoite antigens were also detected in malaria-experienced humans (99). Finally, Boyle et al. recently showed that IgM against merozoite antigens appears rapidly upon P. falciparum infection and reaches high levels in individuals with life-long exposure (98). IgM levels were more stable under low transmission conditions than IgG levels and were associated with protection (98). However, children with high IgM levels also had high levels of IgG against merozoite antigens, which were also associated with protection. The independent contribution of these antibody classes to immunity therefore remains to be determined.




The Acquisition and Maintenance of Humoral Immune Responses Against Plasmodium falciparum

Naturally acquired antibody responses against P. falciparum require repeated parasite exposure to attain protection, while probably never reaching sterilizing immunity. The rate of antibody acquisition against P. falciparum proteins is influenced by various factors, including age of the human host, transmission intensity, and the type of antigen (72, 73, 105, 106). In general, antibody levels increase with both age and higher transmission intensity (72, 73, 105). Antibodies against different antigens accumulate at varying rates, with stronger responses typically seen for antibodies targeting extracellular or plasma membrane proteins and proteins that are highly abundant, highly polymorphic, or lack a human ortholog (106).

It has been shown that IgGs against PfEMP1 are acquired during the first years of life (47, 107), and their breadth increases with age and exposure (38, 60). In a cohort of children from Papua New Guinea, levels of PfEMP1 IgG antibodies positively correlated with protection in both younger children (1–4 years) and older children (5–14 years) (107). Interestingly, antibodies against merozoite antigens were only associated with protection in older children in this cohort (107). These results suggest that antibodies against PfEMP1 may provide a first line of defense against severe malaria pathogenesis early in life, while antibodies to other parasite antigens may contribute to protection against uncomplicated malaria in older children. This may seem counterintuitive given the extremely high diversity among PfEMP1 variants, at the level of both amino acid sequences and domain composition, while polymorphisms in merozoite antigens provide relatively modest sequence variation in comparison. However, as detailed in Section 2.1, only a small fraction of PfEMP1 domains are pathogenic, with particularly strong evidence for the role of CIDRα1 in severe malaria. Targeting one or a small panel of such pathogenic PfEMP1 domains may be sufficient to achieve protection against severe disease. In contrast, a broader antibody response with higher antibody titers may be necessary to effectively inhibit erythrocyte invasion by merozoites. Indeed, it has been reported that antibodies against merozoite antigens must reach a threshold level before associating with protection (10, 11). While such a functional threshold level is also likely to exist for antibodies against PfEMP1 and antigens on other pathogens, the requirement for recognition of multiple merozoite antigens at high antibody concentrations may be exceptionally high for Plasmodium infections. This may explain why relatively low antibody levels against merozoites in young children are not sufficient to provide protection to malaria in these individuals, while similar levels of anti-PfEMP1 antibodies confer protection against severe disease. The contribution of immune responses against these two main groups of antigens to immunity remains to be fully untangled.

An additional complication to the generation of a protective antibody response against P. falciparum is the ability of the parasite to modulate immune responses via several mechanisms. Plasmodium infections induce a pro-inflammatory immune response that drives differentiation of CD4+ T cells into Th-1 polarized T follicular helper cells, resulting in impaired germinal center (GC) responses (108, 109). This pro-inflammatory environment also induces the expansion of a subset of B cells known as “atypical memory B cells” (110, 111) [reviewed in (112, 113)]. These cells express inhibitory receptors and have been described as functionally impaired (114, 115), although several studies have reported that these cells may in fact be functional and can contribute to anti-parasite immunity (116, 117). It has been postulated that naive B cells differentiate into atypical memory B cells in B cell follicles upon stimulation with interferon gamma produced by Th-1 polarized T follicular helper cells and Toll-like receptor agonists (118). In this process, atypical memory B cells may bypass the germinal center (GC) or exit the GC prematurely, thus limiting affinity maturation and the ability of these cells to produce high affinity antibodies. Finally, a recent study showed that in both human and mouse experimental Plasmodium infections, a large proportion of activated B cells differentiated into extrafollicular plasmablasts (119). The high demand of replicating plasmablasts for nutrients, in particular the amino acid L-glutamine, outcompeted that of GC B cells, thereby limiting the development of memory B cells and long-lived plasma cells. The disruption of GC formation during Plasmodium infections likely hampers the development of B cells with high affinity for parasite antigens. It is however conceivable that the chronic and repetitive nature of P. falciparum infections will ultimately allow for the acquisition of high levels of somatic hypermutations by consecutive rounds of memory B cell activation and affinity maturation, as observed in, for example, HIV-1-infected individuals (120–122). Alternatively, high affinity plasma cells could be derived from naive B cell precursors with intrinsic high binding affinity, which would limit the need for effective germinal center reactions (123). Longitudinal molecular studies of antibody evolution have not been performed in naturally P. falciparum-exposed individuals but would be useful to better understand how protective antibody responses develop over time.

Given the high levels of antibodies required for protection against malaria, protective antibody responses are generally not sustained over long periods of time without re-exposure. Antibody levels are maintained by long-lived antibody-secreting cells in the bone marrow. While these plasma cells are not easily accessible for study in humans, their half-life can be modeled based on serum antibody levels. Using this approach, Yman et al. found that antibody levels against merozoite antigens as well as the proportion of long-lived antibody-secreting cells after a malaria episode in individuals who were formerly exposed because of residency in an endemic area (a median of 14 years ago) were higher compared to previously malaria-naive travelers (12). These results suggest that repeated P. falciparum infections are necessary to drive the formation of long-lived antibody-secreting cells, providing an explanation for the observation that immunity requires prolonged exposure. In addition, the half-life of merozoite antigen-specific long-lived plasma cells was 2–4 years, which was shorter than that of long-lived antibody-secreting cells against tetanus toxoid (7 years) and explains why some degree of exposure is necessary to maintain immunity (12). However, this study also demonstrated that immunological memory is not completely lost after more than a decade of non-exposure. These results are in agreement with an earlier report that showed that in five Swedish residents who were previously treated for malaria following international travel, P. falciparum merozoite antigen-specific memory B cells were detected up to 16 years later in the absence of re-exposure (124). Findings from a recent study in a low transmission region in Zambia suggest that the level of exposure necessary to maintain antibody levels is probably very low (73). In this setting, parasite prevalence in the population was approximately 2.5%, most infections were asymptomatic, and about half of all individuals with parasitemia had parasite levels that were undetectable with rapid diagnostic tests. In the absence of significant recent transmission, adults showed stable antibody levels over a period of 2 years, suggesting that infrequent infections with low-level parasitemia are sufficient to maintain humoral immune responses. Among targets of the strongest antibody responses were PfEMP1 variants and merozoite antigens. Neither of the studies discussed above included a functional assessment of antibody responses, and it is thus unclear whether the antibodies measured in these studies contribute to protection. However, assuming that long-lived antibody-secreting cells and antibodies targeting protective epitopes follow similar kinetics, these results suggest that long-term protection by vaccination may be possible with frequent boosting of the humoral immune response.



Concluding Remarks

The main targets of naturally acquired immune responses against P. falciparum are variant surface antigens on the plasma membrane of the infected erythrocytes and antigens expressed by merozoites. Antibody responses against PfEMP1 variants develop early in human life and seem to be the main driver of protection against severe malaria in young children. Protection against malaria in older children is achieved once antibodies against merozoite antigens reach sufficiently high levels. A vaccine based on a combination of these two classes of antigens may elicit antibodies that have an additive effect, or possibly even act synergistically, toward the prevention of all clinical manifestations of malaria.

The main obstacle for the development of a vaccine targeting PfEMP1 is the identification of conserved epitopes, given the enormous sequence variation among this protein family. The CIDRα1 domain has the most potential as a vaccine candidate against severe malaria, given its role in the pathogenesis of severe malaria through binding to EPCR, and because of structural conservation of the EPCR binding site.

Correlations with protection have been observed for antibody responses against many different merozoite antigens. Broader antibody responses provide better protection, with near full protection for responses against combinations of three to four antigens. What remains unclear is which of these (combinations of) antigens should be moved forward for vaccine development. Since many of these antigens are polymorphic, the identification of conserved epitopes has high priority. In addition, several candidates that have been identified have unknown functions and further characterization of these proteins will provide more insight into the merozoite invasion process.

Finally, recent studies have revealed mechanisms of antibody-mediated parasite inhibition. Understanding how antibodies function against different target antigens is important to be able to induce the most effective immune response by vaccination and to establish correlates of protection. Nature has provided us with proof-of-concept that protection against blood stage infection is achievable. Our increased understanding of naturally acquired immunity therefore provides hope for the development of a malaria blood stage vaccine.
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In the autoimmune disease Systemic Lupus Erythematosus (SLE), autoantibodies are formed that promote inflammation and tissue damage. There has been significant interest in understanding the B cell derangements involved in SLE pathogenesis. The past few years have been particularly fruitful in three domains: the role of PI3K signaling in loss of B cell tolerance, the role of IFNγ signaling in the development of autoimmunity, and the characterization of changes in chromatin accessibility in SLE B cells. The PI3K pathway coordinates various downstream signaling molecules involved in B cell development and activation. It is governed by the phosphatases PTEN and SHIP-1. Murine models lacking either of these phosphatases in B cells develop autoimmune disease and exhibit defects in B cell tolerance. Limited studies of human SLE B cells demonstrate reduced expression of PTEN or increased signaling events downstream of PI3K in some patients. IFNγ has long been known to be elevated in both SLE patients and mouse models of lupus. New data suggests that IFNγR expression on B cells is required to develop autoreactive germinal centers (GC) and autoantibodies in murine lupus. Furthermore, IFNγ promotes increased transcription of BCL6, IL-6 and T-bet in B cells, which also promote GC and autoantibody formation. IFNγ also induces epigenetic changes in human B cells. SLE B cells demonstrate significant epigenetic reprogramming, including enhanced chromatin accessibility at transcription factor motifs involved in B cell activation and plasma cell (PC) differentiation as well as alterations in DNA methylation and histone modifications. Histone deacetylase inhibitors limit disease development in murine lupus models, at least in part via their ability to prevent B cell class switching and differentiation into plasma cells. This review will discuss relevant discoveries of the past several years pertaining to these areas of SLE B cell biology.
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Introduction

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease that can have manifestations in multiple organ systems, including skin, musculoskeletal, cardiac, pulmonary, hematologic, and renal. SLE has a prevalence of 1:1,000 and a 10:1 female: male ratio (1). It is most common in women aged 20–40 (2), predominantly in those of African and Latin American heritage (3). It is associated with a threefold risk of death (4). The production of antibodies reactive to a variety of cellular antigens, particularly those containing nucleic acids, by autoreactive B cells is key to the development of SLE. These antibodies form immune complexes which subsequently promote inflammation and tissue damage (5). Understanding mechanisms of B cell dysregulation is therefore critical for understanding the pathophysiology of SLE as a whole and may reveal new therapeutic approaches.

B cells normally undergo both central and peripheral tolerance mechanisms which eliminate and inactivate autoreactive B cells (6–10). In the bone marrow, autoreactive immature B cells undergo receptor editing, rearranging their Ig light chains again to hopefully acquire a non-autoreactive specificity. Cells that remain autoreactive after this process are deleted by apoptosis or rendered anergic and thus unable to respond to activating stimuli. Anergy and clonal deletion also play a role in peripheral B cell tolerance. More uniquely, inactivation by inhibitory receptors and the elimination of autoreactive B cells that emerge as a result of somatic hypermutation in germinal centers (GCs) are also important. Many of these tolerance checkpoints are impaired in murine lupus models and SLE patients (6–10). As described below, excessive signaling through the PI3K pathway can result in a breach of B cell tolerance.

Abnormal B cell activation via signaling from both the B cell antigen receptor (BCR) and Toll-like receptors (TLR) is also crucial for SLE pathogenesis. These signals function together in the initial activation of autoreactive B cells, and also help in breaching tolerance to self-antigens (11). TLRs are expressed in B cells, where they can recognize microbial invaders. In SLE however, the endosomal TLRs 7, 8, and 9 that typically would recognize microbial DNA and RNA will also recognize and be activated by self-nucleic acids. B cells reactive with antigens that contain nucleic acids thus receive signals through both the BCR and TLRs (11, 12). While TLR9 is required for the production of antibodies against DNA, it is surprisingly protective in murine lupus models (11, 12). TLR7 plays an important pathogenic role; it is required in B cells for the formation of autoantibodies and GCs in murine lupus models, and its overexpression dramatically enhances the development of autoimmunity (11, 12).

Also important in dysregulated B cell activation in lupus are altered cytokine levels (13). BAFF (also known as BlyS) is a TNF-family ligand that promotes B cell survival and is elevated in SLE patients (5, 11, 13). SLE patients also demonstrate an “interferon signature” indicative of elevated signaling by type 1 interferons (IFNs), IFNα and IFNβ (13, 14). B cell responsiveness to TLR7 is enhanced by type 1 IFNs in both mouse and human (15, 16). IFNγ is also elevated in SLE (13, 17), and as reviewed below, also plays a crucial role in B cells for the production of autoantibodies.

The above mechanisms, among others, lead to differences in peripheral blood B cell subsets between SLE patients and healthy controls. CD19+CD27- naïve B cells are decreased, while CD19+CD27+ memory cells are relatively increased, in SLE patients (18). CD27hi plasma cells are elevated in SLE patients and correlate with disease activity (19). Lastly, CD27-IgD- (double negative, or DN cells) are also increased in SLE. DN1 cells (CXCR5+CD21+) are the more prominent DN population in healthy controls, but DN2 cells (CXCR5-CD21-CD11c+) are the more prominent compartment in SLE (20). DN2 cells are an important effector B cell subpopulation for extrafollicular plasma cell (PC) differentiation and are thought to contribute to the autoantibody pool in SLE (20–22). A similar CD11c+ population, age-associated B cells (ABC), accumulate in aging mice and are prematurely expanded in mice by autoimmune disease and chronic viral responses (23, 24).

The alterations in B cell tolerance, B cell activation and B cell subsets as well as the pathogenic role of autoantibodies suggests that targeting B cells should be an effective treatment for SLE. Indeed, Belimumab, a monoclonal antibody against BAFF, was the first drug approved for SLE since 1955 (25, 26). However, two other B cell targeted therapies - B cell depletion with the anti-CD20 antibody Rituximab and enhancement of the inhibitory activity of CD22 with Epratuzumab - were initially promising (27, 28) but each failed to meet primary endpoints in two randomized controlled trials (26, 29, 30). Several other B cell directed approaches targeting CD20, the BAFF pathway, or CD19 have either not met their primary endpoint, had mixed results, or were stopped due to adverse events (29, 31, 32). This suggests that a more nuanced understanding of B cell defects in lupus is required to develop more effective therapeutic approaches.

The past few years have provided new insights into molecular events that contribute to the initial loss of B cell tolerance and the subsequent inappropriate activation of autoreactive B cells in lupus. While space limitations preclude us from reviewing all of these novel findings, we focus here on areas of progress which have recently been studied in depth from multiple perspectives. These include the role of PI3K signaling in B cell tolerance, a requirement for B cell intrinsic interferon gamma (IFNγ) signaling for autoantibody production, and altered chromatin accessibility in lupus B cells.



PI3K Signaling in the Loss of B Cell Tolerance

PI3K signaling plays an important role in many aspects of B cell development and activation (33–37). During B cell development, tonic signaling through PI3K promotes the positive selection of B cells that have successfully assembled a functional, but non-autoreactive, BCR (38). In the periphery, the B cell activating receptors BCR, CD40, and TLRs all engage the PI3K pathway (35–37). The strength of PI3K signaling also shapes B cell responses, with stronger signals limiting class switching (39).

Phosphorylation of PI(4,5)P2 (PIP2) by PI3K forms the product PI(3,4,5)P3 (PIP3), creating docking sites for various signaling molecules at the plasma membrane (33, 34). This promotes their activation and facilitates access to downstream substrates and effectors. Two major pathways downstream of PI3K are mediated by the kinases Akt and Btk (Figure 1). It has long been known that Btk signaling promotes autoimmune disease in murine lupus models – this is reviewed extensively elsewhere (40–44). PI3K signaling is limited by two inositol phosphatases, SHIP-1 and PTEN. These dephosphorylate PIP3, with PTEN directly counteracting PI3K to form PI(4,5)P2 and SHIP-1 generating PI(3,4)P2. Over the last decade, we have learned that an appropriate balance of PI3K and SHIP-1 and/or PTEN activity is required to maintain both peripheral (anergy) and central (receptor editing and deletion) B cell tolerance (Figure 1). Inappropriately elevated PI3K activity in B cells promotes the production of autoantibodies in mice and is observed in B cells from SLE patients (Figure 1).




Figure 1 | PI3K signaling promotes loss of B cell tolerance. In response to activating signals, PI(4,5)P2 is phosphorylated by PI3K, generating PIP3. Downstream of PIP3, various signaling pathways are activated (not all shown), including those mediated by Akt and Btk. PI3K signaling is kept in check by the inositol phosphatases SHIP-1 and PTEN, which dephosphorylate PIP3 to form PI(3,4)P2 and PI(4,5)P2, respectively. Studies in animal models demonstrate that PTEN promotes both central and peripheral B cell tolerance checkpoints, while SHIP-1 plays a predominant role in maintaining anergy. B cells from Systemic Lupus Erythematosus (SLE) patients demonstrate some defects indicative of elevated PI3K signaling, including reduced PTEN expression, increased cytoplasmic Foxo1, increased mTORC1 activation, and increased phosphorylation of Btk. Created with BioRender.com.



Studies in mouse models demonstrate an important contribution of SHIP-1 to peripheral B cell tolerance. Deletion of SHIP-1 throughout the B lineage results in a lupus-like autoimmune disease, with IgG autoantibodies focused toward nucleic acid containing antigens, Ig deposition in kidneys, and premature mortality (45). This is due primarily to the role of SHIP-1 in the maintenance of B cell anergy. Anergic B cells from two different mouse models –Ars/A1 Ig transgenic mice in which B cells recognize ssDNA, and the MD4 x ML5 model in which hen egg lysozyme (HEL) specific B cells recognize soluble HEL expressed as a self-antigen - demonstrate constitutive phosphorylation of SHIP-1 (45), indicative of increased inhibitory signaling (46, 47). Furthermore, B cell-specific SHIP-1-deficiency results in a loss of B cell anergy in both models (45, 48). Continuous SHIP-1 signaling is required to maintain tolerance, as acute deletion of SHIP-1 resulted in a rapid loss of anergy in the Ars/A1 system (49). Either induced loss of PTEN or induced expression of a constitutively active form of PI3K had the same effect, suggesting that SHIP-1 promotes anergy by limiting PI3K signaling (49). Indeed, a low dose of the PI3K inhibitor idelalisib restored anergy in Ars/A1 B cells heterozygous for both SHIP-1 and PTEN (50). In addition to limiting the levels of PIP3, SHIP-1 may also promote B cell anergy via its product, PI(3,4)P2. PI(3,4)P2 recruits the TAPP family of adaptor proteins to the plasma membrane. Mice expressing mutants of these adaptors that cannot bind to PI(3,4)P2 develop spontaneous germinal centers (GCs), ANAs and anti-DNA IgG, Ig deposition in the kidneys, and glomerulonephritis (51, 52). Two recent studies have suggested additional possible roles for SHIP-1 in limiting autoimmunity. When SHIP-1 is deleted in activated B cells using Aicda-cre, IL-10 expressing B cells are reduced. This may contribute to the observed autoantibody production in these animals (53). CD19-cre.SHIPf/f mice demonstrate an increase in CD11c+T-bet+ age associated B cells (ABCs), which are similar to the DN2 B cells that accumulate in SLE patients (54). These studies indicate that SHIP-1 is critical for maintaining peripheral B cell tolerance in mice.

PTEN can also promote B cell anergy in both mice and humans. Its expression is elevated in anergic B cells from healthy human subjects, and its inhibition restores normal responses to these cells (55). PTEN is also upregulated in anergic B cells in the MD4 x ML5 mouse model (45, 56), and its deficiency in B cells causes loss of tolerance in this system. Combined heterozygosity of both PTEN and SHIP-1 impairs anergy in Ars/A1 B cells (50), as does acute deletion of PTEN (49). 3-83ki mice, which carry a BCR transgene that recognizes the self-antigen MHC Class I H2-Kb, demonstrate that PTEN is not always necessary for the induction of anergy but reveal roles for PTEN in additional B cell tolerance mechanisms. Both receptor editing and deletion are impaired when B cells either lack PTEN or express a constitutively active PI3K alpha catalytic subunit in the 3-83ki system (57, 58). Autoreactive cells that escape receptor editing and deletion accumulate as anergic cells (57). Consistent with these observations, PTEN-deficient immature B cells are resistant to apoptosis induced by BCR crosslinking (59). Furthermore, loss of PTEN prevents B cell deletion in an IgMb macroself model, in which mice express a superantigen that binds to IgM and induces apoptosis of immature B cells in vivo (60, 61). Overexpression of either of the miRNAs miR-19 or miR-148a, which target PTEN, also breaches tolerance in the IgMb macroself model (60, 61). Thus, PTEN contributes to multiple mechanisms of B cell tolerance.

Taken together, these findings suggest that lupus B cells may demonstrate inappropriate activation of PI3K signaling. Indeed, increased phosphorylation of Akt, which occurs downstream of PI3K, is observed in B cells from Sle1.Sle3, BXSB, MRL.lpr, and Lyn-/- mice, all of which develop lupus (62, 63). Several recent observations suggest that PI3K signaling is also elevated in B cells from at least a subset of SLE patients. A study of treatment naïve SLE patients compared to healthy controls showed reduced levels of PTEN expression in most B cell subsets, except for memory cells (64). PTEN levels were inversely correlated with disease activity (64). Reduced PTEN levels in SLE B cells were due at least in part to increased expression of miRNAs, including miR-7, miR-21, and miR-22, that limit PTEN expression (64). Downstream of PI3K, the transcription factor Foxo1 is phosphorylated by Akt which results in its exclusion from the nucleus. Consistent with increased PI3K activity, cytoplasmic Foxo1 was shown to be elevated in SLE B cells (65). This is particularly pronounced in IgD- CD27- DN B cells and correlates with disease activity (65). Another function of PI3K signaling is activation of the mTORC1 pathway. This pathway was shown to be elevated in a CD11b+T-bet+ “atypical memory” population in SLE patients similar to DN2 cells that accumulate in correlation with disease activity and anti-dsDNA antibodies (66). This has functional consequences, as the mTORC1 inhibitor rapamycin prevents both the development of these cells in vitro and their differentiation into plasma cells (PCs) (66). Rapamycin also prevents the development of newly generated PCs and reduces autoantibody production in the NZB/W murine lupus model (67). Finally, phosphorylation of Btk, which is downstream of PI3K and promotes autoimmunity in mice (40–44), was found to be increased in SLE B cells relative to healthy controls (68).

The correlation between heightened PI3K signaling in SLE patients’ B cells and disease activity suggests that this may be a consequence, rather than a cause, of increased B cell activation. The recent characterization of patients with activating mutations in the PI3K delta catalytic subunit allows an understanding of causal roles for PI3K signaling in human autoimmunity. These patients have a combined immunodeficiency which is associated with some form of autoimmunity in 28% of cases (69). Both IgM autoantibodies and B cells expressing VH4-34, which confers autoreactivity, are increased in these patients (70). Thus, hyperactive PI3K signaling can contribute to a loss of immune tolerance in humans. However, only a fraction of these patients with autoimmune involvement have SLE like or other rheumatic disease like symptoms (69), suggesting a general rather than disease specific role for PI3K in promoting human autoimmunity. Mice carrying an activating mutation of PI3K delta seen in these patients demonstrate a loss of B cell tolerance in the HEL system. The induction of anergy is impaired and mice accumulate autoreactive marginal zone B cells, PCs and GC B cells, although high affinity autoreactive GC B cells are selected against (70). An independently generated mouse strain with the same mutation developed autoimmunity in a manner dependent on the microbiota (71), suggesting that PI3K signaling may provide a link between gene/environment interactions in the development or amplification of autoimmune disease.



IFNγ Signaling in B Cells Promotes Autoimmunity

Much attention has been paid to the role of type 1 interferons in the pathogenesis of SLE (13, 14). However, of late there has been a resurgence in the study of interferon gamma (IFNγ) in lupus, particularly in the context of B cell responses. IFNγ has long been known to promote autoimmunity and nephritis in several murine lupus models, including NZB x NZW F1 mice, MRL.lpr mice, and pristane treated mice (17, 72). IFNγ is also elevated in the serum of SLE patients (17). Recent studies using patient serum samples collected prior to the diagnosis of SLE have shown that this increase in IFNγ occurs coincident with the appearance of autoantibodies and prior to the development of clinical symptoms (73). ANA+ healthy individuals also demonstrate increased IFNγ levels, although lower than those in SLE patients (74). This suggests that IFNγ may be involved in the initial loss of B cell tolerance early in the development of lupus.

Two genetically distinct mouse lupus models have recently been used to demonstrate a B cell intrinsic requirement for IFNγ receptor (IFNγR) expression in order to develop autoreactive GCs, produce autoantibodies, and undergo kidney damage. The first is a bone marrow chimera model in which B cell deficiency of Wiskott-Aldrich syndrome protein leads to lupus-like autoimmunity (75). The second involves the Sle1b lupus susceptibility allele, either alone (76), which breaches B cell tolerance, or in the context of enhanced TLR7 signaling (77), which leads to full blown autoimmune disease. Of potentially significant therapeutic importance, IFNγ was not required for B cells to respond to immunization with either model antigens (76) or virus like particles (VLPs) (75). Phosphorylation of Stat1 at S727 is similarly required in B cells for autoimmunity in the Sle1b + TLR7 model, but not for responses to foreign antigens (78). Stat1 S727 can be phosphorylated downstream of both IFNγ and TLR7, suggesting that these signals may converge on Stat1 to promote autoantibody production (78).

IFNγ has numerous effects on B cells that contribute to the production of autoantibodies (Figure 2). It enhances the expression of IL-6 (79) and the transcription factors Bcl-6 (75) and T-bet (75, 76, 80, 81) by B cells responding to stimulation through the BCR in conjunction with TLR7, with or without CD40 engagement. Bcl-6 is critical for GC formation (75), and B cell-derived IL-6 is required for autoimmunity in the WAS chimera model (79). T-bet contributes to GCs and autoantibody production in some (76, 82, 83), although not all (75), lupus models. It also promotes PC differentiation of B cells activated in the presence of IFNγ (84). T-bet is also expressed in ABCs and DN2 cells, populations of CD11c+ B cells that accumulate in murine lupus models and human SLE patients, respectively, and differentiate efficiently into autoantibody secreting cells (20–24). IFNγ promotes both the development and terminal differentiation of DN2 cells in vitro (20, 82). Stimulation of human naïve B cells with anti-IgM, R848 (a TLR7/8 ligand), and IFNγ induces a T-bet+ DN (IgD-CD27-) population in an IFNγ-dependent manner (82). IFNγ stimulation in this context sensitizes human B cells to R848 and also primes cells for responsiveness to IL-21 by increasing IL-21R expression (82). IL-21 and R848 subsequently promote differentiation of the T-bet+ DN cells into antibody secreting PCs (22, 82). In vivo, systemic IFNγ levels and T-bet+ DN2 cells are correlated in SLE patients (82). Taken together, these observations suggest that IFNγ signaling in B cells contributes to autoimmunity by promoting the development of spontaneous GCs as well as supporting the development and subsequent differentiation of ABCs and DN2 cells.




Figure 2 | Interferon γ (IFNγ) promotes autoreactive B cell activation and differentiation. B cells reactive with nucleic acid containing antigens receive dual activating signals via the BCR and endosomal, nucleic acid sensing Toll-like receptors (TLRs) including TLR7. Autoreactive B cells must also respond to IFNγ in order to produce autoantibodies and form germinal centers. When these three signals are received together, B cells upregulate factors which promote autoantibody production and germinal center formation, including T-bet, BCL-6, and IL-6. They also demonstrate increased chromatin accessibility at motifs for transcription factors that promote differentiation of DN2/ABC cells and plasma cells. Created with BioRender.com.



IFNγ likely exerts at least some of these effects by modulating B cell chromatin accessibility. In the context of stimulation through the BCR and TLR7, IFNγ and IL2 act synergistically to expand chromatin accessibility in human B cells in vitro (82). Accessibility was enhanced around T-bet, STAT5, NFkB, IRF4 and Blimp1 motifs, transcription factors needed for B cell differentiation into PCs. Chromatin accessibility was also enhanced around the IL-21 receptor locus. Stone et al. further evaluated the role that IFNγ-induced transcription factors had on PC development (84). Mouse B cells activated in vitro in the presence of Th1 cells, which secrete IFNγ, differentiated more efficiently into PCs than did those activated in the presence of Th2 cells, which do not express IFNγ. This depended on T-bet and B cell-intrinsic expression of the IFNγR, and was associated with increased chromatin accessibility at T-bet, IRF1, and Blimp-1 motifs. IFNγR signaling in B cells increased expression of both Blimp1 and T-bet, which promote PC differentiation in this context via distinct mechanisms. Blimp1 does so directly, while T-bet acts indirectly by limiting the transcription of pro-inflammatory genes that would otherwise reduce PC differentiation if unchecked. These studies suggest that IFNγ promotes changes in chromatin accessibility that prime B cells for subsequent differentiation into PCs, and may explain why ABCs and DN2 cells differentiate so efficiently.

Several factors have been found to facilitate the ability of B cells to respond to IFNγ in lupus. TLR7 stimulation increases B cell expression of IFNγR (77). Furthermore, IFNγ production by CD4+ T cells is enhanced by several lupus associated stimuli. B cell intrinsic defects that induce autoimmunity such as WAS-deficiency (75), constitutive activation of Btk (85), or galectin-3 deficiency (86) can drive IFNγ production by T cells in a manner dependent on B/T interaction. Topical treatment with the TLR7 ligand imiquimod leads to increased IFNγ expression by Tfh cells in vivo (77). BAFF can also act directly on T cells to increase IFNγ expression in the Lyn-/- model of lupus (87). Thus, in the lupus prone environment B cells can have both increased access and responsiveness to IFNγ.

Given the known association between type I IFNs and lupus, several recent studies compared the effects of IFNα and IFNγ. In both the WAS chimera (75) and the Sle1b + imiquimod mouse models (77), IFNα deficiency reduced, but did not completely abrogate, the development of autoimmunity. In contrast, IFNγ was absolutely required (75, 77). In humans, IFNγ was elevated earlier in the development of SLE than IFNα (73). The former preceded or was coincident with the appearance of autoantibodies, while the latter occurred after the acquisition of autoantibodies but prior to disease diagnosis (73). In ANA+ healthy individuals, IFNγ, but not IFNα, is increased relative to ANA- healthy controls (74). While autoimmune side effects have not been a major complication of therapeutic use of recombinant IFNγ (88, 89), there are reports of this treatment resulting in increased autoantibodies (90–94), suggestive of a role for IFNγ in promoting a loss of B cell tolerance in susceptible individuals. Taken together, these observations suggest a scenario in which B cell exposure to IFNγ contributes to the initial loss of B cell tolerance, while IFNα serves to amplify the subsequent inflammation that drives clinical disease.



Altered Chromatin Accessibility in SLE B Cells

IFNγ drives both dramatic changes in chromatin accessibility and the production of pathogenic autoantibodies, highlighting the potential importance of epigenetic control of autoimmunity. Several recent studies have revealed alterations in chromatin accessibility in B cells from SLE patients and elucidated mechanisms by which histone modifiers affect B cell responses in autoimmune disease.

Recent studies of chromatin accessibility in SLE B cells have focused primarily on two measures: DNA methylation and ATAC-Seq. DNA methylation between paired CG groups leads to DNA compaction and decreased transcription (95). Perturbation in methylation increases apoptosis, leading to a release of apoptotic DNA that can trigger autoimmunity. DNA hypomethylation has been noted to trigger lupus-like conditions in mice. SLE patients have been noted to have altered DNA methylation as well (95). Hypomethylation is observed in the vicinity of type 1 IFN-regulated genes in lupus, consistent with the characteristic IFN signature (96–99). A recent study (100) found that ethnicity influences these DNA methylation patterns. They were most pronounced in African American SLE patients compared to healthy women and were apparent as early as the transitional B cell stage in African American patients. A large number of other genes demonstrate increased methylation in all subpopulations of SLE B cells tested compared to healthy controls (96, 98). Thus, complex global changes in DNA methylation are observed in lupus B cells and may contribute to aberrant B cell responses.

Scharer et al. have recently used ATAC-seq to elucidate changes in chromatin accessibility in SLE B cell subsets (96, 101). In naïve B cells from healthy volunteers, chromatin accessibility was enhanced at NRF1, CTCF and STAT5 binding sites (101). In naïve B cells from the SLE cohort, chromatin accessibility was instead enhanced at motifs for transcription factors involved in B cell activation and differentiation, namely NFκB, AP-1, BATF, IRF4, and PRDM1 (101). The epigenetic changes in resting naïve B cells in SLE were also present in other B cell subsets (96). As resting naïve B cells represent the earliest B cells available for an immune response, this data suggests that epigenetic dysregulation in SLE may occur early in B cell development. This study also demonstrated that DN2 cells have enhanced chromatin accessibility in genes involved in BCR and TLR signaling as well as costimulatory molecules in both healthy and SLE volunteers (96). DN2 cells were found to have greater accessibility at T-bet, EGR, and AP-1 motifs in comparison to other B cell subsets, while NFκB sites are less accessible in DN2 cells compared to naïve B cells (96). Similarly, the accessible chromatin structure in ABCs from lupus prone mice is enriched in AP-1, IRF and T-bet motifs (102). The increased accessibility at T-bet binding sites in DN2 cells and ABCs is consistent with a role for IFNγ in the development of these subpopulations. EGR family members, AP-1 family members, and the AP-1 superfamily member Atf3 are upregulated in SLE B cells. EGR family members and Atf3 are predicted to regulate many of the genes that are differentially expressed between SLE patients and healthy control B cells (96). These observations suggest that AP-1 and EGR work in conjunction with T-bet to shape the unique epigenome of SLE B cells.

Consistent with altered chromatin structure in lupus B cells, histone modifiers affect the development of autoimmune disease in murine lupus models. The modification of histones on amino acid tails is one of the most important mechanisms that influence chromatin structure and accessibility. A variety of post-translational modifications on histones can regulate gene transcription, both positively and negatively. Key among these is histone acetylation. Acetylation of lysine residues within histones relaxes chromatin structure by neutralizing its positive charge, increasing the accessibility of the regulated gene for transcription factors (103). Acetylation is governed by various histone acetyltransferase (HAT) enzymes. Consequently, histone deacetylation, mediated by various histone deacetylase (HDAC) enzymes, leads to chromatin compaction, reduced chromatin accessibility and decreased gene transcription. Early studies demonstrated that HDAC inhibitors suberoylanilide hydroxamic acid and Trochostain A decrease renal disease and inflammatory cytokine production in the MRL/lpr and NZB/NZW F1 murine lupus models (104). More recent reports have revealed pathogenic roles for HDAC6 and HDAC9 in NZB/W and MRL.lpr mice, respectively (105–109). Here we review new advances in our understanding of how histone modifiers alter B cell responses in autoimmune disease.

Several recent reports define a role for HDACs in promoting B cell differentiation and class switching. Treating MRL/lpr mice with the HDAC inhibitor parabinostat reduced autoreactive PC and autoantibody production, leading to a reduction in nephritis (110). Parabinostat reduced the proliferation, survival, and PC differentiation of purified murine B cells in vitro in response to both T-independent and T-dependent stimuli (110). The short chain fatty acids (SFCAs) valproic acid (VPA), butyrate and proprionate act as classical HDAC inhibitors. They have potential for clinical use as VPA is an FDA approved drug and butyrate and proprionate are derived from the processing of dietary fiber by the microbiota. Treatment of MRL.lpr mice with either VPA or butyrate plus proprionate reduced autoantibodies, prevented kidney damage and skin lesions, and increased survival (111, 112). Importantly, VPA was effective in both prevention and treatment studies (112). SFCA were shown to decrease class switch recombination (CSR), somatic hypermutation (SHM) and PC differentiation in mice in vivo, and CSR and PC differentiation of both murine and human B cells in vitro (111, 112). This effect was more specific than that of parabinostat (110), as it was observed under conditions that did not impair B cell proliferation or survival (112). SFCAs reduce expression of both Blimp-1 (encoded by Prdm1), which is required for PC differentiation, and activation-induced cytidine deaminase (AID, encoded by Aicda), which is necessary for CSR and SHM (111, 112). SFCAs do not target these genes directly, but rather promote the upregulation of several miRNAs that subsequently downregulate Prdm1 (miR-23b, miR-30a, and miR-125b) and Aicda (miR-155, mir-181b, and miR-361) (112). SCFAs were shown to exert their effect on B cells by inhibiting HDACs rather than by acting as energy substrates or acting through G-protein coupled receptors (111).

Estrogen may also play a role in the epigenetic dysregulations occurring in SLE, which may partially explain the strong female predominance of the disease. Estrogen boosts the production of mature antibodies by promoting the expression of AID (113). A recent study by Casali et al. demonstrated that estrogen counteracts the activity of HDAC inhibitors on the class switching of mouse B cells and the production of autoantibodies (114). Mechanistically, estrogen reversed the HDAC inhibitor-mediated upregulation of miR26-A, which targets Aicda, the gene that encodes AID (114).

Inhibition of classical HDACs thus leads to amelioration of autoimmune disease in lupus models, at least in part due to a reduction of PC differentiation and class switching by B cells. These HDACs thus play a pathogenic role in lupus. Intriguingly, the non-classical HDAC Sirtuin1 (Sirt1) was recently demonstrated to have the opposite effect (115). Sirt1 was expressed in resting murine and human B cells. Its levels were decreased in response to stimuli that induce AID expression in vitro and in B cells that had elevated AID expression in both female MRL/Faslpr/lpr mice and SLE patients. Deletion of Sirt1 specifically in activated murine B cells led to an increase in class-switched autoantibodies against dsDNA, histones, ribonucleoprotein (RNP), and RNA. In contrast, activation of Sirt1 reduced autoantibody levels in MRL.lpr mice. In vitro, Sirt1-deficient B cells demonstrated enhanced class switching and increased AID expression, while PC differentiation and Blimp-1 expression were unaffected. Sirt1 was shown to deacetylate histones, Dnmt1, and NFκB at the Aicda promoter. Thus, AID expression is tightly controlled by complex epigenetic mechanisms, an appropriate balance of which is required to limit autoantibody production.

In addition to affecting B cell differentiation and class switching, epigenetic modifiers have been shown to control B/T cognate interactions during autoimmunity. Tet2 and Tet3 can both demethylate DNA and recruit HDACs (116). B cell specific deletion of both Tet2 and Tet3 results in increased activation of B and T cells, autoantibody production, and a mild autoimmune disease (117). This depends on B/T interactions and results from enhanced expression of the costimulatory molecule CD86 on B cells. Tet2 and Tet3 are required for the binding of HDAC1 and HDAC2 to a CD86 enhancer. HDAC inhibitors result in increased CD86 expression on anergic cells, similar to the effect of Tet2/Tet3 deficiency.

Recent reports have also implicated enzymes involved in histone methylation in the development of lupus as well as the control of B cell activation. Histone methylation can either promote or repress transcription, depending on the position methylated. More specifically, the histone lysine methylations H3K4, H3K36, and H3K79 promote transcription while H3K9, H3K27, and H4K40 have a repressive effect (118). EZH2, a histone methyltransferase that produces H3K27me3, was found to be upregulated in CD4+ T cells, B cells, monocytes, and neutrophils in SLE patients (119, 120). Inhibiting EZH2 in MRL/lpr mice improved survival and decreased anti-dsDNA antibodies, inflammatory cytokine and chemokine levels, renal disease, and lymphoproliferation (120). The pathogenic role of EZH2 in lupus may be in part due to its promotion of PC differentiation and antibody secretion. EZH2-deficient mice demonstrate a B cell intrinsic defect in PC formation in vivo in response to LPS (121). EZH2-deficient B cells failed to downregulate genes involved in inflammation and the B cell (as opposed to PC) fate. Furthermore, metabolic genes required for PC fitness and antibody secretion were not upregulated in the absence of EZH2. EZH2 also promotes PC differentiation in activated human B cells. In these cells it has been shown to bind to the promoter of Bach2, a repressor of PC differentiation, and inhibit its expression via methylation (122). In contrast, chemical inhibition of EZH2 promoted murine PC differentiation in vitro, although antibody secretion was not enhanced (123). This suggests possible context dependent roles for EZH2 in these processes.

The histone demethylases KDM4A and KDM4C, which promote demethylation of H3K9 (124), limit B cell activation and proliferation in response to stimulation with Tfh-derived signals. They are upregulated upon activation and subsequently promote the expression of Wdr5, which then upregulates the cell cycle inhibitors Cdkn2c and Cdkn3. The levels of KDM4A and KDM4C mRNA were upregulated in B cells from healthy human donors upon activation by IL21, BAFF, and anti IgM. However, these levels were reduced in both unstimulated and stimulated B cells from SLE patients compared to the healthy controls. The mRNA levels of WDR5 and various cell cycle inhibitors were likewise reduced in SLE B cells, suggesting that impaired upregulation of KDM4A and KDM4C may result in enhanced proliferation of SLE B cells upon activation.



Conclusion

Recent studies have highlighted new pathways important for driving autoreactive B cell responses in lupus. These observations, which are discussed in this review and summarized in Table 1, highlight new mechanisms of B cell dysregulation and suggest potential new therapeutic approaches. Recent insights into PI3K signaling have elucidated its role in B cell tolerance and suggest a possible contribution to SLE pathogenesis. Studies in BCR transgenic mouse models have shown that either loss of negative regulators of the PI3K pathway or constitutive activation of PI3K can result in impaired central and peripheral B cell tolerance checkpoints. PI3K signaling is increased in SLE B cells. Aberrant PI3K signaling is correlated with disease activity. However, the degree to which PI3K signaling plays a causative role in loss of tolerance in humans is unclear, and not all humans with PI3K derangements have autoimmune disease. Subsequently, there are still unanswered questions regarding the role PI3K signaling plays in early autoimmunity and the influence it may have in tolerance checkpoints or inappropriate B cell activation in SLE patients. The therapeutic potential of the PI3K pathway also remains to be explored. Treatment of Ars/A1 mice heterozygous for both SHIP-1 and PTEN with idelalisib restored anergy in their B cells (50). Given that the PI3K pathway causes activation of the mTORC1 pathway, the mTORC1 inhibitor rapamycin may have therapeutic benefit. It has been shown to prevent the development of newly generated PCs and reduce autoantibody production in the NZB/W murine lupus model (67). Indeed, a recent open label phase 1/2 trial of sirolimus (rapamycin) demonstrated a reduction in disease activity in SLE, although B cell responses were not measured in this study (125). Another downstream component of PI3K signaling pathways in B cells, Btk, promotes the development of lupus in mouse models (40–44) and is being targeted in several clinical trials in SLE (www.clinicaltrials.gov).


Table 1 | Differences between healthy and lupus B cells discussed in this review.



Although type I interferons have long been implicated in SLE pathogenesis and have recently been successfully explored as therapeutic targets (126), IFNγ signaling has recently garnered renewed interest. IFNγ signaling to B cells is required for autoantibody production in mice and promotes the development of ABCs and DN2 cells in vitro. Tbet+ DN2 cells and IFNγ levels are correlated in SLE patients. IFNγ has also been implicated in early autoimmunity as its levels are elevated concurrently with autoantibody production in ANA+ healthy individuals. These observations suggest that IFNγ could prove a useful target for development of disease modifying therapeutics. However, a phase 1b clinical trial of an anti-IFNγ antibody did not demonstrate a clinical effect and did not reduce anti-dsDNA antibodies in SLE (127). This could reflect a difference in the relative importance of type 1 IFNs and IFNγ in mice vs. humans. It may also be that only subsets of SLE patients have IFNγ driven disease. Alternatively, IFNγ may play its unique and critical role during the initial loss of tolerance in the preclinical phase of SLE. If so, targeting it when patients have come to clinical attention might no longer be effective since type I IFN mediated amplification of inflammation would be dominant at that point. Therefore, strategies such as blocking IFNγ in particular subsets of patients (82), in combination with other targets (77), or at a different stage in the disease course may be more efficacious.

Lastly, chromatin accessibility has also been a fruitful area of research over the past several years. Alterations in chromatin structure have been noted in SLE B cells, with increased accessibility at motifs for transcription factors that promote B cell differentiation, autoantibody production, and the development of DN2/ABC cells. These factors include T-bet, IRF4, and Blimp1/PRDM1, among others. IFNγ signaling is one potential contributing factor. HDAC inhibitors and other modulators of chromatin accessibility block PC differentiation and CSR and subsequently reduce autoantibody production and disease activity in murine lupus models. The clinical applications of these observations are still unfolding. Some HDAC inhibitors, notably parabinostat which has powerful inhibitory effects on PC differentiation in vitro as well as in mouse models, may have a similar effect on human autoreactive B cells (110). Dietary fiber derived SCFAs with HDAC inhibitory activity likewise may have potential for clinical use in SLE, but their effectiveness is influenced by changes in gut microbiota (111). Further studies identifying the signals that drive lupus-associated changes in chromatin accessibility in vivo and defining those epigenetic changes that correlate with a robust response to treatment may illuminate more targeted therapeutic approaches for SLE.
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The Notch signaling pathway is highly evolutionarily conserved, dictating cell fate decisions and influencing the survival and growth of progenitor cells that give rise to the cells of the immune system. The roles of Notch signaling in hematopoietic stem cell maintenance and in specification of T lineage cells have been well-described. Notch signaling also plays important roles in B cells. In particular, it is required for specification of marginal zone type B cells, but Notch signaling is also important in other stages of B cell development and activation. This review will focus on established and new roles of Notch signaling during B lymphocyte lineage commitment and describe the function of Notch within mature B cells involved in immune responses.
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The Canonical Notch Signaling Pathway

Notch signaling is initiated by the interaction of cell-surface-bound Notch ligands (members of the Jagged and Delta-like families of proteins) to Notch receptors on adjacent cells. The Notch family of receptors and their ligands are highly evolutionarily conserved proteins, found in all metazoan animals tested (1). In mammals, there are 4 Notch receptors (Notch1, Notch2, Notch3, and Notch4) and 5 Notch ligands (Jagged1 (Jg1), Jagged2 (Jg2), Delta-like ligand1 (Dll1), Delta-like ligand 3 (Dll3) and Delta-like ligand 4 (Dll4) (2). The Notch pathways are involved in developmental decisions and cell fate choices in a wide variety of tissues in mammals and other organisms.

The Notch receptors are synthesized as precursor proteins and are first cleaved in the Golgi at a site referred to as Site 1 (S1), resulting in two fragments of the protein that non-covalently associate with one another (Figure 1) (3). The N-terminal portion contains the majority of the extracellular region of the protein, while the C-terminal portion contains a small region of the extracellular domain, the transmembrane and intracellular domains of the protein. The extracellular domain of Notch receptors contain numerous EGF repeats that function in ligand binding. NMR studies have shown the extracellular region of Notch receptors to be an elongated structure that sticks out into the extracellular space awaiting ligand binding at EGF domains in a calcium-dependent manner (4, 5). The EGF repeats are followed by a negative regulatory region (NRR) which prevents premature ligand-independent activation of Notch receptors by occluding a proteolytic cleavage site. The NRR domain also mediates the non-covalent interaction of the two fragments of the Notch receptor generated by cleavage at S1 (6). The intracellular region of Notch receptors is comprised of a RBP-Jκ association module (RAM) domain, seven ankyrin (ANK) repeats flanked by two nuclear localization signals, a transactivation domain (TAD), and a proline/glutamic acid/serine/threonine-rich motifs (PEST) domain that promotes degradation (Figure 1). Once Notch receptor and Notch ligand bind, a force is generated which is thought to unfold the NRR domain and allow cleavage at a proteolytic site referred to as Site 2 (S2) by ADAM (a disintegrin and metalloproteinase domain) family metalloproteases (7, 8) (Figure 2). The pulling force is mediated by internalization of the Notch ligand by endocytosis while interacting with Notch receptors on adjacent cells. The endocytosis process internalizes Notch ligands while tugging on the Notch receptor and unraveling the NRR domain. Measurements of the force necessary to unravel Notch receptors showed that it takes roughly 4 to 9pN to activate the receptor (9, 10).




Figure 1 | General structure of Notch family of receptors. Notch receptors are proteolytically processed into two separate sub-parts that remain non-covalently associated. The N-terminus of the protein, located outside the cell, contains a series of EGF-like repeats (dark green) involved in ligand binding. The numbers of EGF-like repeats differ between different Notch family members. The extracellular portion of the Notch receptors also contains the negative regulatory region (NRR, blue), which prevents Notch signaling until ligand binds. The site of ADAM protease cleavage (Site 2 or S2) is located close to transmembrane domain. The transmembrane domain contains the site of γ-secretase cleavage (Site 3 or S3). The intracellular region of the Notch receptors contains an RBP-J associated molecular domain (RAM, pink), a series of ankyrin repeats (ANK, gray), a transactivation domain (TAD, aqua) and a proline-serine-threonine rich domain (PEST, orange). Note, that Notch3 and Notch4 lack the TAD domain, but contain the other domains indicated in the figure.






Figure 2 | The Notch signaling pathway is mediated by a series of proteolytic events. Notch receptors are generated by ribosomes bound to the endoplasmic reticulum (ER) and trafficked through the Golgi to the plasma membrane. During the time in the Golgi, Notch receptors are cleaved at Site 1 (S1) by furin-like proteases to generate two sub-parts that remain non-covalently associated. The N-terminal subunit can be O-glycosylated via the activity of a series of glycosyltransferase enzymes, including members of the Fringe family that catalyze addition of N-acetylglucosamine residues residues to the glycan chain. Once at the plasma membrane, Notch receptors are inactive unless bound by ligand on adjacent cells. Notch ligands constitute two families, the Delta-like ligands and the Jagged family ligands. Both types of ligands contain a conserved Delta-Serrate ligand (DSL) domain that mediates binding to Notch receptors. Upon ligand binding, Notch receptors undergo cleavage by ADAM family proteins at Site 2 (S2). This allows subsequent cleavage by γ-secretase at Site 3 (S3), releasing the Notch intracellular domain (NICD). The liberated NICD is translocated into the nucleus to bind to RBP-Jκ along with the coactivator Maml, leading to activation of target gene expression. Prior to binding of NICD and Maml, RBP-Jκ is associated with co-repressor proteins that prevent transcription of target genes. DSL, Delta/Serrate/Lag2; UDP, Uridine diphosphate; GlcNAc, N-acetylglucosamine; NICD, Notch intracellular domain; Maml, mastermind-like protein; Co-R, corepressor protein complexes.



The ADAM family contains metalloproteases that function as sheddases as they cleave and “shed” extracellular portions of transmembrane proteins. While the ADAM family has approximately 30 identified members in mice and humans, ADAM10 and ADAM17 have been shown to be particularly important in Notch activation. ADAM17 was the first family member shown to be able to cleave Notch1 at the S2 site (7). However, ADAM17 knockout mice lack embryonic defects associated with impaired Notch signaling. Later studies in mouse embryonic fibroblasts (MEFs) showed that ADAM10 was the predominant ADAM family member that cleaves Notch in response to ligand binding (11). Furthermore, ADAM10 knockout mice have defects in Notch signaling pathways, consistent with an important role for ADAM10 in Notch activation (8, 12, 13). In fact, while many proteases can cleave Notch in a ligand-independent manner, ADAM10 is required for Notch1 cleavage in a ligand-dependent manner, while both ADAM10 and ADAM17 can cleave Notch1 in a ligand-independent manner (14). Exposure of the negatively charged phospholipid phosphatidylserine (PS) on the outer leaflet of the membrane is required to induce ADAM10 activity (Figure 3) (15). The ability of externalized PS to induce ADAM10 activation depends on interaction of positively charged amino acid residues in the ADAM10 stalk domain (the CANDIS domain), which interact with negatively charged phosphatidyl serine headgroups. These interactions are thought to bring the catalytic center of the ADAM10 close to the plasma membrane and to move an inhibitory loop out of the catalytic site, thereby activating ADAM10 protease activity (15). Patients with the bleeding disorder Scott syndrome have a mutation in the calcium-dependent phospholipid scramblase Anoctamin-6 (ANO6, also called TMEM16F), which flips phosphatidyl serine from the inner to outer leaflet of the membrane. B cells from Scott syndrome patients lack ADAM10 sheddase activity due to a failure to expose PS (15). Interestingly, in normal B cells BCR ligation leads to transient PS exposure (16, 17), suggesting that B cell activation through antigen receptors may lead to an enhanced ability for Notch signaling. The BCR-dependent exposure of PS may rely on ANO6 activity, since treatment of B cells with a calcium ionophore resulted in ANO6-dependent PS exposure (18).




Figure 3 | Regulation of the ADAM metalloproteinases by phosphatidyl serine of the plasma membrane. The negatively charged membrane phospholipid phosphatidyl serine (red circles) is typically found in the inner leaflet of the membrane, but can be flipped to the outer leaflet by the action of phospholipid scramblase enzymes such as ANO6. Positively charged amino acid residues in the ADAM10 stalk domain (CANDIS) interact with negatively charged phosphatidyl serine, altering the conformation of ADAM10. These alterations are thought to bring the catalytic center of the enzyme closer to the plasma membrane and to move an inhibitory loop out of the catalytic site, thereby activating ADAM10 protease activity. PS, phosphatidyl serine; TM, transmembrane domain; CANDIS, Conserved ADAM Dynamic Interaction Sequence; MPD, membrane proximal domain; Dis, disintegrin domain; MP, metalloproteinase domain.



Following ADAM cleavage at the S2 site, a membrane-tethered intermediate known as Notch extracellular truncation (NEXT) is formed, which in turn is a substrate for the multi-subunit protease complex γ-secretase (2). γ-secretase cleaves Notch receptors at Site 3 (S3), which frees the intracellular domain of the Notch receptors (NICD) to allow them to translocate to the nucleus (Figures 1 and 2) (2). NICD can then interact with DNA binding protein RBP-Jκ (also called CSL or CBF1) via the RAM domain found in the NICD (2). The intracellular domains of Notch1 and Notch2 contain transcription activation domains that directly play a role in their ability to effect gene expression and cellular processes, while Notch3 and Notch4 lack similar transactivation domains (19).

Interaction of Notch receptors with Notch ligands can be modulated by O-linked glycosylation of the Notch receptors (2). These particular modifications are initiated by the enzyme POFUT1, which attaches fucose to specific serine/threonine residues in the EGF repeats of the extracellular portion of the Notch receptor. Additional sugar residues can be added to the fucose moiety by the action of glycosyltransferases, including members of the Fringe family proteins (Figure 2). In mammals, there are three Fringe enzymes referred to as Lunatic (Lfng), Manic (Mfng), and Radical Fringe (2). These Fringe proteins catalyze addition of N-acetylglucosamine residues to the glycan chain. Notch receptor glycosylation by Lfng and Mfng leads to enhanced activation by Delta-like ligands and reduced activation by Jagged ligands, while glycosylation by Radical Fringe enhances activation by all Notch ligands (20).

There is some evidence that different lymphoid cell types may differentially regulate Notch activity. For instance, lysates from human B cell lines and primary human B cells contain the NICD (p120 fragment) at levels similar to that found in T cell lysates, suggesting that Notch receptors are properly activated and cleaved in both cell types (21). But coimmunoprecipitation assays failed to find an association of NICD with RBP-Jκ in B cells, while this association was present in T cells. Interestingly, the EBNA2 protein of the EBV virus can associate with RBP-Jκ and result in transcriptional activation in the absence of NICD association (21). Although EBNA2 can compete with NICD for binding to RBP-Jκ, even B cells without EBV infection still failed to show an association of NICD with RBP-Jκ, suggesting that some aspect of the B cell intracellular environment prevents this association. As described in more detail below, Notch signaling also regulates various aspects of B cell maturation and function. Some of these processes have been shown to be dependent on RBP-Jκ, suggesting that the NICD-RBP-Jκ complex must form in B cells under certain conditions.

Mutations in the ANK repeats of Notch receptors abrogates Notch signaling (22). The ANK domains associate with cofactors such as Mastermind (Maml) forming a trimeric complex (RBP-Jκ, NICD and Maml) that is active for transcriptional stimulation (Figure 2). This complex was shown by crystal structure to bind directly to DNA (23). There are three mammalian Maml proteins, Maml1, Maml2 and Maml3. Both Maml1 and Maml2 are potent co-activators for all Notch family members, while Maml3 is a weaker activator and works most efficiently with Notch4 (24). Notch signaling induces expression of various target genes including those in the Hairy/Enhancer of Split (HES) family, such as Hes1, Hes5, Hey1, Hey2 and HeyL (25). These HES family proteins are basic helix-loop-helix proteins that repress the expression of other genes and thereby control differentiation processes in the cell. A summary of the major components of the canonical Notch signaling pathway described above are displayed in Figure 2. In addition to this canonical pathway of Notch signaling, Notch receptors can also transduce non-canonical signals as reviewed in Heitzler 2010 (26).



Expression of Notch Receptors in B and T Cell Subsets

Notch receptors are expressed by both B cells and T cells in the spleen. Early studies using qPCR showed expression of Notch1 and Notch3 in mouse B cells at all stages tested, with the highest levels detected in pro- and pre-B cells in the bone marrow (27) (Table 1). However, this level of expression of Notch1 and Notch3 in B cells was 10-20x lower than the levels found in double negative thymocytes. The high expression of Notch1 and Notch3 in thymocytes is consistent with an important role development. Notch1 is required for specifying T cell fate (28), while Notch3 is is required for normal numbers of thymocytes (29). By qPCR, Notch2 is expressed at high levels in mouse B cells, particularly on mature B cell subsets in the spleen (27). Flow cytometry analysis with antibodies specific to Notch receptors showed that Notch1 and Notch2 proteins were both easily detectable in B220+ B cells from the mouse spleen (30). On the other hand, Notch3 was expressed at low levels in mouse B cells, while Notch4 was undetectable (Table 1). Further analysis showed that Notch2 was expressed at the highest levels in marginal zone B cells and marginal zone precursors (30), in keeping with its role in specifying this subset (see details below). Using a lacZ reporter knockin to the mouse Notch2 locus, expression of the reporter gene was found to be low in transitional type I (T1) B cells in the spleen and in mature follicular B cells, but higher in follicular B cell precursors, transitional type II (T2) B cells and marginal zone B cell precursors and mature marginal zone B cells (31). Both BCR stimulation and stimulation with LPS have been shown to upregulate Notch1 expression in mouse B cells (32–34).


Table 1 | Notch receptor expression in murine B cell subsets.



Notch receptor expression in human B cell subsets shows some differences from that seen in mice (Table 2). During development in the bone marrow, Notch1 is expressed at all stages tested, while Notch2 is preferentially expressed in late pre-B cells (35, 36). To our knowledge, expression of Notch3 and Notch4 in human bone marrow B cell subsets has not been examined. In human CD20+ B cells in peripheral blood and tonsil, both Notch1 and Notch2 are expressed, while expression of Notch3 is low and Notch4 is not expressed (37, 38). In tonsillar B cells, naïve and memory subsets express Notch1 and Notch2, but germinal center cells do not (39, 40). Expression on Notch receptors in human B cell subsets is summarized in Table 2.


Table 2 | Notch receptor expression in human B cell subsets.



Various cell types in the mouse spleen and lymph node have been reported to express Notch ligands (Table 3). Recently, Zhu et al. reported that that Notch ligands Dll1 and Jg1 were expressed in purified B cells themselves (33). However, other studies have failed to identify Notch ligand expression in B cells and instead detected expression in a variety of other splenic cells. One study found that Notch ligands Dll1 and Jg2 are expressed on red pulp macrophages and more weakly on CD11c+ dendritic cells of the mouse spleen using flow cytometry (30). Dll1 expression was also detected on erythroblasts in the same study. However, radiation bone marrow chimeras have shown that Dll1 expression on radiation-resistant stromal cells is required for formation of mouse marginal zone B cells (41). This result indicates that Notch ligand expression on hematopoietic-derived cell types such as macrophages and DC is not required at least for some Notch-dependent steps.


Table 3 | Notch Ligand protein expression in murine cells.



Another study making use of lacZ knockin mouse strains that express the lacZ enzyme under the control of the regulatory elements of the Dll1, Dll4, or Jg1 genes showed that these genes are expressed partially overlapping patterns in endothelial cells of blood vessels and/or the marginal sinus (31). Dll1 in particular was found in blood vessels within the marginal zone of the spleen. Bone marrow chimeras confirmed that the lacZ-expressing cells were non-hematopoietic in origin (31). Stromal fibroblastic reticular cell (FRC) subsets also express Notch ligands and can contribute to Notch signaling in B cells. FRC can be subdivided into several subsets based on localization, marker gene expression and function. One type of FRC are follicular dendritic cells (FDC), which are known to be crucial in organizing B cell follicles, capturing surface-bound antigen and stimulating germinal center reactions (42). In keeping with this, immunostaining of mouse spleen detected Dll1 expression in FDC of germinal centers as well as the splenic marginal zone, while Jg1 was found only in the MZ (34). Interestingly, this study also suggests that different cells in the MZ express Jg1 versus Dll1, because co-staining with antibodies to both proteins failed to detect many co-expressing cells. The importance of FRC in presenting Notch ligands for MZ B cell development was shown by a study in which Dll1 was deleted in FRC or in CD11c+ DC or endothelial cells (43). Deletion of Dll1 in FRC, but not in DC or endothelial cells led to the complete loss of marginal zone B cells. Therefore, Notch ligand-expressing FRC are crucial for mouse MZ B cell development and may also play a role in other B cell differentiation steps in secondary lymphoid organs. But it remains possible that non-FRC cells that express Notch ligands (such as endothelial cells, macrophages or DC) could be involved in other B cell responses.

Notch ligand expression has also been studied in human lymphoid tissues. Yoon et al. demonstrated that Dll1 and Jg1 are expressed in human tonsil tissue (38). Expression of these ligands was found on follicular dendritic cells, similar to the expression of Dll1 on mouse FDCs. In the human spleen, non-lymphoid cells located in the marginal zone region have been shown to express Dll1 (44). Therefore, in both mice and humans, non-hematopoietic cells seem particularly important expressors of Notch ligands.



Notch Signaling Represses B Lineage Commitment

Hematopoietic stem cells (HSC) in the bone marrow undergo a series of differentiation steps that lead to formation of various progenitor cell populations including lymphoid-primed multi-potent progenitors (LMPP), early lymphoid progenitors (ELP) and common lymphoid progenitors (CLP). Some of these progenitor cells leave the bone marrow and travel to the thymus, where they encounter Notch ligands that trigger activation of the Notch1 receptor. Activation of Notch1 signaling in these progenitor cells is crucial for development of T cells (28, 45, 46). Ectopic Notch signaling driven by retroviral expression of the Notch1 intracellular domain in bone marrow progenitors inhibits hematopoietic progenitors from developing into B lineage committed cells in mice (47). Similarly, exposure of cultured human hematopoietic progenitors to Notch ligands Dll1 or Dll4 inhibits their differentiation to the B cell lineage, although exposure to Notch ligand Jg1 does not inhibit B cell differentiation (48, 49). Together, these results suggest that Notch signaling in the bone marrow environment has the potential to block B cell development from precursor cells (Figure 4). However, further study is needed to determine whether endogenous Notch signaling plays a role in this process, since the studies to date have only examined situations where Notch signaling was aberrantly activated in these progenitor populations. Constitutive expression of Notch1 intracellular domain (NICD) causes ectopic differentiation of T cells in the bone marrow (47). On the other hand, enforced expression of Deltex1, an inhibitor of Notch signaling, in hematopoietic progenitors results in B cell development at the expense of T cell development (50).




Figure 4 | Notch expression and role in B cell differentiation. Expression of Notch receptors and ligands (red text) on bone marrow B cell progenitors and peripheral B cell subsets. Notch signaling is thought to be involved in self-renewal of hematopoietic stem cells (HSCs). The differentiation of early progenitor cells to pro-B cells is inhibited by ectopic Notch signaling, though evidence is still lacking that endogenous Notch signaling controls this step. Some evidence suggests that Notch2 activation may regulate commitment to the B-1 subset, but this pathway is still controversial since there are contradictory findings in different studies. In the periphery, Notch2 signaling is required for specification of marginal zone (MZ) B cells, while it inhibits formation of follicular (FO) B cells. Notch signaling also stimulates the differentiation of mature B cells into antibody-secreting cells (ASCs).



One proposed mechanism by which it does this is by promoting degradation of the transcription factor E2A, which is required for B cell differentiation (51). This process is mediated through ubiquitination and proteosomal degradation, following E2A phosphorylation by MAP kinases (52). E2A is also important in T cells. Interestingly, Notch signaling does not promote E2A degradation in T cell progenitors due to their inherent low basal levels of MAP kinase activity. In this way, Notch signals have an inhibitory effect on B cell lineage commitment, while allowing T cell fate decisions to be unaltered. Another proposed mechanism for Notch-mediated inhibition of B cell differentiation is its ability to interfere with binding of the transcription factor EBF to target genes (53). Like E2A, EBF is also required for B cell differentiation (54, 55). Notch signaling also controls expression of transcription factor LRF, another factor required for B cell differentiation (56). Transcription factor Pax5, also known as the B cell lineage specific activator protein (BSAP), is another fundamental regulator of B cell development. Pax5 expression in hematopoietic stem cells and early progenitors by knockin into the endogenous Ikaros locus promotes B-cell development at the expense of T-cell development (57). One mechanism by which it may do so is by Pax5-mediated repression of Notch1 expression. A summary of the expression pattern of Notch receptors and their roles in bone marrow B cell development are shown in Figure 4.



Notch Regulation of MZ B cell Differentiation

B cells can be subdivided into two main categories, B-1 B cells and B-2 B cells. B-1 B cells have been best studied in mice, where it was shown that they are produced mainly during fetal and early postnatal life, self-renew and are localized largely in body cavities such as the peritoneal cavity (58). B-2 B cells are derived from bone marrow hematopoietic progenitors and do not self-renew being instead replenished constantly by newly-generated immature B cells from the bone marrow. B-2 cells are localized in secondary lymphoid organs, such as spleen and lymph node and can be further subdivided into marginal zone and follicular subtypes (59). Follicular B cells recirculate via the bloodstream and lymphatics moving between spleen and lymph nodes and can also enter other tissues in response to inflammatory stimuli. When in the spleen and lymph node, follicular B cells are localized in B cell follicles, as their name implies. Marginal zone B cells do not circulate, but rather remain in the spleen localized outside of the B cell follicle in the marginal zone area. Marginal zone B cells are specialized for responding to blood borne antigens, since they are in close contact with blood flowing through the marginal sinus of the spleen (60).

Development of marginal zone, but not follicular B cells, requires Notch signaling (Figure 4). The first data supporting the role of Notch signaling in MZ B cells was deletion of a floxed allele of RBJ-Jκ in B cells using CD19-Cre (61). These mice showed a dramatic reduction in MZ B cell numbers, while follicular B cells and B-1 B cells were normal. This was accompanied by reduced numbers of B cells expressing high levels of CD1d and CD9, which are markers expressed on cells committed to become MZ B cells (61). As shown in Table 1, Notch2 levels are highest in splenic B cells. This is consistent with the fact that Notch2 is the important Notch receptor regulating MZ B cell development, because deletion of Notch2 in B cells results in absence of MZ B cells (27). The level of Notch2 on the surface of the cell is important, because even heterozygous mice that carry one functional copy of Notch2 show a diminished number of MZ B cells (27, 62). Notch2+/- mice have also been reported to show a reduction in B-1 B cells (62), while mice with a floxed allele of Notch2 crossed to CD19-Cre mice show normal B-1 numbers (27). The reason for this difference in B-1 phenotype between the two strains remains unknown. Constitutive expression of either the Notch1 intracellular domain or the Notch2 intracellular domain is capable of driving B cell differentiation towards the marginal zone fate, although the Notch2 intracellular domain seems to do so more strongly (63, 64). Knockout of Mint, an inhibitor of Notch signaling, leads to enhanced Notch signaling and a reduction in follicular B cells and increase in marginal zone B cells (65).

Dll1 is the crucial Notch ligand for specification of the marginal zone B cell fate, as deletion of Dll1 abrogates MZ B cell formation (66). Even mice with heterozygous loss of Dll1 demonstrated reduced MZ B cells. Interestingly though, development of MZ B cells in lupus-prone NZB/W mice is less dependent on Dll1 (30). In another autoimmune model, the non-obese diabetic (NOD) mouse that develops type I diabetes, heterozygosity for Notch2 does not lead to as significant a reduction in MZ B cells as is typically seen in Notch2+/- mice on a non-autoimmune prone C57BL/6 background (67). Together these studies imply that the autoimmune milieu may provide signals that can overcome the need for the Notch2/Dll1 pathway in MZ B cell development.

Humans have marginal zone B cells as well, though they exhibit some differences as compared to their mouse counterparts (68). Unlike mouse MZ B cells, human MZ B cells frequently have mutated variable (V) regions in their antibody genes. They also express CD27, suggesting that they are antigen-experienced (68). Human MZ B cells can arise also in patients with mutations in CD40 or CD40 ligand indicating that they are at least in part activated in a T cell-independent fashion (69). Human MZ B cells may participate in responses to blood-borne bacteria, similar to mouse MZ B cells (68). Human transitional B cells isolated from cord blood and stimulated for 4 days with TLR9 ligand (CpG ODN) differentiated into cells with characteristics of MZ B cells and expressed high levels of Notch2 (70). A precursor population for human MZ B cells has been identified and shown to be responsive to DLL1 (44). Patients with Alagille syndrome involving mutations in Notch2 have a variety of developmental defects and show reduced MZ B cells (44).

Several other components of the Notch signaling pathways have also been shown to regulate generation of MZ B cells in mice. Loss of Nicastrin (a subunit of γ-secretase) (71), Adam10 (12) or Maml1 (72, 73), block MZ B cell generation. Loss of nicastrin also impairs B-1 cell development. Combined loss of Lfng or Mfng or of all three Fringe family members reduces MZ B cell numbers (31, 74). Deletion of Notch pathway inhibitor MINT results in increased MZ B cell numbers (75). On the other hand, deletion of Hes1 does not affect MZ B cell formation, though it impacts Notch-dependent T cell development (76).

The kinase Taok3, which is required for normal expression of Adam10 on transitional B cells in the spleen, is necessary for MZ B cell development (77). Interestingly, Taok3-dependent Adam10 upregulation on transitional B cells marks their commitment to become marginal zone B cells. Another signaling pathway controlling Adam10 levels on transitional B cells is the Gαi pathway (78). Deletion of Gαi2 or both Gαi2 and Gαi3 (encoded by the genes Gnai2 and Gnai3) in B cells leads to loss of marginal zone B cells. This is accompanied by poor expression of Adam10 on the surface of transitional B cells. Gαi signaling is triggered downstream of G protein-coupled receptors including chemokine receptors such as CXCR4 and CXCR5. S1PR1 is another G-protein-coupled receptor that could potentially influence Gαi activation and Notch signaling in marginal zone precursors. S1PR1 is required for marginal zone B cell precursor migration into the marginal zone region of the spleen (79).

Notch signaling can regulate transcription factor activity in B cells. For instance, B cells constitutively-expressing the Notch1 intracellular domain have elevated expression of Id2, which inhibits the function of E proteins such as E2A (64). Furthermore, as described above, Notch signaling in hematopoietic progenitors results in degradation of E2A downstream triggered by MAP kinase phosphorylation (51, 52). Expressing a form of E2A that is resistant to MAP kinase phosphorylation and degradation reverses the pro-MZ differentiation effect of the constitutively-active Notch1 intracellular domain (64). These results imply that Notch-mediated suppression of E protein function is one mechanism by which it promotes development of MZ B cells. Notch signaling also induces expression of the transcription factor Fos (80). Notch2 deletion in B cells results in decreased Fos expression, while over-expression of the Notch2 intracellular domain induces Fos. In a cell culture model system, retroviral-driven expression of Fos in Notch2-deficient B cells or bone marrow was suggested to partially restore MZ development based on an increase in the percentage of CD23loCD21hi cells observed (80). However, it is not clear if Fos expression is a key determinant of Notch activity as B cells lacking Fos were not studied. Irf4 seems to function as a negative regulator of the Notch pathway, since Irf4-deficient B cells have elevated expression and activation of Notch2 and elevated numbers of MZ B cells (81, 82). Irf4 also suppresses induction of activation of Notch1 in BCR and CD40 stimulated B cells, as measured by Western blot for the Notch1 intracellular domain (82). Importantly, that study also shows that retention of wild-type B cells in the marginal zone is dependent on continued signaling via Notch2, because inhibition of Notch2 signaling results in loss of MZ B cells to the peripheral blood.

CD19 can also influence Notch pathway activity in B cells. Loss of CD19 impairs generation of MZ B cells (63, 83). This is associated with a decreased expression of cell surface Notch2 on CD19-deficient B cells and restoring Notch2 activation using a lentiviral vector results promotes MZ development of CD19-deficient cells (83). Adam family member Adam28 is expressed at high levels of the precursors on marginal zone B cells (83, 84). Loss of CD19 was associated with reduced Adam28 levels on these precursor cells. Lentiviral driven expression of Adam28 promotes Notch2 cleavage and differentiation of MZ precursors to MZ B cells, even in the absence of CD19 (83). These data implicate Adam28 in Notch2 cleavage, but as described above, other data implicate Adam10 as being the relevant Adam family member that cleaves Notch2 (12, 77). Further study is needed to clarify the roles of these two Adam proteins.

Marginal zone B cells often express BCRs that are polyreactive or autoreactive (85). Mice carrying a transgene encoding a BCR that recognizes the self-antigen keratin as well as foreign antigens present on Candida albicans (the TgVH3B4 transgene) have an increase in MZ B cells as compared to non-transgenic littermates (86). When these mice were crossed to mice with a B cell-specific deletion of RBP-Jκ, the resulting TgVH3B4 RBP-Jκ deficient progeny had MZ B cells, while non-transgenic RBP-Jκ mice virtually lacked MZ B cells (86). Therefore, self-reactive B cells may be able to overcome the need for Notch signaling in the differentiation pathway to MZ B cells. As described above, data obtained with lupus-prone NZB/W mice and diabetes-prone non-obese diabetic (NOD) mice also suggest that autoimmunity can partially overcome the need for Notch signaling in the development of MZ B cells (30, 67).



Notch Interactions Causing Differentiation of B Cells to Antibody-Secreting Cells (ASCs)

Antibody-secreting cells can be formed from B cells during either T-dependent or T-independent immune responses. T-independent responses tend to generate short-lived antibody-secreting cells that remain proliferative (plasmablasts), while T-dependent germinal center reactions tend to produce longer-lived, non-proliferative and antibody-secreting cells (fully differentiated plasma cells). Long-lived plasma cells contribute in a significant way to immunological memory, since they can persist in bone marrow for decades and continue to secrete high affinity isotype-switched antibodies (87). Some data indicates a role for the Notch pathway in ASC differentiation. Several studies have examined the effects of co-culturing B cells with stromal cells expressing the Notch ligand Dll1. Santos et al. showed that CD23+ B cells (follicular B cells) activated with LPS in the presence of stromal cells expressing Dll1 gave rise to an increased number ASCs and higher titers of antibodies without an alteration in B cell proliferation (34). Similar results were obtained with anti-CD40 stimulated B cells, except that in this case Dll1 stimulated both B cell proliferation and B cell differentiation to ASCs (34, 72). Dll1 also stimulates the proliferation of BCR-stimulated B cells and BCR and CD40 co-stimulated B cells (72). These roles of Notch signaling on ASC generation are summarized in Figure 4. Dll1 increased isotype switching and changed the pattern of secreted antibody isotypes in stimulated B cell cultures. B cells stimulated only with anti-CD40 secreted IgM and IgG1, while B cells stimulated with anti-CD40 in the presence of Dll1 also secreted IgG2b (72). B cells stimulated with both anti-IgM and anti-CD40 proliferate, but don’t secrete much antibody. However, anti-IgM and anti-CD40 in the presence of Dll1 resulted in significant secretion of IgG1 and IgG2b. B cells stimulated with anti-CD40 + IL-4 typically secrete a large amount of IgG1 as well as some IgM and IgE. Co-culture with Dll1 expressing cells resulted in production of IgG2b along with IgG1, IgM and IgE (72). The effects of Dll1 on antibody secretion were dependent on activity of the Notch co-activator Maml1, since a dominant-negative version of this protein blocked Dll1 effects in upregulating IgG1 secretion.

Unlike Dll1, another Notch ligand Jagged1 (Jg1) was not able to induce increased ASC differentiation (34), suggesting specificity in the Notch ligand required. The effect of the Notch pathway was at a late stage of B cell differentiation after the upregulation of the plasma cell marker CD138 and could be blocked by a dominant-negative form of the Maml cofactor of the Notch signaling pathway (34, 72). Deletion of Notch1 reduces B cell antibody secretion in response to LPS stimulation (33). In this latter study, no stromal cells expressing Dll1 were used and hence Notch ligands must have been expressed by the B cells themselves or small numbers of other spleen cells that contaminated the B cell cultures (33). Interestingly, deletion of Notch1 had no effect on B cell antibody secretion in response to LPS if the B cells were not purified, but rather cultured as part of a mixture of whole spleen cells (33). This implies that an unknown factor produced by non-B cells in the cultures can substitute for the effects of Notch on ASC generation.

In another study, B cells over-expressing the Notch1 intracellular domain (and thereby mimicking constitutive Notch signaling) were reported to generate more CD138+ cells when stimulated in vitro with anti-IgM and anti-CD40 antibodies (32). Stimulating with anti-IgM and anti-CD40 in the presence of Dll1-expressing stromal cells resulted in an increase in the amount of IgM, IgG2a, IgG2b, and IgG3 antibodies secreted and this effect is abrogated in the absence of Notch1 (32). Using a mouse multiple myeloma model involving over-expression of the Xbp1 transcription factor, Kellner et al. discovered a post germinal center but pre-plasma cell population of mouse B cells that has high levels of Notch1 expression (88). These cells could reconstitute antibody production in B cell-deficient mice more efficiently than a terminally-differentiated ASC cell population. Together the studies above suggest that follicular B cells can upregulate Notch1 upon activation and that expression of Notch1 can stimulate generation of ASCs, either in response to T-independent stimuli (LPS) or T-dependent stimuli (anti-CD40).

Despite the studies that indicate a role for Notch signaling in ASC generation, loss of RBP-Jκ in B cells did not result in any change in ASC numbers in ex vivo isolated spleen, lymph node, bone marrow or Peyer’s Patch cells (61). This result suggests that Notch1 signaling in mature B cells may proceed through a non-canonical RBP-Jκ independent pathway. It is also possible that differences in purification or stimulation conditions between these various experiments may have influenced the role of the Notch pathway on ASC generation.



Notch Effects on T Cell-Independent Immune Responses

Marginal zone and B1 cells are the main B cell types that respond to T cell-independent stimuli (89). Mice with alterations in Notch2 signaling have strong reductions in MZ B cells, suggesting they may have reduced T cell-independent responses. However, RBP-Jκ deficient mice, which lack MZ B cells, show no antibody-secretion defect in response to NP-Ficoll and even show 2-3 fold increased antigen-specific responses in response to NP-LPS (61). B-1 B cells probably account for the responses to T-independent antigens when MZ B cells are absent allowing normal T-independent responses.

Deletion of Notch1 does not impair MZ B cell development (28). However, as noted above, Notch1 deficient B cells have reduced differentiation to ASCs in response to in vitro stimulation with the T cell-independent stimulus LPS. This observation suggests that there might be reduced responses to T-cell independent antigens in vivo in mice lacking Notch1. Indeed, Notch1 deficient mice showed reduced antigen-specific IgM and IgG production when immunized with the T cell-independent type I antigen (NP-LPS) (32). There was also a reduction in antigen-specific IgG when Notch1 deficient mice were immunized with the T cell-independent type II antigen (NP-Ficoll), although this reduction was not as striking as the reduction in response to NP-LPS (32). Therefore, in vivo Notch1 seems more important than Notch2 for regulation of T-independent immune responses.



Notch Effects on T Cell Dependent Immune Responses and Germinal Centers

Follicular B cells are the main B cell type that responds to T cell-dependent stimuli, although marginal zone B cells can also participate in these reactions. Unlike MZ B cells, specification of the follicular B cell lineage is not controlled by Notch signaling. However, Notch signaling can influence T-dependent germinal center (GC) responses in which follicular B cells play the most prominent role (Figure 5). As described above, stimuli that mimic signals found in GCs (anti-CD40 or anti-IgM and anti-CD40 antibodies) can stimulate B cell differentiation to ASCs (32, 34, 72). Notch ligands are expressed by FDCs and Notch1 and Notch2 receptors are expressed by GC B cells (34, 38). GC B cells cultured with an FDC cell line (HK cells) along with CD40 ligand, IL-2 and either IL-4 or IL-21 undergo proliferation, differentiation to plasmablasts and secretion of antibodies and the addition of an inhibitor of the γ-secretase (DAPT) inhibits these processes (38). As was seen with T cell-independent responses, loss of RBP-Jκ does not interfere with antigen-specific antibody production in response to the T cell-dependent antigen NP-CGG (61). This may indicate that Notch effects in GC B cells are via a non-canonical Notch pathway. On the other hand, immunizing mice that have B cell-specific expression of dominant-negative Maml1 with the T cell-dependent antigen NP-CGG resulted in production of fewer NP-specific plasma cells compared to controls (72). Dominant-negative Maml1 mice also had decreased frequencies and numbers of IgG1+ B220-low plasma cells (72).




Figure 5 | Notch signaling in the Germinal Center. Some B cell follicles in the peripheral lymphoid organs contain germinal centers (GC), where B cells rapidly proliferate and undergo somatic hypermutation, affinity maturation and isotype-switching. The germinal center has two anatomical compartments. In the dark zone of the GC, B cell centroblasts rapidly proliferate while also undergoing somatic hypermutation. In the light zone of the GC, B cell centrocytes compete for binding antigen on follicular dendritic cells (FDCs) and receive signals from T follicular helper (Tfh) cells that promote survival and differentiation. Together these processes select for B cells with BCRs that recognize antigen with high affinity. FDCs express DSL ligands that may play a role in signaling during germinal center reactions. In mice, GC B cells express both Notch1 and Notch2 receptors, though in humans expression of these Notch receptors is low on GC B cells. Notch signaling in GC B cells has been shown to antagonize the effects of BCL6 and may play a role in differentiation of GC B cells into ASCs. Differentiation of Tfh cells also requires Notch signaling.



Notch signaling in GC B cells may be influenced by the transcription factor BCL6, which is crucial for GC B cell formation. In Xenopus laevis, the Notch1 intracellular domain was shown to interact with BCL6 (90), displacing Maml proteins from the Notch intracellular domain. Because Maml proteins are co-activators of Notch-dependent transcription, their displacement results in weaker Notch-mediated transcriptional events. BCL6 also functions to recruit the co-repressor BCoR to the NICD, thus further suppressing Notch-dependent transcription (90). Another mechanism by which BCL6 could inhibit Notch signaling in GC B cells was described by Valls et al. in human follicular lymphomas, a tumor derived from GC B cells (40). In these cells, the BCL6 protein binds to regulatory elements of the Notch2 gene and other Notch pathway genes (Maml1, Maml2, RBP-Jκ and Hes1) to directly repress their expression. BCL6 and Notch pathway genes show an inverse correlation in expression patterns in primary human and murine GC B cells (40). BCL6-dependent repression of Notch2 seems to be crucial for GC maintenance, since tamoxifen-inducible expression of the Notch2 intracellular domain abrogates GC formation in mice (40). On the other hand, BCL6-targeting compounds or gene silencing leads to the induction of Notch2 activity. Together, these data indicate two possible mechanisms by which BCL6 may interfere with Notch signaling, either by binding to the NICD and displacing the co-activator Maml, while recruiting the co-repressor BCoR, or by directly binding to and repressing Notch pathway genes. Both mechanisms may take place in GC B cells. The ability of BCL6 to interfere with Notch signaling may be needed to prevent premature differentiation of GC B cells to ASCs, a process induced by Notch activity.

Notch signaling can also have B cell-extrinsic effects that influence GC formation. T follicular helper cells (Tfh) are a subset of CD4+ T cells that are specialized for helping B cells in germinal center reactions. Like GC B cells, Tfh cells express the transcription factor BCL6 and this transcription factor is crucial for the ability of Tfh cells to differentiate properly and provide B cell help (91). Combined deletion of both Notch1 and Notch2 using CD4-Cre results in impaired Tfh cell generation, while total CD4 cells, Tregs, memory CD4 T cells and naïve CD4 T cells are all normal (92). The decrease in Tfh cells results in impaired GC formation in response to immunization with T-dependent antigens or parasite infection. There was also impaired generation of high-affinity antigen-specific IgG antibodies. The few Tfh cells that develop in Notch1/Notch2-deficient mice express low levels of Tfh markers such as BCL6, IL-21, c-Maf and CXCR5 (92). Therefore, Notch signaling can have both B cell-intrinsic and B-cell extrinsic effects in the GC.

Germinal center-derived B cell lymphomas often have excessive and dysregulated Notch signaling caused by activating mutations (93). Many mutations in Notch receptors are localized in the PEST domain and result in premature truncation thereby blocking PEST-mediated degradation of NICD and causing prolonged Notch signaling. To test potential roles for this dysregulated Notch signaling, Arima et al. developed a mouse model in which the intracellular domain of Notch1 (NICD) was expressed in B cells under the control of the germinal center specific AICDA-Cre. This resulted in an increased percentage of GC cells, while other B cell subsets were normal (94). In this mouse model, B cells produced the cytokine IL-33, which led to secondary effects in the T cell compartment including an expansion of Treg and Th2 cell subsets and a decrease in cytokine production by Th1 and CD8+ T cells (94). Thus, increased Notch signaling in B cells can lead to B cell-extrinsic effects on the immune response.



Conclusions

In this review, we’ve summarized published studies implicating the evolutionarily-conserved Notch signaling pathway in regulating B cell differentiation and functional responses. These studies clearly show an important influence of the Notch pathway in guiding appropriate differentiation at many steps of B cell development from the hematopoietic progenitor cells in the bone marrow to terminally-differentiated B cells in immune responses. There are various compounds that can be used to target both the canonical and noncanonical pathways of Notch signaling and could potentially influence immune responses. However, the involvement of Notch signaling in crucial developmental decisions in a huge variety of cell types in the body makes it very difficult to specifically target B cell responses, unless methods can be developed to deliver Notch activators or inhibitors directly to B cells without affecting other nearby cell types. A number of interesting questions remain to define concerning Notch pathway activity in B cells. Notch2 is clearly required for the MZ fate specification, but Notch1 seems more important in ASC differentiation. However, Notch2 has not been inducibly-deleted in mature B cells to allow studies to test its function in generation of ASCs from already committed MZ and follicular B cells. Another interesting question is whether non-canonical Notch signaling plays an important role in B cell differentiation. Notch2 seems to trigger the canonical pathway to specify the MZ B cell fate, since loss of RBP-Jk interferes with this process. However, in T dependent and T-independent immune responses, B cells lacking Notch1 show a defect, while those lacking RBP-Jκ do not. This implies that a non-canonical pathway may be more important at this stage. Future studies will be important to address some of these interesting conundrums.
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Dengue is an acute viral disease caused by dengue virus (DENV), which is transmitted by Aedes mosquitoes. Symptoms of DENV infection range from inapparent to severe and can be life-threatening. DENV replicates in primary immune cells such as dendritic cells and macrophages, which contribute to the dissemination of the virus. Susceptibility of other immune cells such as B cells to direct infection by DENV and their subsequent response to infection is not well defined. In a cohort of 60 Cambodian children, we showed that B cells are susceptible to DENV infection. Moreover, we show that B cells can support viral replication of laboratory adapted and patient-derived DENV strains. B cells were permissive to DENV infection albeit low titers of infectious virions were released in cell supernatants CD300a, a phosphatidylserine receptor, was identified as a potential attachment factor or receptor for entry of DENV into B cells. In spite of expressing Fcγ-receptors, antibody-mediated enhancement of DENV infection was not observed in B cells in an in vitro model. Direct infection by DENV induced proliferation of B cells in dengue patients in vivo and plasmablast/plasma cell formation in vitro. To summarize, our results show that B cells are susceptible to direct infection by DENV via CD300a and the subsequent B cell responses could contribute to dengue pathogenesis.




Keywords: infectious diseases, B cell response, dengue viral infection, plasma cell development, DENV entry mechanism



Introduction

Dengue is an arthropod-borne viral disease caused by dengue virus (DENV), a positive sense single-stranded RNA virus belonging to the Flaviviridae family and is transmitted by Aedes mosquitoes (1). DENV strains are classified into four antigenically distinct serotypes, DENV-1 to -4 (2). Dengue is a major threat to global health, estimated to infect around 390 million people annually affecting more than 100 countries. Around 25% of infections result in clinical disease (3). Dengue disease ranges from mild dengue fever (DF), which is self-limiting, to more severe forms of disease such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) (4). Previous studies have shown that the more severe forms of dengue occur mainly after secondary infection with a different serotype, leading to skewed and enhanced memory immune responses (5). In humans, cells belonging to the myeloid lineage such as immature and mature dendritic cells, monocytes and macrophages have been shown to be susceptible and permissive to direct DENV infection in vitro (6–10). Moreover, these cells can also be infected by a process termed as antibody dependent enhancement (ADE), whereby antibodies produced during previous DENV infection mediate the uptake of DENV via Fc receptors (11, 12).

Upon entering the cell, DENV RNA is translated into a single polyprotein which is then cleaved into individual proteins by NS2B3 protease, yielding three structural and seven non-structural (NS) proteins. NS3, one of the non-structural proteins, has helicase and triphosphatase activity which is important for viral replication and is present at the replication sites near the endoplasmic reticulum (13–15). Hence, NS3 protein is only detected in cells upon active infection by DENV and translation of viral proteins, and the detection of DENV NS3 intracellularly in infected cells is indicative of viral replication (8).

Infection with dengue virus has major impacts not only on the myeloid compartment in the blood but also on lymphoid cells (16). For example, it has been shown that circulating CD19+ cells are increased in dengue patients (17, 18) and that their subset distribution is significantly altered during infection (19). For example, a massive increase in the frequencies of plasmablasts and plasma cells, reaching up to 50% of circulating B cells during the acute phase of infection has been reported (19, 20). Moreover, enhanced B cell activation and plasma cell development have been observed in hospitalized dengue patients compared to asymptomatic infected patients (21). In addition, we and others have also showed altered antibody-independent B cell responses in dengue patients, as measured by cytokine production and upregulation of activation markers after in vitro stimulation (19, 22).

However, it is not known whether these changes in subset distribution and altered functions observed during the acute phase of dengue infection are due to direct infection of B cells by DENV or due to bystander mechanisms as a consequence of viral infection. Indeed, B cells might be susceptible to DENV infection (23–28). Moreover, viral RNA and protein have been demonstrated in secondary lymphoid organs and within the germinal center suggesting that infected B cells can aid in the dissemination of the virus (29–32). B cells also express Fc receptors such as FcγRIIB and LILRB1 which are implicated in ADE and thus could be targets of enhanced viral infection.

Hence, in this study, we sought to investigate whether B cells were susceptible and permissive to DENV infection both ex vivo and in vitro and to determine if direct infection altered B cell responses and contributed to viral spread. We observed that B cells from dengue patients were found to support viral replication of laboratory adapted and patient-derived DENV strains both ex vivo and in vitro. Next, we identified CD300a, a phosphatidylserine receptor, as a potential attachment factor or receptor for entry of DENV into B cells. Infection with DENV induced proliferation of B cells in dengue patients in vivo as well as plasmablast and plasma cell formation in vitro. Overall, our results show that B cells are susceptible to direct infection by DENV of B cells through CD300a, and the responses of B cells to the infection could play a role in pathogenesis of dengue.



Materials and Methods


Ethics Statement

Ethical approval for the study was obtained from the National Ethics Committee of Health Research of Cambodia. Written informed consent was obtained from all participants or the guardians of participants before inclusion in the study.



Healthy Donor and Patient Recruitment

Venous blood was collected from clinically healthy adult volunteers who presented at the International Vaccination Centre, Institut Pasteur Cambodia. Blood samples were obtained from hospitalized children (≥2 years) who presented with dengue-like symptoms at the Kanta Bopha Hospital in Phnom Penh, Cambodia. The time point for collection of blood samples was within 96 h of fever onset at hospital admittance. Dengue infection was confirmed by diagnostic testing as described below and dengue-negative patients were categorized as febrile controls. Dengue-positive patients were classified according to the WHO 1997 criteria upon hospital discharge into (dengue fever, DF) dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS). A total of 60 dengue-positive patients were included in the study. In addition, age- and sex-matched healthy donors were recruited from a cluster-based investigation in Kampong Cham province (n = 16) and included for the functional analysis (Tables 1 and 2).


Table 1 | Demographic data of included healthy donors, DENV-negative febrile controls and dengue patients.




Table 2 | Demographic data and clinical parameters of included dengue patients.





Laboratory Diagnosis

Plasma specimens from patient samples were tested for the presence of DENV using nested RT-qPCR at the Institut Pasteur in Cambodia, the National Reference Center for arboviral diseases in Cambodia (33). Detection of DENV NS1 and anti-DENV IgM/IgG in patient plasma was done using rapid diagnostic tests (SD Bioline Dengue Duo kits, Standard Diagnostics, Abbott, USA). Additionally, anti-DENV IgM was measured with an in-house IgM-capture ELISA (MAC-ELISA), as previously described (34).



Virus Production

Infections with DENV were carried out using two laboratory/cell culture-adapted reference strains: DENV-1 Hawaii (GenBank: AF425619) and DENV-2 New Guinea C (GenBank: AF038403) and two DENV strains, DENV-1 isolate 91212506 and DENV-2 isolate B0623518, both obtained from Cambodian patients by isolation and passaging two to three times in C6/36 cells. Briefly, Aedes albopictus C6/36 cells were infected with virus at an MOI of 0.1 and cultured at 28°C for 5–7 days in Leibovitz 15 medium (Sigma-Aldrich, MO, USA) supplemented with 2% FBS (Gibco, MT, USA), 1% L glutamine (Gibco), 10% tryptose-phosphate (Gibco) and 100 U/ml penicillin–streptomycin (Gibco). DENV was harvested from supernatants of infected C6/36 cells and concentrated using 40% polyethylene glycol (PEG)8000 (Sigma-Aldrich) as previously described (35). The concentrated virus was resuspended in RPMI supplemented with 10% FBS and stored at −80°C. Virus inactivation was done by incubation of virus aliquots under UVS-28 UV Lamp (Analytik Jena, Germany) for 30 min.



Focus-Forming Assay

Viral titer of produced viral stocks and the permissivity of B cells to DENV infection were determined by focus-forming assay to detect infectious DENV particles in supernatants from infected cells. Briefly, Vero cells (ATCC CCL-81) seeded in 96-well plates were incubated with serially-diluted supernatants from DENV infected B cells and monocytes for 1 h at 37°C and overlaid with Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich) supplemented with 3% FBS and 1.8% w/v carboxymethylcellulose (CMC) (Sigma-Aldrich). After 2–3 days, cells were fixed, permeabilized, and stained with DENV serotype-specific polyclonal mouse hyperimmune ascite fluids (Institut Pasteur in Cambodia) as described in Auerswald et al. (36). The number of foci was counted for each dilution, and viral titers were expressed as focus forming units (ffu)/ml.



Isolation and Infection of B Cells and Monocytes In Vitro

PBMCs were isolated from healthy donors using Ficoll-Histopaque density gradient centrifugation. Purified CD19+ B cells were isolated from PBMCs by two rounds of separation using positive selection CD19 Microbeads (Miltenyi-Biotec, Germany) as per the manufacturer’s protocol. The purity of B cells obtained was 90–95% as determined by flow cytometry. CD14+ monocytes were isolated similarly using CD14 Microbeads (Miltenyi-Biotec, Germany).

For infection experiments, 8 × 104 B cells or monocytes were plated per well in a 96-well plate and infected with DENV-1 or -2 at an MOI of 20 for 90 min at 37°C, 5% CO2. The virus inoculum was removed after centrifugation at 1,500pm for 10 min, and cells were washed twice with plain RPMI. The cells were then resuspended in RPMI supplemented with 10% FBS and incubated at 37°C and 5% CO2 for 24 h.



Flow Cytometry

To detect DENV infection in B cells and monocytes from dengue patients and healthy donors infected in vitro, cells were stained first with Zombie Aqua Fixable Viability Kit (BioLegend, CA, USA) for live/dead cell gating followed by surface staining with CD19-APC/Cy7 (clone HIB19), CD20 PerCP-Cy5.5 (clone 2H7) or CD14-APC (clone 63D3) (all from BioLegend) for 30 min at 4°C followed by fixation and permeabilization with True-Nuclear Transcription Factor Buffer Kit (BioLegend, USA) as per manufacturer’s protocol. Intracellular staining for detection of DENV infection was done using a rabbit polyclonal anti-DENV NS3 antibody or (GTX124252; GeneTex, CA, USA) or rabbit polyclonal isotype control followed by a goat anti-rabbit secondary antibody conjugated with AF488 (Molecular probes, OR, USA) or anti-DENV E protein (clone 4G2) labelled with AF488 (Molecular probes, OR, USA). Samples were run on BD FACS Canto II (BD Biosciences, NJ, USA) and analyzed by FlowJ0 v10 (BD Biosciences, USA). For the detection of the cytokine BAFF (B-cell activating factor) in the plasma of healthy donors and dengue patients, a LEGENDplex Human B cell Activator Panel immunoassay (BioLegend, USA) was used as per the manufacturer’s instructions. Samples were acquired using BD FACS Canto II and analyzed using LEGENDplex v7.0 (Vigene Tech, MA, USA) software.



Real-Time PCR on Infected Cells and Cell-Free Supernatants

RNA was extracted from DENV-infected B cells and monocytes from healthy donors and dengue patients using RNeasy Micro Kit (QIAGEN, Germany) as per manufacturer’s protocol. From the supernatants of infected B cells and monocytes, RNA isolation was done using QIAamp Viral RNA Mini kit (QIAGEN, Germany). cDNA was synthetized from extracted RNA with SuperScript II Reverse Transcriptase kit (ThermoFisher, MA, USA) and N6 random primers (Promega, WI, USA) respectively. Real-time PCR was done using primers and probes specific for DENV-1, DENV-2 and DENV-4 (Table 3). HPRT (Hypoxanthine-guanine phosphoribosyltransferase) was used as housekeeping gene and 2−ΔΔCt values were calculated. The running conditions for DENV real-time RT-qPCR were as follows: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min.


Table 3 | List of primers and probes used for RT-qPCR.





Identification of Receptor on B Cells for Dengue Virus

CD19+ B cells were incubated with different concentrations (1–10 ug/ml) of an IgG2a monoclonal antibody directed against CD300a (clone P192; LSBio, WA, USA) for 30 min, washed, and infected with DENV-2 at an MOI of 20 for 24 h. An isotype-matched monoclonal antibody was used as a negative control. Percentages of DENV-infected B cells were determined by flow cytometry using anti-DENV NS3 antibody as described above, and fold change in percentage of infected cells with respect to the control was calculated.



Antibody-Dependent Enhancement Assay

Human monoclonal antibody G10 (kind gift from Katja Fink, A*STAR, Singapore) is specific for the fusion loop of DENV E protein and has been shown to mediate the antibody-dependent enhancement of DENV infection in vitro (37). Human myelomonocyte cell line U937 (ATCC CRL-1593.2) was cultured in RPMI (Gibco) supplemented with 10% FBS (Gibco), 100 U/ml penicillin–streptomycin (Gibco), and 1% L glutamine (Gibco) (38). Serum was obtained from a pediatric patient with primary DENV-2 infection at day 8 after onset of symptoms (early convalescent phase). The G10 antibody and DENV-2 patient serum were serially diluted five-fold (1:100 to 1:1,562,500) in RPMI and incubated with DENV-1 virus corresponding to MOI of 1 for 1 h at 37°C, 5% CO2. Immune complexes were then transferred to purified B cells from healthy donors and incubated for 90 min at 37°C, 5% CO2. Direct infection with DENV in the absence of G10 antibody was used as control. After infection, cells were washed and incubated for 72 h at 37°C, 5% CO2. Cells were surface stained with Zombie Aqua (AmCyan) viability dye (BioLegend) for live/dead cell gating and then fixed, permeabilized, and stained for the presence of DENV using anti-DENV E protein antibody (clone 4G2, ATCC HB-112) labeled with AF488 (Molecular probes). Fold change of infection was calculated for each serum dilution with respect to direct DENV infection to represent enhancement of DENV infection.



In Vitro Plasma Cell Differentiation

Purified CD19+ B cells from healthy donors’ PBMCs were infected with DENV-1 at MOI of 5 for 90 min, washed and cultured in the presence of CD40L (0.25 μg/ml; ITS Vietnam), IL-2 (1 ng/ml; Peprotech, NJ, USA), and IL-21 (50 ng/ml; Peprotech) for 6 days. The cells were harvested and stained with Zombie Aqua (AmCyan) viability dye (BioLegend) for live/dead cell gating followed by antibodies CD19 PE/Cy7 (clone HIB19), CD20 PerCp/Cy5.5 (clone 2H7), CD27 APC/Cy7 (clone O323), CD38 APC (clone HB7) and CD138 BV421 (clone MI15), and the percentages of CD27+CD38+ plasmablasts and CD27+CD138+ plasma cells were determined in uninfected and infected B cells with or without stimulation.



B Cell Proliferation Assay

B cells isolated from healthy donors were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) (Biolegend) and either infected with DENV-2 at an MOI of 5 or remained uninfected. After 2 h of inoculation, cells were washed to remove the inoculum and stimulated with CpG oligodeoxynucleotides (1 μg/ml; Invivogen, San Diego, CA, USA) and F(ab′)2 anti-IgM antibody (4 μg/ml; Jackson ImmunoResearch, PA, USA) or remained unstimulated. Cells were cultured in RPMI supplemented with 10% FBS for 6 days. The cells were then harvested and stained with Zombie Aqua (AmCyan) viability dye (BioLegend) followed by CD19 PE/Cy7 (clone HIB19) and CD20 PerCp/Cy5.5 (clone 2H7) to identify live B cells and analyzed for the expression of CFSE in the FITC channel. Proliferation was measured as the percentage of B cells with decreased intensity of CFSE compared to unstimulated B cells.



Statistical Analysis

Statistical analyses were done using GraphPad Prism 7.00 software (GraphPad Software, Inc., La Jolla, CA, USA). Since the data did not pass the criteria for normality using D’Agostino & Pearson normality test, the non-parametric Mann–Whitney U-test was used to compare data between two groups or by non-parametric paired Wilcoxon matched pairs signed rank test for paired data. Statistical analysis of data with more than two groups was done using the Kruskal–Wallis test followed by Dunn’s post-test for multiple comparisons. For comparing paired samples between three conditions, Friedman’s test was used. Correlations were calculated by Spearman analysis. For all analyses, p <0.05 was considered significant.




Results


B Cells Are Susceptible to Dengue Virus Infection In Vivo

Previously published studies on susceptibility of immune cells to DENV infection have primarily used the 4G2 antibody, a pan-flaviviral antibody binding to the fusion loop of the Envelop (E) protein. However, the presence of E protein cannot distinguish between binding/internalization and productive infection. Therefore, we aimed to detect viral non-structural protein 3 (NS3). NS3 protein is only detected in cells upon active infection by DENV, and translation of viral proteins and the intracellular detection of DENV NS3 is indicative of viral replication (16, 39). To validate the anti-NS3 antibody, we infected C6/36 cells, which are highly susceptible to DENV infection, with DENV-1 at MOI of 5 for 24 h and stained with anti-DENV NS3 antibody and its corresponding isotype control. Representative histogram of NS3 staining in C6/36 cells is shown in Supplementary Figure 1A. To further confirm the specificity of the anti-DENV NS3 antibody, C6/36 mosquito cell line and primary monocytes, well known targets of DENV infection, were infected with DENV and UV-inactivated DENV particles (UV-DENV). An increase in percentage of NS3+ cells was observed in DENV infected cells compared to uninfected and UV-DENV infected cells (Supplementary Figure 1B).

In order to investigate whether B cells are susceptible to DENV infection in vivo, we obtained PBMCs from a cohort of 60 acute-infected Cambodian children with RT-qPCR confirmed DENV infection and stained with anti-DENV NS3 and E antibodies (Figures 1A–D, Supplementary Figure 2). Only a subset of patients was stained with anti-E, when sufficient PBMC could be purified due to the low amount of blood obtained from the pediatric cases.




Figure 1 | Ex vivo detection of DENV in B cells from dengue patients. PBMCs from patients in the acute phase of DENV infection (n = 60) were stained on the surface with antibodies for immune cell markers and intracellularly with anti-DENV NS3 antibody or pan flaviviral fusion loop specific 4G2 antibody. (A, B) Representative plots for NS3 staining in CD14+ monocytes and CD19+ B cells. The percentage of NS3+ cells were determined for CD14+ monocytes and CD19+ B cells. (C, D) Representative plot for anti-E staining in CD14+ monocytes and CD19+ B cells. Percentages of E+ monocytes and B cells were determined in a subset of dengue patients (n = 9). (E) DENV patients were classified as DF (n = 46) and DHF/DSS (n = 12) as per WHO 1997 classification, and the percentage of CD19+NS3+ cells was determined. p-values were calculated using Mann–Whitney U test for comparing two groups. (F) B cells from dengue patients were gated for naive B cells (CD19+CD27−), memory B cells (CD19+CD27+CD138−) and plasma cells (CD19+CD27+CD138+), and the percentage of NS3+ cells was determined. (G) CD14+ monocytes and CD19+ B cells were isolated from PBMCs from dengue patients by magnetic sorting. RT-qPCR was done for DENV by serotype-specific PCR and HPRT. Relative expression was calculated using 2−ΔΔCt method. For all panels, P-values were calculated using Mann–Whitney U test for comparing two groups. Bars and lines represent mean and standard deviation (SD). (*P < 0.05).



The percentage of E+ cells was significantly higher in CD14+ monocytes compared to CD19+ B cells (Figures 1C, D). We confirmed productive infection in both CD14+ monocytes and CD19+ B cells as we could detect DENV NS3 protein. In parallel, the percentage of CD19+NS3+ B cells in dengue patients was significantly lower compared to CD14+NS3+ monocytes (20.9 vs 56.5%; p < 0.05) (Figures 1A, B). When the patients were stratified according to disease severity, no difference was  observed in the percentages of CD19+NS3+ B cells between patients with DF (n = 46) and those with DHF/DSS (n = 12) (Figure 1E). Since different subsets of B cells have different functions, we wanted to determine which subset of B cells is particularly susceptible to DENV infection. Therefore, using flow cytometry we classified CD19+ B cells as naïve B cells (CD19+CD27−), memory B cells (CD19+CD27+CD138−) and plasma cells (CD19+ CD27+CD138+) (Supplementary Figure 3). The percentage of DENV NS3+ cells was similar between naïve, memory B cells, and plasma cells suggesting that all B cell subsets seem to be equally susceptible to DENV infection (Figure 1F). As we observed wide variability in the percentages of infected cells, we aimed to see if this correlated to biological parameters of disease severity. However, no correlations could be observed between percentages of NS3+ infected B cell subsets and hematocrit or platelet counts (Supplementary Figure 2). To confirm the presence of DENV RNA, we performed RT-qPCR with DENV-serotype specific primers on purified CD19+ B cells and CD14+ monocyte fractions isolated from patients (n = 9) Relative expression of DENV (2−ΔΔCt) was calculated using HPRT as a reference housekeeping gene. Hence, we measure presence of viral RNA which can originate both from surface bound and internalized viral particles. In parallel to the detection of DENV-NS3 protein, the relative expression of DENV was higher in CD14+ monocytes compared to CD19+ B cells even though the difference was not significant possibly due to the small sample size (Figure 1G).



B Cells Are Susceptible and Permissive to Dengue Virus Infection In Vitro

Next, we wanted to determine if B cells isolated from healthy donors were susceptible to DENV infection in vitro. CD19+ B cells and CD14+ monocytes isolated from healthy donors were infected with either of a laboratory reference strains DENV1 Hawaii, DENV2 New Guinea C or low passaged DENV-1 and -2 isolated from acute dengue patients. The percentages of DENV NS3+ cells were similar between monocytes and B cells infected with the low-passaged DENV-1 or DENV-2. Of interest, no difference was observed between percentages of NS3+ cells in B cells and monocytes infected with laboratory reference strains and low-passaged DENV-1 and -2 strains (Figure 2A).




Figure 2 | Susceptibility and permissiveness of B cells to DENV infection in vitro. (A) CD14+ monocytes and CD19+ B cells were isolated from PBMCs from healthy donors by magnetic sorting and infected with reference or low-passaged DENV-1 and DENV-2 strains at MOI of 20. At 24 h post infection, the cells were stained intracellularly with anti-DENV NS3 antibody. Infectious viral progeny in supernatants from healthy donors (n = 6) infected with DENV-1 and -2 reference or low-passaged stains at MOI 20 for 24 h was determined by focus-forming assay. (B) Total DENV viral RNA copies in supernatants from healthy donors (n = 6) infected with DENV-1 and -2 reference stains at MOI 20 for 24 h was determined by RT-qPCR. For all panels, bars and lines represent mean and standard deviation (SD). (*P < 0.05; **P < 0.01).



As we observed that B cells are susceptible to DENV infection, we investigated whether B cells are permissive to DENV, i.e., the ability of the virus to complete its replication cycle in B cells and release complete, mature virions which can infect new cells. To answer this question, a focus forming assay was performed on Vero cells using supernatants from B cells and monocytes infected in vitro with DENV. Monocytes produced higher titers of both DENV-1 and DENV-2, except for one donor where no foci were observed. A low virus titer could be observed in cells incubated with supernatants from DENV-infected B cells from one donor infected with DENV-1 reference strain and from three donors infected with DENV-2 reference strain (Figure 2A). A similar trend was observed for monocytes and B cells infected with low passaged DENV-1 and -2 (Figure 2A). Furthermore, to estimate the total amount of DENV particles, we measured RNA copies in the supernatants from monocytes and B cells from six healthy donors infected with laboratory reference DENV-1 and -2. Higher quantities of viral RNA copies were detected in supernatants from DENV-infected monocytes compared to B cells, especially for DENV-2 where the differences were significant (p < 0.01) (Figure 2B). Interestingly, detectable quantities of RNA copies were observed in B cells from five out of six donors infected with DENV-1 compared to 2 for DENV-2. Taken together, these results indicate that DENV can productively infect B cells; however, this seems to be donor-dependent and with low efficiency.



Identification of Entry Mechanism for Dengue Virus in B Cells

As we observed the presence of DENV antigen in B cells upon infection in vitro, we aimed to identify a potential attachment factor or receptor for entry of DENV into B cells. Based on published studies, we identified CD300a, belonging to the CD300 family of phospholipid receptors, as a potential receptor involved in binding or entry of DENV (40). CD300a is moderately expressed on all B cell subsets and has been shown to be downregulated during HIV infection (41, 42). Higher expression of CD300a is observed in memory B cells and plasmablasts compared to naïve B cells (42). To test whether CD300a could play a role in DENV infection in B cells, CD19+ B cells were infected with DENV-1 in the presence of blocking antibody for CD300a or isotype control. Blocking of CD300a leads to a decrease in percentage of DENV-infected CD19+NS3+ cells in a concentration-dependent manner but had no effect on viability of CD19+ B cells. A significant decrease in infection of more than 50% was observed between direct infection and 10 ug concentration of CD300a blocking antibody (p < 0.05) (Figure 3A). However, complete abrogation of DENV infection in B cells was not observed even at higher concentrations of CD300a blocking antibody suggesting possible involvement of other receptors or attachment factors in entry of DENV into B cells.




Figure 3 | Mechanisms for DENV entry into B cells. (A) CD19+ B cells were isolated from PBMCs from healthy donors (n = 4) by magnetic sorting, incubated with different concentrations of blocking antibody against CD300a or isotype control antibody and infected with reference DENV-1 or DENV-2 strains at MOI 20. At 24 h post infection, cells were stained with anti-DENV NS3 antibody. Percentage of infection is represented with respect to isotype control. (B, C) Monoclonal antibody G10 or serum from patient with DENV-2 infection was serially diluted five-fold (1:100 to 1:1,562,500) in RPMI and incubated with DENV-1 virions corresponding to MOI of 1 for 1 h at 37°C, 5% CO2. These immune complexes were then transferred to U937 cells and B cells and incubated for 90 min at 37°C, 5% CO2. Direct infection with DENV in the absence of G10 antibody or patient serum was used as control. At 72 h post infection, cells were fixed, permeabilized, and stained with anti-E antibody (clone 4G2). Fold change is represented for each dilution with respect to direct infection. Bars represent mean and SEM, where the experiment was replicated with three different healthy donors. (*P < 0.05).



Since B cells express Fcγ receptor FcγRIIB, we wanted to test whether B cells are susceptible to antibody-mediated DENV infection. Therefore, DENV-1 at MOI of 1 was incubated with serial dilutions of a monoclonal antibody (clone G10) with antibody-dependent enhancement potential (37) or patient serum obtained 8 days after a primary DENV-2 infection and tested on B cells obtained from healthy donors (n = 3) and FcγRIIA bearing cells U937 as positive control. Here, whereas both the monoclonal antibody G10 and patient serum induced ADE in U937 cells, no enhancement of infection was observed with the primary B cells isolated from healthy donors. (Figures 3B, C). This indicates that antibody-dependent enhancement of DENV infection does not occur in B cells.



Infected B Cells Show a Higher Proliferation History

Regardless of the observed low permissiveness of B cells to DENV, direct infection could alter B cell responses, such as proliferation. Therefore, we looked at the expression of intracellular proliferation marker Ki-67 in total naïve CD19+ B cells from dengue patients, healthy, and febrile controls. Increased expression of Ki-67 in naïve B cells was observed in dengue patients compared to healthy controls and dengue-negative febrile controls (p < 0.05) suggesting that B cells are proliferating more in dengue patients (Figure 4A). Hence, we analyzed the serum concentrations of B-cell activating factor (BAFF), a cytokine produced by cells of the myeloid lineage and is known to be a potent activator of B cells in plasma of DENV patients. Indeed, concentrations of BAFF were significantly higher in dengue-infected patients compared to healthy donors, which could contribute to the increased proliferation observed (Figure 4B). However, BAFF serum concentrations were even more increased in febrile controls.




Figure 4 | Activation and proliferation of DENV-infected B cells in vivo. (A) Frequencies of Ki-67+ naive (CD19+CD27−) B cells in healthy donors, DENV-negative febrile controls and dengue patients. (B) Concentrations of B-cell activating factor (BAFF) were analyzed in plasma of age-matched healthy donors, febrile controls and and patients with acute dengue infection. (C, D) CD19+ B cells from dengue patients were stained with B cell subset markers and anti-DENV NS3 antibody. Frequencies of (C) activated CD69+ and CD86+ and (D) proliferating Ki-67+ B cells within NS3− and NS3+ populations of naive (CD19+CD27-) and memory B cells (CD19+CD27+CD138−) from dengue patients. (E) Representative histogram to determining percentage of proliferated B cells upon stimulation with F(ab′)2 anti-IgM antibody and CpG compared to unstimulated cells. (F) Frequencies of proliferated B cells isolated from healthy donors (n = 4) infected with or without DENV-2 reference strain in vitro followed by stimulation with F(ab′)2 anti-IgM antibody and CpG for 6 days. For all panels, P-values were calculated using Mann–Whitney U test for comparing two groups. Bars and lines represent mean and standard deviation (SD). (*P < 0.05; ***P < 0.001; ****P < 0.0001).



Next, we questioned if direct infection of B cells by DENV alters the activation and proliferation of DENV-infected B cells. Therefore, B cells from dengue patients were stained with anti-Ki-67 and anti-CD69/anti-CD86, two activation markers, and with anti-NS3 to identify infected cells. Cells were classified as naïve (CD19+CD27−) and memory (CD19+CD27+) B cells and then separated as uninfected (NS3−) and infected (NS3+) cells (Supplementary Figure 4). The presence of DENV seemed to have no effect on the activation of naïve and memory B cells as the percentages of CD69+CD86+ cells were similar between NS3− and NS3+ cells (Figure 4C). However, higher proliferation was seen in infected memory B cells compared to uninfected cells (p < 0.05) indicating that DENV-infected B cells show enhanced proliferation (Figure 4D). Here, no difference was observed for infected versus non-infected naïve B cells. These data suggest that the observed increase in naïve B cell proliferation compared to controls as observed in Figure 4A could be due to an indirect effect, rather than direct B cell infection, such as increased BAFF concentrations.

Therefore, we investigated whether infection of B cells by DENV in vitro induced their proliferation. For this, B cells from healthy donors (n = 4) were labeled with CFSE and stimulated with CpG and F(ab′)2 anti-IgM antibody for 6 days. Proliferation was defined as percentage of B cells with lower CFSE signal (CFSElow) upon stimulation compared to unstimulated cells (Figure 4E). We evaluated proliferation in B cells that were either infected with DENV-2 or were uninfected at the start of the culture. No difference was observed in the percentage of CFSElow B cells between uninfected and infected B cells of the same individuals (median: 56.4 vs 43.8%) (Figure 4F). Altogether, these data suggest that the observed increase in proliferation in dengue patients in vivo can be attributed to direct DENV infection and bystander mechanisms such as increased serum BAFF concentrations.



Direct Infection of B Cells by Dengue Virus Increases the Differentiation to Plasmablasts

Previous studies have shown that the frequencies of plasmablasts are significantly increased during the early phase of DENV infection where plasmablasts can account for more than 50% of circulating CD19+ B cells (19, 20). To check if DENV can induce differentiation of B cells into plasmablasts and plasma cells in vitro, purified CD19+ B cells from healthy donors were infected with DENV-1 and cultured with or without stimulation with CD40L, IL-2 and IL-21 for 6 days, which mimics the conditions of the germinal center in vitro. From the CD19+ purified cells, we gated for plasmablasts (CD20+CD27+CD38+CD138−) and plasma cells (CD20+/dimCD27+CD38+CD138+) (Supplementary Figure 5), and their percentages were determined As expected, stimulation of B cells with cytokines induced differentiation into plasmablasts and plasma cells. Interestingly, higher frequencies of plasmablasts and plasma cells were observed when stimulation was done after infection compared to uninfected stimulated B cells (median: plamsablasts—16.1 versus 18.5% and plasma cells—2.6 versus 3.5%; p < 0.05) (Figure 5). These data suggest that DENV infection of B cells increases the differentiation to plasmablasts and plasma cells.




Figure 5 | In vitro plasmablast and plasma cell development after DENV infection in B cells. B cells isolated from healthy donors (n = 6) were infected with or without DENV-1 reference strain or uninfected and cultured in the presence of IL-2, IL-21, and CD40L for 6 days and stained for B cell subset markers. Percentages of CD38+CD138− plasmablasts and CD38+CD138+ plasma cells were determined within the CD19+CD27+ B cell population. Bars and lines represent mean and standard deviation (SD). P-values were calculated with Wilcoxon match pairs signed ranked test and Mann–Whitney U test to compare conditions in different groups. (*P < 0.05; ***P < 0.001).






Discussion

The aim of this study was to investigate the susceptibility and permissivity of B cells to infection with DENV and their response to direct infection with the virus. DENV has been shown to infect a variety of cell types such as monocytes, dendritic cells, and T lymphocytes (6, 8, 9, 43). Studies have shown that B cells can be infected by DENV and may contribute to the spread of the virus to the germinal center (23–32). Here, we showed that B cells are susceptible and permissive to DENV infection both ex vivo, in patients with acute DENV infection, and in vitro.

The presence of NS3 protein in infected cells indicates uncoating and translation of viral RNA which is a pre-requisite for initiating DENV replication (16, 39) Therefore, the detection of NS3 protein is indicative of viral replication. Indeed, we detected NS3+ B cells in the blood of dengue patients, suggesting that B cells are susceptible to infection by DENV. Percentages of DENV NS3+ and E+ B cells were lower compared to monocytes. Moreover, B cells appeared less permissive to infection as infection of CD19+ B cells did not always lead to the production of infectious virus. Infection could result in immature or functionally impaired virions that may not be capable of infecting other susceptible cells as seen by the low titer of infectious DENV in supernatants from B cells.

We identified CD300a as potential attachment/entry receptor for DENV in B cells. CD300a belongs to the CD300 family of phospholipid receptors and recognizes phosphatidylserine and phosphatidylethanolamine, which are exposed on the outer side of the plasma membrane of dead and activated cells. In addition, these molecules can be present in viral envelopes derived from the lipid bilayer of the host cell plasma membrane, as is the case for DENV. Indeed, Carnec et al. have described that human and mouse CD300a bind the four DENV serotypes and enhance the infection through clathrin-mediated endocytosis (40). This was also demonstrated for Yellow fever, West Nile, and Chikungunya viruses (40). Furthermore, blocking of CD300a receptor in monocyte-derived macrophages naturally expressing CD300a leads to a decrease in DENV infection (40). In our study, we identified CD300a as an attachment/entry factor for DENV in B cells. We observed that when CD300a was blocked on CD19+ B cells, a significant decrease in infection was observed in a concentration-dependent manner suggesting CD300a can be an attachment/entry factor or receptor for DENV in B cells. However, infection was not completely abrogated, probably due to the high MOI used in our experiments. It could also indicate a potential role for other attachment factors or receptors like TIM-1, which needs to be investigated further (44, 45). B cells express Fcγ receptor FcγRIIB and Fc-like receptor LILRB1, both of which are implicated in the mechanism of antibody-dependent enhancement and have shown to be upregulated after DENV infection (19, 46, 47). Hence, theoretically, B cells could be susceptible to antibody-mediated DENV infection. We tested this hypothesis and could not observe an enhancement of infection using a monoclonal anti-E antibody and patient serum, whereas ADE was readily observed with FcγR bearing U937 cells. Indeed, FcγRIIB receptor contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) and has been shown to inhibit ADE of DENV infection (48).

We observed increased proliferation as measured by presence of proliferation marker Ki-67 in total B cells from dengue patients compared to febrile controls and in DENV-infected B cells compared to non-infected cells ex vivo suggesting that infection with DENV may induce the proliferation of B cells. However, after in vitro stimulation of purified B cells via BCR/TLR9 and DENV infection, we did not see an increase in proliferation indicating that perhaps contact with other (infected) PBMCs may be needed for proliferation. It remains to be investigated which stimuli account for the observed increased proliferation in vivo. One of the cytokines stimulating B cell proliferation is BAFF (B-cell activating factor). The protein exists as a soluble monomer in the serum or as a homotrimer on the surface of myeloid cells and binds to tumor-necrosis factor receptors BAFF-R, BCMA and TACI expressed on B cells, triggering the activation and proliferation of B cells (49). Indeed, we observed increased plasma concentrations of BAFF in dengue patients compared to healthy donors. The source of BAFF in our DENV patient cohort may be CD14++CD16+ intermediate monocytes as shown in a study by Kwissa et al. in which frequencies of CD14++CD16+ intermediate monocytes positively correlated with concentrations of BAFF in blood of dengue patients (50).

Here, we investigated the capacity of DENV to induce differentiation of B cells into antibody-secreting plasmablasts and plasma cells in vitro. Upon culturing with IL-2, IL-21, and CD40L, we observed increased differentiation of DENV-infected B cells into CD27+CD38+ plasmablasts and CD138+ plasma cells compared to uninfected cells. These findings suggest that DENV infection of B cells increases the differentiation to plasmablasts and plasma cells, independent of the BCR specificity of these cells. This could play a role in disease pathogenesis through antibody-independent functions such as production of plasma cell-derived cytokines IL-35 and IL-10 (51). Alternatively, production of cross-reactive and autoreactive antibodies by plasmablasts could play a role in disease pathogenesis. During DENV infection, several autoantibodies against host factors such as endothelial cells, platelets, and components in coagulation pathways were observed (52–55). Moreover, direct infection could stimulate B cells with BCRs with weak affinity for DENV and/or cross-reactive BCRs to differentiate to plasmablasts and produce IgG with low affinity or little specificity that could contribute to antibody-dependent enhancement (56, 57). Finally, direct infection of B cells by DENV could trigger intracellular responses leading to changes in IgG Fc glycosylation pathways. Indeed, altered abundance of total and DENV-specific IgG afucosylated forms have been observed during acute DENV infection correlating with platelet count and haematocrit (58).

In summary, we have shown that B cells are susceptible to laboratory adapted and low-passaged DENV strains. Infectious virus can be detected after B cell infection, albeit the amount is low. We identified CD300a, a phosphatidylserine receptor, as a potential attachment factor/entry receptor of DENV into B cells. Infection with DENV induced proliferation of B cells in dengue patients in vivo and plasmablast/plasma cell formation in vitro. The responses of B cells to direct DENV infection could play a role in pathogenesis of DENV.
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Supplementary Figure 1 | Optimization of anti-DENV NS3 antibody. (A) C6/36 cells were infected with DENV-1 at MOI of 20 for 24 h and stained with rabbit polyclonal anti-DENV NS3 antibody and secondary goat antibody conjugated with AF488. A non-specific rabbit polyclonal antibody was used as negative control. (B) C6/36 cells and CD14+ monocytes isolated from healthy donors were infected in vitro with DENV1 or UV-inactivated DENV1 (UV-DENV1) at MOI 10 and stained at 24 h post infection with rabbit polyclonal anti-DENV NS3 antibody and secondary goat antibody conjugated with AF488.

Supplementary Figure 2 | No correlation between biological parameters and percentages of DENV-infected B cells. Correlations between platelet counts and hematocrit levels at hospital admittance and percentages of DENV-infected B cell subsets were determined by Spearman’s correlation.

Supplementary Figure 3 | Representative gating strategy used to detect DENV infection in B cells and monocytes in PBMCs from dengue patients. PBMCs were gated for lymphocytes and monocytes followed by removal of doublets. Single CD14+ monocytes and CD19+ B cells were gated and DENV NS3+ cells were selected.

Supplementary Figure 4 | Representative gating strategy used to detect DENV infection in B cell subsets in PBMCs from dengue patients. Lymphocytes from PBMCs were further gated for CD19+ B cells. Based on expression of CD19 and CD27, total B cells were further gated as naïve B cells (CD19+CD27−). CD27+ B cells were gated as memory B cells (CD19+CD27+CD138−) and antibody secreting cells (CD19+CD27+CD138+) based on CD138 expression. Positivity for DENV infection was determined for each B cell subset based on expression of viral protein NS3.

Supplementary Figure 5 | Representative gating strategy used to assess activation markers CD69, CD86 and proliferation marker Ki-67 in B cells isolated from dengue patients. B cells from dengue patients were stained for CD20 and CD27 to determine naive B cells (CD20+CD27−) and memory B cells (CD20+CD27+). Uninfected and DENV infected cells were defined as NS3− and NS3+ based on expression of DENV NS3. NS3− and NS3+ cells were further gated for CD69, CD86, and Ki-67 to assess activation and proliferation of B cells.

Supplementary Figure 6 | Representative gating strategy for in vitro plasmablast and plasma cell development after DENV infection in B cells. Total cells were gated followed by exclusion of doublets and dead cells. CD20+ B cells were gated and further sub-gated based on expression of CD27. CD20+CD27+ B cells were defined as plasmablasts (CD20+CD27+CD38+CD138−) and plasma cells (CD20+CD27+CD38+CD138+).
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Wnt signaling is one of the fundamental pathways that play a major role in almost every aspect of biological systems. In addition to the well-known influence of Wnt signaling on bone formation, its essential role in the immune system also attracted increasing attention. Sclerostin, a confirmed Wnt antagonist, is also proven to modulate the development and differentiation of normal immune cells, particularly B cells. Aptamers, single-stranded (ss) oligonucleotides, are capable of specifically binding to a variety of target molecules by virtue of their unique three-dimensional structures. With in-depth study of those functional nucleic acids, they have been gradually applied to diagnostic and therapeutic area in immune diseases due to their various advantages over antibodies. In this review, we focus on several issues including the roles of Wnt signaling and Wnt antagonist sclerostin in the immune system. For the sake of understanding, current examples of aptamers applications for the immune diseases are also discussed. At the end of this review, we propose our ideas for the future research directions.
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Introduction

Wnt signaling is one of the fundamental pathways that play a major role in a range of biological systems, such as stem cell development, tissue homeostasis, and immune cell modulation, the dysregulation of which is responsible for various disorders (1–3). Therefore, as a strong Wnt antagonist, the roles of sclerostin in the immune system have gained increasing research attention. Mechanistically, sclerostin executes its tasks in Wnt signaling pathway based primarily on competitively binding to Wnt co-receptors low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) (4). Wnt-LRP5/6 dimers then form a trimer with seven-pass transmembrane Frizzled (Fz or Fzd) proteins to maintain the stability of β-catenin, a critical regulatory factor in the transcriptional function of Wnt signaling (5). Hence, a significant feature of sclerostin is its ability to mediate the developmental gene expression programs.

Regarding the roles of Wnt signaling pathway on B cells, divergent results were reported between mice and human. Wnt signaling cascade plays a central role in B cell development in murine fetal liver and bone marrow, while Wnt pathway acts as a negative regulator of proliferation potential of B cells in human bone marrow, which needs further investigation (6–8). However, when it comes to the roles of sclerostin on B cells, accumulating direct or indirect evidence suggests that sclerostin plays an indispensable role in normal B lymphocyte development. Absence of sclerostin resulted in enhanced B cell apoptosis and reduced CXCL12, a critical B cell growth-stimulating factor (9). Interestingly, loss of sclerostin in different osteolineage cells demonstrated differentially altered B lymphocyte development through an unknown mechanism that needs further in-depth research (10). In addition, the essential roles of sclerostin on B cell maturation were further confirmed indirectly by the study about von Hippel-Lindau (Vhl), which modulates sclerostin expression via hypoxia response signaling pathway, implying the link between sclerostin and B cell development (11).

Taking advantages of aptamers-based high affinity and strong inhibitory roles to the target proteins, aptamers that could rival antibodies but are superior, have been used as essential approaches for diagnostic and therapeutic strategies in immune diseases (12). In some cases, they act as inhibitors by selectively and efficiently binding to targets; in other cases, thanks to their excellent targeting and subsequent endocytosis-mediated internalization capacities, aptamers could also be used as ideal carriers to deliver therapeutic agents for targeted therapy. In the context of multiple myeloma (MM) activities, a modified RNA aptamer, apt69.T, was synthesized to target B cell maturation antigen (BCMA), a critical factor in promoting plasma cells (PCs) survival, to inhibit MM activities (13). In addition, B cell antigens including CD19 and CD20 that are overexpressed on various B cell malignancies, are also suitable markers for aptamer targeting (14–16). Further, due to the cell-binding and internalization properties, a framework combining aptamers and therapeutic agents could be used for the therapeutic strategy for immune diseases (17, 18). Aptamers could also act as biotherapeutic agents by regulating cell cycles to achieve synergistic effects with drugs; the potential molecular basis of the process needs more experiments to elucidate (19). Interestingly, aptamers could also be used as an excellent tool for quality control of biosimilars due to their ability of detecting subtle conformational variations of molecules (20, 21). For diagnostic purposes, aptamer-imaging molecules conjugation complex would be formulated for convenient in vivo visualization (22, 23). Therefore, it is clear that aptamers can facilitate the development of novel therapeutic and diagnostic strategies for immune diseases.



Sclerostin: An Inhibitor of Wnt Signaling Pathway

Sclerostin is a glycoprotein containing 213 residues with approximately calculated molecular weight 40 kDa. It is a well-known negative regulatory factor for bone-forming osteoblast, secreted by several cell types, primarily mature osteocytes (24). In the past debate, due to the unique cysteine-knot motif, sclerostin was classified as a member of neuroblastoma (DAN) protein family, which has been shown to have the ability to antagonize bone morphogenetic proteins (BMP) (25). Therefore, it was presumed that sclerostin inhibits bone growth through serving as a BMPs antagonist (26, 27), just like other members of the DAN family. Still, more recent research indicated that the sequence similarity between sclerostin and other members of the DAN family is somewhat limited (28). In addition, although sclerostin could bind to BMPs in vitro, the binding affinities were weak (26, 29). In order to address the unclear mechanism by which sclerostin antagonizes BMPs, van Bezooijen et al. discovered that sclerostin exerted its function through blocking Wnt signaling pathway but not acting as a BMPs antagonist (30). Mechanically, sclerostin was proven to inhibit Wnt signaling pathway through binding competitively to Wnt co-receptors low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) (4, 5).

The mechanism of sclerostin as a Wnt inhibitor/antagonist blocking the Wnt signaling cascade has been demonstrated in a number of studies (31–34). As a critical pathway in almost every aspect of the developmental process and self-renewal in a number of adult tissues, Wnt signaling plays pivotal roles in changing the expression patterns of specific target genes (35, 36). An essential and heavily studied pathway in the Wnt signaling is the β-catenin dependent Wnt signaling, also known as canonical Wnt signaling, which modulates the stabilization and transfer of transcriptional co-activator β-catenin to nucleus. In the nucleus, β-catenin forms a complex with DNA-bound T cell factor proteins/lymphoid enhancer factor (TCFs/LEF), which are the leading partners of β-catenin to participate in developmental gene expression programs (37). The activation of canonical Wnt signaling pathway occurs as Wnt ligands bind with its co-receptors LRP5/6, which then form a complex with seven-pass transmembrane Frizzled (Fz or Fzd) proteins. The Wnt-Fz-LRP5/6 complex could then elicit a cascade of molecular events that inhibit the phosphorylation of β-catenin through Axin-mediated destruction complex, which consists of scaffolding protein Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3). As soon as Wnt-Fz-LRP5/6 complex is formed, the Axin-mediated destruction complex would translocate to the plasma membrane via being phosphorylated by other proteins within the destruction complex, thereby inhibiting the phosphorylation of β-catenin (38, 39). Therefore, in the situation of the Wnt signaling blocking, cytoplasmic β-catenin is degraded continuously under the influence of the destruction complex, since the phosphorylation of β-catenin creates a binding site that could be recognized by E3 ubiquitin ligase, which is responsible for the subsequent proteasomal degradation of β-catenin (40). Interestingly, TCF/LEF would combine with the repressor Groucho/TLE proteins when β-catenin is missing, which promotes histone deacetylation and chromatin compaction, thereby acting as a transcriptional repressor for the expression of target genes (41, 42). Therefore, when sclerostin competitively binds to LRP5/6 on the plasma membrane, it would result in significantly reduced β-catenin stability, thereby inhibiting the expression profiles of Wnt target genes (shown in Figure 1).




Figure 1 | Sclerostin: an inhibitor of canonical Wnt signaling pathway. Wnt-LRP5/6-Fz complex elicits a molecular cascade that transfer Axin-mediated destruction complex, which is essential to β-catenin degradation, to the plasma membrane. Increased β-catenin moves into the nucleus, where it represents the molecular mechanism that β-catenin binds to TCF/LEF, which are the main partners of β-catenin to serve the transcriptional function of canonical Wnt signaling pathway. Sclerostin inhibits Wnt signaling by binding competitively to LRP5/6, thereby promoting the degradation of β-catenin mediated by destruction complex, resulting in the interaction between TCF/LEF and repressor Groucho/TLE proteins to halt the expression of target genes.



Numerous studies have supported the function of sclerostin in the canonical Wnt signaling pathway; several studies also showed that it could execute action in non-canonical Wnt signaling. For instance, sclerostin inhibits both the canonical Wnt signaling and the c-Jun N-terminal kinase (JNK) pathway, which is categorized into non-canonical Wnt signaling pathway, in osteoarthritis (43). In addition, similar with sclerostin, Dickkopf-1 (Dkk1), another inhibitor of the canonical Wnt signaling pathway, has also been proven to participate in the canonical Wnt signaling pathway, and to promote the β-catenin independent Wnt signaling in many types of cancers (44–46). But so far, the research about the roles of sclerostin in the non-canonical Wnt pathway in cancers are still lacking, which deserves more attention and effort of further exploration.



The Roles of Sclerostin in Modulating the Immune Cells


Effects of Canonical Wnt Signaling on B Lymphocyte

B lymphocytes are capable of generating immunoglobulins (Igs) to develop an antibody response to specific antigens when combating an infection (47). Together with T lymphocytes, these cells comprise the adaptive immune system. In a tightly ordered process, B cells first originated from hematopoietic stem cells (HSCs), then mature in fetal liver and bone marrow and finally reach secondary lymphoid organs. B lymphopoiesis in bone marrow relies heavily on assembly of the functional B-cell antigen receptors on the surface through different combinations of gene segments, known as V(D)J recombination, which is a crucial part of proper lymphocyte development (48). The developmental process includes several stages beginning with pro-B cells, to pre-B cells, immature B cells, and finally to mature B cells (49).

Studies on mice and human suggest that canonical Wnt signaling cascade is involved in the B cell development although the exact roles of Wnt signaling are not consistent in different microenvironment, which are summarized in Table 1. The expression of lymphocyte enhancer factor -1 (LEF-1) in developing B cells, which is a member of the TCF/LEF-1 transcription factors in Wnt signaling cascade, indicates the possibility that Wnt signaling might participate in the proliferation and/or differentiation of lymphoid cells. To address this question, Reya et al. examined proliferation, survival, and differentiation of B cells in LEF-1-deficient mice. They found that the absence of LEF-1 lead to defective pro-B cell proliferation and survival but not differentiation. Further, the potential molecular basis of this finding might be the increased apoptosis of B cells due to up-regulated fas and c-myc transcription, which could trigger cell death. Moreover, incubation of fetal liver pro-B cells with Wnt3A conditioned medium, which could activate canonical Wnt signaling cascade, lead to enhanced pro-B cell proliferation. Therefore, the results suggest a novel role of LEF-1-dependent Wnt signaling pathway in normal B cell proliferation (6). In addition, FZD9−/− mice, which also implicated the blockade of Wnt signaling, elicited pronounced defects in developing B cells in bone marrow, particularly pre-B cells. The above reports established that Wnt signaling cascade plays a central role in B cell development (7). However, in contrast to the findings made in murine pro-B cells from fetal liver, in the case of human bone marrow, it is found that B lymphopoiesis was inhibited by Wnt3A stimulation. In addition, this inhibitory effect was blocked by the Wnt antagonists sFRP1 or Dkk1. These results suggest that the canonical Wnt pathway acts as a negative regulator of proliferation potential of B cells in human bone marrow (8). The divergent results about positive and negative influence of Wnt signaling on murine and human B cells might be explained by the distinction in species and/or microenvironment between fetal liver and adult bone marrow, which needs further exploration.


Table 1 | Effects of Wnt signaling pathway on B cells.





Effects of Sclerostin on B Lymphocyte

In addition to the bone resorption and formation mediated by a variety of cytokines produced by T and B lymphocytes, osteoblast lineage cells also support hematopoietic cell survival and differentiated descendants such as B cells. Recently, the cross-talking between hematopoietic cells and bone cells has been an active area of investigation (50–52). Cain et al. were the first to explore the influence of sclerostin on the immune system. They found that sclerostin loss-of-function mice showed not only significantly elevated activity of osteoblast, but also altered normal B lymphocyte development through promoting B cell apoptosis. Absence of sclerostin expression in hematopoietic cells and any B cell population implied that the substantial B defects in sclerostin−/− mice results from a non-cell autonomous effect, a result which was confirmed by reciprocal sclerostin−/−➞WT and WT➞ sclerostin−/− chimeras studies. The transplantation of WT bone marrow into sclerostin−/− recipients was followed by a decrease in B cells, whereas reciprocal sclerostin−/−➞WT was not. The results supported the idea that B-cell defects are not results from the changes in B-cell themselves, but from the alterations in the bone microenvironment. Low levels of CXCL12, an essential B cell growth-stimulating factor, were also observed in sclerostin-/-mice, compatible with B defects. The results match with another study that illustrated the negative correlation between the activation of Wnt signaling and CXCL12 levels (53). Therefore, the results suggest that sclerostin belongs to a group of factors that play critical roles in both bone formation and immune system. Interestingly, that known Wnt target genes Lef-1 and Ccnd1 expression pattern remains unchanged implies sclerostin plays a novel part to support B cell development in bone marrow independent of direct influence of Wnt signaling pathway on B cells. It might be explained by the indirect role of sclerostin on the mesenchymal stem cells (MSCs), a kind of stromal cells, which have been found to express CXCL12. Therefore, whether a causative link exists between sclerostin, MSCs, CXCL12, and B development remains unknown that needs further investigation (9, 54, 55). Moreover, depletion of B cells was only occurs in bone marrow but not the spleen. Under normal conditions, a majority of B cells in bone marrow are plasma cells that play a critical role in fighting an infection through rapid release of antigen-specific antibodies. Recirculating B cells migrate back to the bone marrow after stimulation in secondary lymphoid organs. The clear reduction of recirculating B cells in bone marrow suggests that bone marrow environment is not conductive for maintenance of B cells even after the completion of activation of the B cells in the periphery. Therefore, immunodeficiency might occur in the patients receiving sclerostin antibodies treatment, which should deserve more attention.

However, whether sclerostin in different osteolineage cells contributes differently to the B lymphocytes development is still a significant knowledge gap. Subsequently, Yee et al. reported that conditional loss of sclerostin in different osteolineage cells induced differentially altered B lymphocyte development. The results showed that sclerostin in mesenchymal stem cells (MSCs) and osteoblasts is essential for B cell development, while sclerostin in mature osteocytes does not play a critical role in B cell survival. The findings are consistent with the previous hypothesis that sclerostin might mediate B cell development which depends on MSCs and CXCL12 that needs to be tested through further studies. Sclerostin-deficiency in MSCs (Prx1-Cre) mice displayed abnormal accumulation of cells lacking IgM and IgD. The presence of IgM and IgD is the feature of mature B cells, suggesting sclerostin in Prx1+ cells plays a role at the later stages of B cell progression. On the other hand, sclerostin-deficiency in mature osteoblasts (Coll-Cre) delayed the early phase of B cell maturation due to significantly high proportion of IgM−IgD− cells in B progenitors at B220+CD43high stage. However, whether CXCL12 expression is also changed in MSCs and osteoblasts and the underlying mechanism still remains poorly understood, which needs further experimental studies to elucidate (10).

Additionally, the critical role of sclerostin in B cell development was further examined indirectly by the study in which von Hippel-Lindau (Vhl) depletion contributes towards concomitant high bone mass and impaired B cell development through promoting Wnt signaling pathway and reducing the expression of sclerostin (11). According to the variation of oxygen levels, proline hydroxylated hypoxia-inducible factor (HIF) acts as a transcription factor via the interaction between HIF-β and one of HIF-α isoforms (HIF-1α, HIF-2α, and HIF-3α). Under normoxic conditions, HIF1α would be targeted by E3 ligase complex Vhl and ultimately degraded via the proteasome. In contrast, under hypoxic state, increased HIF1α accumulation is achieved by inhibiting prolyl hydroxylation. The HIF complex would then transfer into the nucleus acting as a transcription factor. Therefore, in Vhl-knockout mice, HIF1α is stabilized. In addition, reduction in sclerostin and concomitant increase in activated β-catenin was observed by immunocytochemistry, which indirectly further examines the link between sclerostin and B cell development (56). For example, absolute numbers of CD45+ hematopoietic cells and CD19+ B lymphocytes were significantly reduced. Additionally, B cell maturation was also disrupted in the spleen through reducing mature B cells (CD19highB220high) with abnormally immature phenotype (IgM+IgDlow).

Although sclerostin has been proven to participate in normal B cell development and differentiation, in the case of immune diseases, the research on the applications of monoclonal sclerostin antibody is still mainly limited to its influence on bone formation. For example, elevated levels of sclerostin in serum and osteocytes were reported in multiple myeloma (MM), an aggressive lethal hematologic disease accompanied with detectable severe bone destruction (57, 58). As expected, combining anti-sclerostin antibody with chemotherapy could control MM growth and reverse osteolysis (59). Surprisingly, several in vivo and vitro studies reported that sclerostin inhibition alone did not affect tumor burden, an issue that needs further research through more experimental studies (60).

Taken together, the above research studies imply that people receiving any therapies directed at anti-sclerostin might suffer from B cell defects. Still, no data from clinical trials of the romosozumab, a monoclonal antibody that targets sclerostin, is available about its effects on the immune functions of patients (61, 62). Moreover, knowledge about the roles of sclerostin in immune diseases is still limited, which needs further in-depth research.



Effects of Sclerostin on T Lymphocyte

Although Cain et al. illustrated that the absence of sclerostin results in B cell-specific defects but not the difference of cell numbers in T lymphocytes, natural killer cells, monocytes, granulocytes, and erythroid cells, You et al. demonstrated that sclerostin is necessary for inducing T helper 17 (Th17) cell differentiation, which is responsible for bone resorption, through promoting the levels of IL-6 and TFG-β that are related to Th17 differentiation. In addition, sclerostin inhibits the differentiation of regulatory T (Treg) cells via reducing the expression of IL-10 and Foxp3, which play an essential role in Treg cell development (63). Given that Th17 and Treg cells plays vital roles in inflammatory bone diseases, the research provides valuable hints about the therapeutic strategy for this kind of disease involving the imbalance of Th17 and Treg cells development. Taken together, the exact roles of sclerostin in immune cells are summarized in Table 2.


Table 2 | Effects of sclerostin on immune cells.






Aptamers-Based Research on Immune Diseases

Aptamers are single-stranded (ss) oligonucleotide sequences (DNA/RNA) with a length of approximate 25–80 bases that are capable of binding to a variety of specific target molecules by virtue of their unique three-dimensional structures. Considering their high binding affinity and specificity, ease in production, modification flexibility, minimal batch-to-batch variability, low immunogenicity, etc., in recent years, aptamers have gained extensive research attention as a potent alternative of antibodies (12). An aptamer’s selection technology, known as Systematic Evolution of Ligands by Exponential Enrichment (SELEX), was first developed in 1990 by two laboratories (64, 65). The fundamental selection cycle requires three critical steps: 1) incubating a target with a chemically synthesized oligonucleotide library containing randomized sequences (DNA/RNA); 2) removing unbound sequences and splitting bound sequences from target; 3) amplifying the bound sequences by PCR. In the case of RNA aptamer selection, additional reverse transcription into DNA is necessary (66). A number of selection cycles are then performed until the sequence with desired affinity is obtained. Several critical modifications are introduced to achieve long-lasting action time through overcoming nuclease degradation (67). On the one hand, aptamers act as inhibitors that can interfere with the normal function of a target protein, mimicking the functional properties of monoclonal antibodies. On the other hand, some aptamers will internalize after binding to receptors on the cell membrane, so that they can act as vehicles to deliver drugs, imaging agents, microRNAs, small interfering RNAs (siRNA), etc. Therefore, since aptamers have both inhibitory and carrier capabilities, significant clinical applications have been developed to realize their diagnostic and therapeutic potentials (68–71).

Multiple myeloma (MM) is characterized by abnormal accumulation of malignant plasma cells (PCs) that produce immunoglobulins (72). B cell maturation antigen (BCMA) is exclusively expressed on the surface of terminally differentiated B cells and is highly expressed on malignant PCs (73). Mechanically, BCMA promotes long-survival of PCs through binding to their specific ligands, B cell activating factor (BAFF) and the proliferation-inducing ligand (APRIL), which could trigger the activation of downstream nuclear factor kB (NF-kB) pathway (74, 75). As a result, monoclonal antibodies (mAbs) targeting BCMA have been used as effective therapeutic tools for MM (76, 77). Considering the various advantages of aptamers over antibodies, Catuogno et al. selected a 2′Fluoro-Pyrimidine modified RNA aptamer, apt69.T, that could effectively bind to BCMA-enriched myeloma cells with excellent serum stability. Further, subsequent internalization of apt69.T into the cells makes it a suitable tool for direct targeting and delivery of therapeutics (13). Overexpression of BAFF receptor was also observed on the surface of numerous B cell malignancies (78). Therefore, Zhou et al. formulated a BAFF aptamer–siRNA conjugation complex through a “sticky bridge” for B-cell lymphoma therapy (17). In conclusion, aptamer-based targeted therapies and drug delivery system provide a framework for the future therapeutic strategy for immune diseases.

The B-lymphocyte antigen (CD20) is another suitable candidate for recognition of B cells, since it expresses on the surface of the almost all the precursor and mature B lymphocytes, even malignant B cells, except in normal plasma cells (79). CD20 acts as a voltage-independent Ca2+ channel that regulates the activation and proliferation of B-cells through mediating the concentration of Ca2+ and triggering tyrosine kinase signaling pathways (80, 81). The significant outcomes of rituximab, an anti-CD20 monoclonal antibody, have been achieved in various B cell malignancies, such as non-Hodgkin’s lymphoma, Burkitt’s mature B-cell lymphoma, and chronic lymphocytic leukemia (CLL) (82, 83). However, limitations of antibodies including their thermal instability and immunogenicity underscore the urgent need to develop appropriate aptamers that could be used as an alternative and effective tool for therapeutic practices. After 10 rounds of SELEX screening, a panel of candidate aptamers was generated. Further analysis of characterization demonstrated that the most thermodynamically stable aptamer AP-1 has the strongest binding affinities with CD20 (14). However, in order to accelerate the clinical translation of therapeutic aptamers, inherent physicochemical characteristics and safety should be evaluated through further in-depth investigation.

Interestingly, aptamers can also act as an efficient quality control tool for biosimilars (products with high similarity of reference biological medicines) due to their ability of detecting subtle conformational variations of biologics. Although the amino acid sequences of biosimilars are identical to that of the originators, the biosimilars might still be different from the reference products due to post-translational modifications, which could be induced by highly complex production process. Therefore, it is necessary to evaluate the detailed characterization, such as 3D shape, which is crucial to detecting the differences between biosimilars and originators. However, there are only a limited number of laborious methods, such as NMR, X-ray crystallography, or monoclonal antibodies that can specifically target biologics. In addition, difficulties and high cost of producing appropriate antibody panels greatly hinder the development and approval of biosimilars. In order to improve the quality assessment for properties of biosimilars, aptamers were generated to monitor conformational similarities of biosimilars and reference products. Wildner et al. screened a first panel of anti-CD20 antibody rituximab-specific aptamers that could detect conformational variations. In addition, the selected aptamers also demonstrated the changes in structure upon thermo or UV exposure of rituximab. In the study, the authors chose a 40 nucleotide random part instead of general oligonucleotide libraries with a length of 20–80 nucleotides to obtain stable structures with high affinity to the target protein (20). In addition to recognition of native state of rituximab, the same team further generated six high-affinity DNA aptamers capable of selectively recognizing the distinct structural determinants of heat-treated rituximab prior to precipitation. None of the reaction was observed with the antibody in its native state or when being exposed to other physical stresses (21). Hence, aptamers could be used as a suitable sensor for detecting structural variations of biologics, with the potential for stringent biopharmaceutical quality control. They can also serve as a useful tool for studying the unfolding process of proteins when stresses exposure occurs.

Following the success of CD20-targeted antibody rituximab, other attempts are also made to develop novel therapies for B cell malignancies. High and stable levels of CD19 were also detected on the surfaces of various B cell malignancies, such as acute lymphocytic leukemia, chronic lymphocytic leukemia, and Non-Hodgins lymphoma (84). Mechanically, CD19 enhances the chance of B cell survival by triggering B cell antigen receptor (BCR) signaling (85). Further, CD19-targeted chimeric antigen receptor (CAR)-modified T cell therapy achieved unprecedented success in clinical trials (86). Such evidence suggests that CD19 is of great significance as a diagnostic marker and therapeutic target for B cell malignancies. Hu et al. selected a first CD19 aptamer (LC1) to specifically target CD19-positive lymphoma cells but not CD19- negative cell lines. Furthermore, an aptamer–doxorubicin complex (Apt–Dox) was formulated and used to selectively deliver doxorubicin, a cytotoxic drug, to CD19-positive lymphoma cells in vitro. Free doxorubicin could diffuse into both the CD19-positive and negative cells. However, through targeted delivery of drug into CD19 positive cells via Apt–Dox, the problem of drug toxicity to negative cells can be solved, which has the potential for the development of targeted therapy. Additionally, although LC1 aptamer could be used as an important ligand with diagnostic or therapeutic potential through conjugating imaging contrasts or various drugs; however, the detailed mechanism of how Apt–Dox enter cells was not well known. In order to facilitate the development of other aptamer–drug conjugates, more in-depth research about such mechanism of internalization is needed (15). Since drug resistance always occurs with chemotherapy treatment, the elevated levels of P-glycoprotein (P-gp) on the cell surface would result in drug resistance through limiting drug entry into cells (87). Another protein, B-cell lymphoma 2 (Bcl2), acting as an anti-apoptotic factor on the mitochondrial membrane, also contributes to the drug resistance through inhibiting cell death (88). Therefore, Pan et al. constructed a multifunctional DNA origami-based carrier, a promising candidate for tumor imaging, with both doxorubicin and two different antisense oligonucleotides (ASOs) that target P-gp and Bcl2, for enhancing efficacy of treatment (16). This strategy reveals the potential of combining chemotherapy and oligonucleotides in aptamer-based targeted therapy. In order to study the structural–affinity relationships between aptamers and the target proteins, Danquah et al. discovered an ‘aptamer walking’ mechanism through molecular dynamics (MD) simulation. They constructed a CD19–aptamer complex based on data available in the protein data bank. The results indicated that aptamer molecules could gradually adjust its configuration and shift to a favorable binding position, whilst CD19 remains relatively stable. The aptamers and their stable binding-poses relative to CD19 might be used as suitable templates in designing potential aptamer molecules. In addition, the structural approach adopted in this study provides a novel direction for searching various aptamer molecules for specific targets in future (89).

The cytotoxic effects of doxorubicin on lymphoma depend on Topoisomerase II alpha (TopIIA), a DNA repair enzyme complex. The complex plays a key role in repairing DNA damage due to its ability to relax supercoiled DNA (90). Although anthracyclines, including doxorubicin and etoposide, have shown great clinical significance in the treatment of large B-cell lymphoma (DLBCL), the response of the cancer cells to the therapy vary considerably across cases (91). Previous studies reported that elevated expression of nucleolin in B-cell lymphoma cell lines, involving DLBCL, compared to normal B cells (92). Although nucleolin was proven to be associated with several key DNA repair proteins, the functions of nucleolin in DNA damage response are unclear (93). Jain et al. found that nucleolin plays a novel modulatory role in DNA repair when binding to TopIIA. The results demonstrated that the nucleolin–TopIIA interaction prevents the killing effects of TopIIA targeting agents on DLBCL cells by facilitating DNA damage repair instead of cleavage. In other words, silencing of nucleolin could enhance the TopIIA targeting agent-induced DNA damage and apoptosis of DLBCL. Consequently, combining nucleolin inhibitor (aptamer AS1411) with doxorubicin greatly reduces the survival chance of DLBCL cells by compromising DNA repair capabilities provided by TopIIA. Thus, in order to improve the efficacy of TopIIA targeting agents, combination of agents and nucleolin-targeted aptamers might be a promising solution (18).

Protein tyrosine kinase 7 (PTK7) membrane receptor was reported to participate and up-regulate in the progression of various cancers, including hematological malignancies (94). Also, PTK7 expression promotes cultured leukemia cells resistance to anthracycline-induced apoptosis (95). Sgc8-c aptamer, the truncated form of original aptamer Sgc8, was used to target PTK7 as a therapeutic tool with similar binding affinities of Sgc8 (96, 97). To serve as the radiolabeled probe for theranostic purpose, Sgc8-c aptamer was labeled with 67Ga and metal chelator NOTA conjugation with good biodistribution and molecular imaging both in vivo and vitro evaluation (23). In addition, other PTK7-targeting aptamer-fluorescent and -radiolabeled probes with fluorescent dye AlexaFluor647 and 6-hydrazinonicotinamide (HYNIC) chelator were also formulated for in vivo visualization (22). However, in order to further enhance tumor retention, additional chemical modifications have to be performed.

Interestingly, in addition to the cell-binding property, aptamers might also act as biotherapeutic agents by regulating cell cycles. Li et al. synthesized an ssDNA aptamer specifically targeting Maver-1 lymphoma cells with concomitant endocytosis-mediated internalization that triggered S-phase arrest. The induced arrest primed target cells for cytarabine chemotherapy, which primarily kills lymphoma cells at S-phase (19). Therefore, the synergistic killing effects achieved by the combination of aptamers and chemotherapeutic agents open a new avenue for precision therapy. However, although some efforts about the detection of expression of several key proteins in cellular signaling pathways have been made, the exact mechanism through which internalized aptamers regulate the intracellular signaling pathways remains unclear, which needs further investigation.

To sum up, the review in this section suggests that we could use aptamers as promising research tools to develop therapeutic and diagnostic strategies for immune diseases based on the inhibitory or carrier properties of the aptamers (shown in Table 3).


Table 3 | Aptamers-based research on immune diseases.





Conclusions and Future Perspectives

As a negative regulator of bone growth, sclerostin, a Wnt signaling antagonist based primarily on binding competitively to Wnt co-receptors LRP5/6, received not only extensive attention for its therapeutic effects in bone diseases, but also plays critical roles on development and differentiation of immune cells, especially B cells.

On the one hand, multiple studies have reported that sclerostin is indispensable for B cell survival and development. Sclerostin loss-of-function mice showed B cell defects through enhanced B cell apoptosis, concomitant with reduced levels of CXCL12, a critical B cell growth-stimulating mediator. Interestingly, unchanged Wnt target genes Lef-1 and Ccnd1 expression pattern implies a novel role of sclerostin in supporting B cell functions independent of Wnt signaling pathway, which needs further investigation. In addition, conditional loss of sclerostin in different osteolineage cells demonstrated differentially altered B lymphocyte development. The essential influence of sclerostin on B cell maturation was further confirmed indirectly by the study about von Hippel-Lindau (Vhl), which modulates sclerostin expression via hypoxia response signaling pathway, revealing the relationship between sclerostin and B cell development. In spite of the effects of sclerostin antibodies in immune diseases that mainly focus on bone formation, the roles of sclerostin in these immune diseases need further investigation to facilitate the development of sclerostin-based therapies for immune diseases.

Currently, a variety of aptamers have been generated and used in various studies of immune diseases. Thanks to their excellent targeting and subsequent endocytosis-mediated internalization capabilities, aptamers act as inhibitors or valuable carriers for targeted therapy. In order to accelerate the clinical translations of these therapeutic aptamers, aptamers should be made to improve factors including physicochemical characteristics, modifications, safety, etc.

In summary, although the underlying mechanism of sclerostin in immune diseases has not yet been fully elucidated, its roles in normal immune cell development, especially B cells, have become increasingly apparent. It is clear that aptamers are competent tools for subsequent progress in translational pharmacology based on the sclerostin functional study. The utilization of aptamers might facilitate the development of novel anti-immune diseases therapeutic and diagnostic strategies based on sclerostin.
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Mature B cells express B cell antigen receptor (BCR), toll-like receptors (TLR) and TNF family receptors including CD40 and B-cell activating factor receptor (BAFFR). These receptors transduce cellular signals to govern the physiological and pathological processes in B cells including B cell development and differentiation, survival, proliferation, and antibody-mediated immune responses as well as autoimmune diseases and B cell lymphomagenesis. Effective antibody-mediated immune responses require class switch recombination (CSR), a somatic DNA recombination event occurring at the immunoglobulin heavy chain (Igh) gene locus. Mature B cells initially express IgM as their BCR, and CSR enables the B cells to switch from expressing IgM to expressing different classes of antibodies including IgG, IgA or IgE that exhibit distinct effector functions. Here, we briefly review recent findings about how the signaling crosstalk of the BCR with TLRs, CD40 and BAFFR regulates CSR, antibody-mediate immune responses, and B cell anergy.
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Introduction

Antibody is also known as immunoglobulin (Ig), consisting of a heavy (IgH) and a light (IgL) chain. Each IgH molecule is composed of an assembled variable (V) region and a constant (C) region. Antigen contact is mediated by the V region, while the C region of IgH mediates effector functions of antibodies. Productive V(D)J recombination at the Igh locus assembles the V region exon that is located upstream of the Cµ IgH constant region exons, allowing generation of µ heavy chain mRNA and µ heavy chain protein. The µ heavy chains pair with IgL chains that are produced from a productively rearranged Igl locus to form IgM, which lead to generation of surface IgM+ B cells. IgM+ B cells migrate to secondary lymphoid organs such as spleen or lymph nodes, where upon encounter with antigens they are activated to undergo class switch recombination (CSR), a somatic DNA recombination/deletion process that replaces Cµ with a different set of IgH constant region exons (Figure 1).




Figure 1 | Schematics of IgH CSR. The genomic configuration of the rearranged Igh locus in mouse. Variable (V) region exon is located upstream, and eight different sets of CH exons are located downstream. AID introduces point mutations into V region exon during somatic hypermutation (SHM) (not depicted). To initiate CSR, AID introduces U:G mismatches in the donor Sµ and the downstream acceptor Sγ1 regions that are subsequently converted into DNA double-stranded breaks (DSBs) by basic excision and mismatch repair pathways. Broken S regions are joined by non-homologous end-joining (NHEJ), whereas the intervening DNA is excised as a circle. Active transcription is essential for both SHM/CSR with promoters depicted for V region, Sµ and Sγ1 region (arrows). When CSR is completed, originally expressed Cµ exons are replaced by Cγ1 exons that are juxtaposed to the same V region exon. Therefore, naïve IgM+ B cells switch to activated IgG1+ B cells.



In mice, there are 8 sets of CH exons organized as 5’–VDJ–Cµ–Cδ–Cγ3–Cγ1–Cγ2b–Cγ2a–Cϵ–Cα–3’. CSR is a DNA rearrangement process that occurs to the 8 sets of CH exons at the Igh locus (Figure 1). CSR allows the assembled V region to be expressed first with Cµ exons and then with one of the sets of downstream CH exons (referred to as CH genes), and enables production of different IgH classes (e.g., IgG, IgE, and IgA) encoded by corresponding CH genes (e.g., Cγ, Cϵ, and Cα). The detailed molecular mechanisms of CSR have been extensively reviewed elsewhere (1–4). Briefly, to initiate CSR, B cells need to express a specific enzyme, activation-induced cytidine deaminase (AID) (5, 6). AID introduces DNA lesions to the evolutionarily conserved switch (S) regions preceding each set of CH exons; subsequently, AID-induced DNA lesions are converted into double-stranded DNA breaks (DSBs) at the upstream donor Sµ region and one of the downstream acceptor S regions (7). DSBs at S regions are joined by non-homologous end-joining (NHEJ) pathway including classical and alternative NHEJ (8–11), which eventually leads to the switching of the C regions of antibody molecules. Of note, AID can potentially target all transcriptionally active genes and induces genome-wide instability that contributes to B cell lymphomagenesis (12, 13). Thus, AID poses a threat to the B cell genome and its expression has to be tightly regulated. Consequently, AID expression is only induced in activated B cells via integrated signals from the B cell antigen receptor (BCR) and other co-receptors (3).

Antibody CSR is essential for effective humoral immune responses. Mature naïve B cells express IgM as surface BCR or secrete IgM antibodies; however, effector functions of IgM are rather limited (3, 14, 15). CSR enables B cells to produce isotype-switched antibodies, such as IgG and IgA, that can combat infectious pathogens or neutralize toxins much more effectively than IgM. Consequently, more than 90% of current vaccines deliver protective effects via eliciting isotype-switched antibodies (16). On the other hand, defects in CSR lead to primary immunodeficiency diseases (PID) such as Hyper-IgM syndrome (HIGM) caused by genetic mutations in BCR or co-receptor signaling components (e.g., CD19 or CD40) (17, 18). In addition, HIGM can be caused by mutations in AID or uracil glycosylase that are essential enzymes to catalyze CSR (17, 18). PID patients suffer from recurrent infections with a shorter life expectancy (19–21). Hence, it is critical to better understand how the signaling crosstalk of BCR and co-receptors regulates antibody CSR.



Can the BCR Induce CSR in the Absence of Co-stimulation?

Pathogen infection or antigen immunization activates multiple receptors on B cells including BCR, CD40, toll-like receptors (TLRs), B-cell activating factor receptor (BAFFR) and cytokine receptors (e.g., IL-4R) depending on different antigen characteristics. The prevailing view of CSR induction is that the BCR cannot induce CSR in the absence of co-stimulation, and the co-stimulatory signals are provided in the form of CD40 ligand (CD40L) expressed by activated T cells for T-cell dependent (TD) antigens, or TLR ligands directly expressed by pathogens or present in the adjuvants for T-cell independent (TI) antigens. Given that it is not practically feasible yet to pinpoint which and how individual receptor(s) induce CSR during in vivo immunization, ex vivo CSR models have been established and widely applied to study underlying mechanisms of CSR by culturing purified B cells in the presence of different stimuli and analyzing CSR level a few days after culture (2, 22).

It is well-known that engaging CD40 can induce CSR in the presence of proper cytokines such as IL-4 (2, 22). TLRs can also induce a low level of CSR in the presence of cytokines; moreover, TLRs synergize with the BCR to induce a robust level of CSR (23). In contrast, engaging the BCR cannot induce CSR in the presence of cytokines such as IL-4 (23, 24). The BCR recognizes antigen and activates multiple signaling pathways, including nuclear factor kappa B (NF-κB) and phosphatidylinositol 3-kinases (PI3K), to initiate antigen-specific humoral immune response. Hence, it is counterintuitive why the BCR cannot induce CSR in the presence of cytokines as CD40 does (3). Basically, why does the BCR need co-stimulation to induce CSR and what does co-stimulation do to enable the BCR to induce CSR?

Our recent study has shed light on this decade long puzzle by revealing that there are negative regulatory mechanisms restricting the BCR’s ability to induce CSR (25). We identified two of such checkpoint molecules including TNF receptor associated factor 2/3 (TRAF2 and TRAF3) (Figure 2). When TRAF2 and/or TRAF3 are deleted in B cells, engaging the BCR can induce CSR in the absence of co-stimulation (25). These data demonstrate that the BCR has the ability to induce CSR; however, this ability is normally restrained by checkpoint molecules such as TRAF2 and TRAF3. Upon the deletion of these checkpoint molecules, the BCR’s need for co-stimulation to induce CSR can now be bypassed. We found that the BCR-induced CSR in the absence of TRAF3 requires NF-κB2 in a B cell-intrinsic manner (25). Mechanistically, TRAF3 restricted BCR signaling by preventing the processing of BCR-induced NF-κB2 precursor (p100) into active NF-κB2 (p52); consequently, TRAF3 deletion resulted in more active NF-κB2 (p52) upon anti-IgM/IL-4 stimulation (25). Of note, NF-κB2 activation is specifically required for the BCR signaling to induce CSR but not for CD40 or TLR4 (25, 26), suggesting that TRAF3 restricts NF-κB2 activation to specifically limit the BCR’s ability to induce CSR. Furthermore, we found that TRAF3 also inhibited BCR proximal signaling; as such, B-cell intrinsic deletion of TRAF3 led to elevated BCR proximal signaling strength, evidenced by increased phosphorylation of Bruton tyrosine kinase (BTK) and spleen tyrosine kinase (Syk) and enhanced calcium flux upon antigen or anti-IgM stimulation (25). While our recent study addressed how TRAF3 inhibits the BCR signaling, it remains unknown how TRAF2 regulates the BCR signaling intensity either singularly or cooperatively with TRAF3.




Figure 2 | A proposed model of signaling crosstalk for the BCR to induce CSR. Ag stimulation of BCR activates proximal signaling elements, Syk, BTK and PLCγ2, leading to transcription factor NF-kB1 activation. NF-κB1 p50/RelA complex is required for AID transcription. NF-κB1 p50/RelA also induces NF-kB2 p100 transcription. TRAF2/3 restrict BCR proximal signaling strength. TRAF2 and TRAF3 also block NIK activity. Thus, Syk/BTK/PLCγ2 complex cannot signal to generate transcription factor NF-κB2 p52 that is required for AID expression. Removal of TRAF3 and/or TRAF2 leads to NIK accumulation, which activates IKKα pathway, resulting in NF-κB2 p100 being processed into active NF-κB2 p52. NF-κB2 p52/RelB complex and NF-κB1 p50/RelA together with additional factors initiate AID transcription. AID protein initiates CSR by targeting Igh locus. During humoral immune responses, CD40, BAFF-R as well as cell surface and intracellular TLRs are activated by corresponding ligands, CD40L, BAFF or TLR ligand (TLR-L), respectively. TRAF3/TRAF2 are recruited to cell membrane where TRAF3 is degraded by CD40 and BAFF-R signaling or sequestrated by TLRs. As a consequence, NIK and NF-κB2 complex can be activated. NF-κB2 activation allows the BCR to induce CSR. Thus, the critical function of co-stimulatory signals is to degrade or sequestrate TRAF3 to permit NF-κB2-dependent BCR-induced CSR essential for in vivo antibody responses. It is worthy of note that TRAF3 restricts Syk, BTK and PLCγ2 hyper-activation upon Ag stimulation that may be especially important for maintaining autoreactive B-cell anergy.





How Do TRAF2 and TRAF3 Differentially Influence CSR and How Does the BCR Cooperate With Co-Receptors to Induce CSR?

Both TRAF2 and TRAF3 are adaptor molecules of TNF receptors (TNFRs) including CD40 and BAFFR and function to transmit signaling downstream of TNFRs (27). In resting B cells, TRAF2, TRAF3 and cellular inhibitor of apoptosis protein1/2 (cIAP1/2) form a complex to suppress NF-κB inducing kinase (NIK) activity by mediating NIK degradation (Figure 2). In activated B cells upon CD40 or BAFFR stimulation, TRAF3 can be degraded (25, 28, 29), thereby allowing NIK accumulation that eventually activates NF-κB2 (Figure 2). Although TRAF2 and TRAF3 both serve as adaptors of TNFRs and their individual knockout (KO) mice exhibited similar phenotypes (30–32), TRAF2 and TRAF3 play distinct roles in mediating CSR and in vivo antibody responses against TD or TI antigens.

With regard to CD40-induced CSR, we found that TRAF2 is required for CD40-induced AID expression and IgG1 CSR because TRAF2 plays an essential role in CD40-induced NF-κB1 activation (33). Consistently, B-cell intrinsic deletion of TRAF2 significantly impaired in vivo IgG antibody responses against TD antigens (33), given that TD antigen-induced IgG antibody responses need CD40/CD40L interaction. Contrary to the essential role of TRAF2 in CD40-induced CSR, TRAF3 is completely dispensable for CD40-induced AID expression and CSR (33). As such, B-cell intrinsic TRAF3 deletion did not affect IgG antibody responses against TD antigens in vivo (32, 33).

However, in the context of BCR-induced CSR, both TRAF2 and TRAF3 function as checkpoint molecules to prevent the BCR from inducing AID expression and CSR (25). This conclusion is supported by several important observations: (1) B cell-intrinsic TRAF2 deletion promotes the BCR-induced CSR ex vivo; (2) B cell-intrinsic TRAF3 deletion also promotes the BCR-induced CSR ex vivo, which occurs completely independent of any potential developmental effects; and (3) double deletion of TRAF2 and TRAF3 leads to a higher level of BCR-induced CSR than either single deletion does (25). In line with these observations, B-cell intrinsic deletion of TRAF2 or TRAF3 increased in vivo IgG antibody responses against TI antigens (33).

Of note, TI antigens can activate B cells in the absence of T cell help. Consistent with TRAF3’s role in restricting the BCR’s ability to induce CSR, we envision that increased IgG antibody responses against TI antigens are caused by elevated BCR signaling intensity in vivo upon TI antigen immunization in the absence of TRAF2 or TRAF3. However, this point remains to be determined; in addition, it remains unknown whether TRAF2/TRAF3 double KO mice will develop more robust IgG antibody responses against TI antigens. It is noteworthy that TRAF2 and TRAF3 play distinct roles in CD40-induced CSR and TD antigen-mediated responses, whereas they both function as checkpoints for BCR-induced CSR. Taken together, these studies highlight the complexity and fine-tuning potential of antibody-mediated immune responses that may have important implications for vaccine design of different types of antigens, such as TD vs. TI antigens.

If the BCR has the ability to induce CSR, why do B cells need co-stimulation and what does co-stimulation provide in the context of CSR induction? We suggest that CD40 aids BCR-induced CSR in vivo by inducing TRAF3 degradation (Figure 2), which is supported by our ex vivo studies showing that anti-CD40/IL-4 stimulation caused TRAF3 degradation in B cells (25). Subsequently, transient degradation of TRAF3 will allow NF-κB2 activation, AID expression and CSR induction. Once CD40 co-stimulation ceases, TRAF3 expression would resume and CSR would be terminated. However, this notion still needs to be tested in an in vivo setting. Regarding the role of BAFFR in CSR induction, our recent studies also suggest that BAFFR’s function is to degrade TRAF3, thus permitting the BCR to induce CSR (25) (Figure 2), although this point still needs to be confirmed experimentally. Nevertheless, this idea is supported by the observations that BAFF/IL-4 cannot induce a robust level of CSR, whereas BAFF/IL-4/anti-IgM induced a much higher level of IgG1 CSR that is not significantly enhanced in TRAF3 conditional KO B cells (25).

TLRs have been shown to synergize with the BCR to induce CSR by enhancing NF-κB2 activation, and such synergistic effects depend on a regulatory subunit of PI3Ks, p85 (23). However, the catalytic subunits of PI3Ks inhibit AID expression and CSR induced by CD40 (34), TLR4 (24) and BCR. Thus, the precise mechanisms remain elusive about how TLRs and the BCR synergize to enhance NF-κB2 activation to promote CSR. TLRs can bind TRAF3 via their adaptors myeloid differentiation primary response protein (MYD88) and TIR-domain-containing adapter-inducing interferon-β (TRIF). In contrast, TLRs do not induce TRAF3 degradation like CD40 does, because TRAF3 is required for TLR-induced cytokine production (35). Hence, we suggest that TLRs may sequester TRAF3 via adaptors MYD88 and/or TRIF, thereby releasing NIK that eventually activates NF-κB2 (p52) to induce AID expression and CSR (Figure 2).



What Are the Consequences of BCR Checkpoint Removal?

When TRAF3 is deleted specifically in B cells via CD19Cre (B-TRAF3-KO), mice develop autoimmune manifestations including splenomegaly, lymphocyte infiltration in liver and immune-complex deposition in kidney at the age of 9-12 months (32). B-TRAF2-KO mice exhibit similar phenotypes to B-TRAF3-KO mice in B cell development and survival as well as lymph organ homeostasis (30–32). However, it remains incompletely understood how TRAF3 deficiency leads to autoimmune manifestations. Previous studies showed that B cell hyperplasia in B-TRAF3-KO mice was independent of BAFF-BAFFR signaling by using TACI-Ig, a soluble fusion protein that blocks both BAFF and APRIL from binding to their receptors (32). In addition, another study showed that the expansion of marginal zone (MZ) B cells in B-TRAF2-KO mice was independent of BAFF (30), suggesting that B-TRAF2-KO phenotypes were also independent of BAFF receptor signaling.

Based on our data (25), we suggest that the phenotypes of increased B cell number, splenomegaly, and autoimmune manifestations in B-TRAF3-KO mice depend on BCR signaling. We found that TRAF3-deficiency-mediated lymphoid organ disorders and autoimmune manifestations were rectified by attenuating BCR proximal signaling strength using a BTK inhibitor, Ibrutinib (25). Importantly, autoimmune phenotypes were completely rescued in B-TRAF3-KO mice by introducing an antigen-specific BCR recognizing hen egg lysozyme (HEL) (25). Given that B-TRAF3-KO mice do not express HEL antigens, these HEL-specific B cells cannot receive stimulatory signals from their BCR. We infer that introducing a non-autoreactive BCR abrogates the abnormal expansion of B cells and reduces the severity of autoimmunity. Furthermore, our data showed that NF-κB2 is required for the expansion of B cells, especially MZ B cells, and splenomegaly in B-TRAF3-KO mice (25). TRAF3 restricted BCR signaling by preventing the processing of BCR-induced NF-κB2 precursor (p100) into active NF-κB2 (p52) upon anti-IgM/IL-4 stimulation (25). Taken together, these data suggest that the phenotypes of B-TRAF3-KO mice largely attribute to dysregulated BCR signaling pathway.

Anergy is an important mechanism to maintain B cell tolerance via unresponsiveness of the BCR to antigen stimulation (36). Anergic autoreactive B cells express a low level of surface IgM that does not induce calcium flux when stimulated with specific antigens or agonist anti-IgM (37, 38). We employed a bone marrow chimera system to establish an anergic autoreactive model by transferring B cells with HEL-specific BCR into ML5 transgenic mice that constitutively express HEL antigens, and showed that B cell anergy was well maintained in this model (25), consistent with prior studies (37, 39, 40). In contrast, we found that autoreactive B cell anergy was broken by TRAF3-deficiency in HEL-specific B cells evidenced by enhanced calcium flux upon HEL antigen stimulation (25). If anergy is properly maintained, secreted anti-HEL IgM production should be reduced, and surface IgM expression downregulated, a classic anergy phenotype, upon HEL stimulation. However, TRAF3-deficiency enables HEL-specific B cells to produce a high level of anti-HEL IgM and fail to downregulate surface IgM expression (25). We think that TRAF3-deficiency breaks B cell anergy possibly via elevating BCR proximal signaling strength, which is supported by our findings that TRAF3 deletion enhances BCR-induced phosphorylation of Syk and BTK as well as phospholipase Cγ2-dependent calcium flux (25); however, it remains to be addressed how TRAF3 restricts BCR proximal signaling strength.



Discussion

Our recent studies discover novel checkpoint molecules, including TRAF2 and TRAF3, that were not appreciated previously. We found that these checkpoint molecules function to restrict the ability of the BCR to induce AID expression and CSR. However, additional questions remain to be addressed. Deletion of TRAF2 or TRAF3 in B cells enhances BCR-induced calcium flux (25), an early functional output of the BCR signaling. What mechanisms are employed by TRAF2 and TRAF3 to restrict BCR signaling intensity? Are there other signaling components of the BCR and co-receptor pathways that can also function as checkpoints and similarly affect the ability of the BCR to induce aberrant AID expression? How do TRAF2 and TRAF3 cooperate to restrain BCR-induced CSR since double deficiency of TRAF2 and TRAF3 does not further increase AID expression but significantly enhances CSR level compared to either single deficiency? Does TRAF2 deficiency break autoreactive B cell anergy as TRAF3 does? Addressing these questions may allow us to develop new strategies to rescue defective antibody responses in CD40-deficient mouse model or human PID patients, and to better treat autoimmunity or B cell lymphoma by modulating BCR signaling pathways.

Our data show that B cells from B-TRAF3-KO mice proliferate more robustly than control B cells upon BCR engagement (25). One unique characteristics of germinal center (GC) B cells is their hyperproliferative capacity in the dark zone of GCs where somatic hypermutation (SHM) is thought to occur (41). Prior studies also showed that B-TRAF3-KO mice developed spontaneous GC formation (32). Thus, we speculate that TRAF2 and TRAF3 may also play a critical role in regulating SHM and antibody affinity maturation, which is the outcome of GC reaction.

Taken together, our studies present a new concept that may better explain how signaling components of the BCR and co-receptor pathways assure robust humoral immune responses while simultaneously preserve B cell homeostasis and prevent malignancy by fine-tuning the BCR signaling intensity. We propose that when BCR signaling intensity is increased to a level sufficient to induce AID expression and CSR, it may disrupt autoreactive B cell tolerance and perturb B cell homeostasis. Moreover, AID can induce DSBs and mutations in Ig and non-Ig genes that may initiate B cell genomic instability and lymphomagenesis. Thus, it may be critical to restrain the BCR from inducing AID expression in the absence of co-stimulation because this could serve as a protective mechanism that prevents overstimulated self-reactive B cells from turning cancerous.
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Human B-cell differentiation has been extensively investigated on genomic and transcriptomic grounds; however, no studies have accomplished so far detailed analysis of antigen-dependent maturation-associated human B-cell populations from a proteomic perspective. Here, we investigate for the first time the quantitative proteomic profiles of B-cells undergoing antigen-dependent maturation using a label-free LC-MS/MS approach applied on 5 purified B-cell subpopulations (naive, centroblasts, centrocytes, memory and plasma B-cells) from human tonsils (data are available via ProteomeXchange with identifier PXD006191). Our results revealed that the actual differences among these B-cell subpopulations are a combination of expression of a few maturation stage-specific proteins within each B-cell subset and maturation-associated changes in relative protein expression levels, which are related with metabolic regulation. The considerable overlap of the proteome of the 5 studied B-cell subsets strengthens the key role of the regulation of the stoichiometry of molecules associated with metabolic regulation and programming, among other signaling cascades (such as antigen recognition and presentation and cell survival) crucial for the transition between each B-cell maturation stage.
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Introduction

The final stages of antigen-dependent human B-cell differentiation leading to (oligo)clonal B-cell expansion and affinity maturation are associated with activation of naive B-cells to their terminal differentiation into antibody-secreting plasma cells (PC) and memory B-cells, in secondary lymphoid tissues (SLT) such as tonsils (1). To initiate this highly dynamic and strictly regulated process, immature B lymphocytes leave the bone marrow and migrate via the peripheral blood (PB) to the spleen for maturation into naive B cells, which can then travel to the germinal centers (GC) of SLTs (2, 3). The antigen-dependent maturation starts with the presentation of protein antigens to helper T cells and the production of cytokines. Then, a broad antibody repertoire can be generated in developing B cells by means of somatic recombination. In order to increase the affinity and avidity of antibodies, an affinity maturation process occurs as a result of somatic hypermutation of immunoglobulin (Ig) genes in B cells, giving rise to the selection of strongly binding B cell receptors (BCR) (Supplementary Figure S1A) (3, 4).

Within the GC, the dark zone—where proliferation and somatic hypermutation occur—hosts the centroblasts (CB), which further differentiate into smaller centrocytes (CC) that enter the light zone of the GC. Both GC B-cell populations display a considerable overlap in their gene expression profiles, despite showing a clearly distinct morphological appearance (4, 5).

The specific molecular pathway, leading to the generation of memory B-cells following the GC reaction still remain largely unclear (5, 6). Most likely, different factors, such as the affinity of the BCR and the CD40 and CD40L signaling are key elements involved in this process (6). Thus, Smith et al. (7) have proposed a model for memory selection in which memory B-cells and PC are formed from different GC driving pathways, and Scheeren et al. revealed the role of STAT5 in the regulation of memory B-cell differentiation (6). In addition, Kulis et al. (8) through the analysis of the DNA methylome of 5 maturation-associated subpopulations of B-cells (pre-BII cells, naive B- cells, GC B-cells, memory B-cells and PC) showed a dynamic CpG methylation pattern during B-cell maturation, where memory B-cells and bone marrow PC showed the lowest methylation levels.

In recent years, several studies have investigated the genomic, epigenetic and transcriptomic profiles along normal B-cell differentiation (9–15). In turn, most data generated so far about the proteomic profile of B-cells at distinct differentiation stages has been derived from the study of cell lines at different time points after in vitro stimulation (e.g. anti-sIgM, lipopolysaccharide) using classical (16, 17) and innovative (18, 19) proteomic strategies. To the best of our knowledge, only one proteomic study (20) analyzed SLT-derived primary GC cells to investigate the similarities between the proteome of mantle cell lymphoma (MCL) cells and normal GC cells. However, the quantitative proteome of SLT-derived non-tumoral human primary B-cells along antigen-dependent B-cell maturation (from naive B-cells to PC and memory B-cells) has not been described so far.

Identification of aberrant protein profiles (related to the splicesome, proteasome, phagosome, HLA molecules, protein synthesis and stability) associated with physiological and pathological conditions such as aging, cancer, auto-immunity, allergy or immunodeficiency is of key relevance for the understanding of the underlying mechanisms involved since proteins are the biochemical effectors in virtually all cellular processes (21). Therefore, the analysis of the proteome of the normal B-cell counterpart of e.g. tumoral B-cells becomes a critical step.

Here, the role of multiple metabolic pathways at different stages of antigen (Ag)-dependent maturation is revealed from the overall (quantitative) global proteome of non-tumoral B-cell populations at different stages of Ag-dependent maturation from naive B-cells to recently generated PCs and memory B-cells from primary non-tumoral tonsils. Furthermore, we integrated the proteomics data set with publicly available transcriptomic data sets to provide a better view and understanding of the normal B-cell maturation process triggered by recognition, and to create a reference map for the identification of altered B-cell-associated protein expression profiles during life and in specific disease conditions.



Materials and Methods


Sample Collection

Freshly collected human tonsils were obtained from 5 donors (see Table 1) after routine tonsillectomies. In cases A, B, C, and D, tonsils were removed due to more than seven documented throat infections in the year preceding the surgery. In case E, tonsillectomy was performed to improve obstructive sleep apnea. In all cases, informed consent was given by the donor according to the guidelines of the local ethics committee of the University Hospital of Salamanca, in accordance with the Helsinki Declaration of 1975, as revised in 2008.


Table 1 | Tonsil sample characteristics.



Single tonsil cell suspensions were obtained (immediately after surgery) by using conventional mechanical disaggregation procedures (3) in PBS. A minimum of 150 x 106 tonsil cells were stained in parallel in several different tubes (15 min at room temperature (RT) in the darkness) with the following 8-color combination panel of monoclonal antibodies: CD45 conjugated with fluorescein isothiocyanate (CD45-FITC), CD184 conjugated with phycoerythrin (CD184-PE), CD38 conjugated with peridinin chlorophyll protein-Cy5.5 (CD38-PerCPCy5.5), CD10 conjugated with PE- Cy7 (CD10-PECy7), CD20 and CD19 conjugated with APC (CD20-APC, CD19-APC), CD3 conjugated with allophycocyanine-H7 (CD3-APCH7), and CD27 conjugated with Brilliant Violet™ 421 (CD27-BV421) (22). Then, B-cell populations were systematically sorted by FACSAria (BD) at 4°C (cell population gating strategy shown in Supplementary Figure S2, sorting purity values shown in Table 1) based on the following phenotypes: naive B-cells (CD45+, CD184-, CD38-, CD10-, CD19/CD20+, CD3-, CD27-), centroblasts (CD45+, CD184+, CD38+, CD10+, CD19/CD20+, CD3-, CD27het), centrocytes (CD45+, CD184-, CD38+, CD10+, CD19/CD20+, CD3-, CD27het), memory B-cells (CD45+, CD184-, CD38-, CD10-, CD19/CD20+, CD3-, CD27+), and plasma cells (CD45+, CD184-, CD38++, CD10+, CD19/CD20+, CD3-, CD27++) (3). Purified cells were immediately processed for protein extraction.



Protein Extraction

Each cell population (naive B-cells, CB, CC, memory B-cells, and PC) was washed three times with PBS (5 min, 1500 g). After draining off the total PBS volume without disturbing the cell pellet, the lysis buffer (9 M urea, 1 mM activated sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerol phosphate, 20 mM HEPES pH 8.0) was added to the cell pellet (15 μL per 1 x 106 cells), followed by sonication on ice (3 bursts of 15 seconds each). Then, samples were centrifuged at maximum speed for 15 min and the supernatant containing the proteins was collected at -80°C until further processing.



Protein Quantification and SDS-PAGE

Proteins were quantified using the DC™ Protein Assay Kit II, as recommended by the manufacturer. A total of 15 μg of proteins from naive B-cell, CB, CC and memory B-cell samples were separated on a 4-20% gradient SDS-PAGE gel. After electrophoresis, gels were stained in a solution of 0.5% (w/v) Coomassie Brilliant Blue and stored at 4°C in an aqueous solution containing 1% (v/v) acetic acid, until analysis. PC protein samples were processed in solution.



In-Gel and In-Solution Protein Digestion

Two protein digestion approaches were performed due to PC sample limitations. Proteins from naïve B-cells, CB, CC, and memory B-cells were digested in gel, whereas proteins from PC were digested in solution since the amount of sample was not enough (high difficulty in isolating PC from tonsils due to their low relative numbers) to be processed in the gel. For in-gel protein digestion, each gel lane was cut into five fragments and digested with trypsin following the method of Shevchenko et al. (23) with slight modifications. Briefly, gel pieces were destained with 50% acetonitrile (ACN) and 50 mM ammonium bicarbonate. Protein reduction and alkylation were performed with 10 mM dithiothreitol (DTT) at 56°C for 45 min, and with 55 mM iodoacetamide at RT for 30 min, respectively. Proteins were digested with trypsin (6.25 ng/mL) at 37°C for 18 h. The peptide solution was acidified with 0.1% trifluoroacetic acid and desalted by using C18-Stage-Tips columns (24). The samples were partially dried and stored at −20°C until analysis by LC-MS/MS. For in-solution protein digestion, a total of 4 μg of protein from PC were reduced with 10 mM DTT at RT for 45 min and alkylated as previously indicated. Proteins were then digested with trypsin (1:50 w/w) at 37°C for 18 h and the peptide solution was processed as done for in-gel protein digestion.



LC-MS/MS Analysis

A nanoUPLC system (nanoAcquity, Waters Corp., Milford, MA) coupled to a LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA) via a nanoelectrospray ion source (Proxeon Biosystems) was used for reversed-phase LC-MS/MS analysis. Peptides were loaded onto a trapping column (Symmetry 300 C18 UPLC Trap Column, 180 μm × 20 mm, 5 μm, Waters Corp.). Peptides were separated on a BEH130 C18 column 75 μm × 200 mm, 1.7 μm (Waters Corp.) equilibrated in 3% ACN and 0.1% formic acid with a linear gradient of 3% to 50% ACN at a flow rate of 300 nL/min over 140 min for in-gel digested proteins (naive B-cell, CB, CC, memory B-cell samples), and 170 min for in-solution digested proteins (PC samples). The nUPLC- LTQ Orbitrap XL was operated in the positive ion mode by applying a data-dependent automatic switch between survey MS scan and tandem mass spectra (MS/MS) acquisition. Survey scans were acquired in the mass range of m/z 400 to 2000 with a 30 000 resolution at m/z 400. The 6 most intense ions with states of 2 and 3 were selected in the ion trap for fragmentation by collision-induced dissociation with normalized energy. Dynamic exclusion was enabled for 30 s.



Gene Expression Microarrays

Data from the expression profiling of FACS-sorted B-cell subsets from 6 human tonsils on Affymetrix Human Exon 1.0 ST arrays were downloaded from the NCBI’s Gene Expression Omnibus dataset (accession code GSE69033). Raw data was processed as described below.



Proteomics Analyses

Full downstream analysis was done employing a homemade custom program, using R v.3.4 (25) in the RStudio suite (26) (Supplementary File 1).



Qualitative Protein Expression Profiles

A binary heatmap of absence-presence was generated in order to compare all populations and analyze which patterns were shared by the different replicates. For each population, functional and pathway analyses via over-representation tests were done using the clusterProfiler package (27).



Quantitative Protein Expression Levels

Due to protein retrieval constraints, only four populations (CB, CC, naive, and memory subsets) could be compared for quantitative protein expression levels. Using the Progenesis suite, an ANOVA test with a q-value cutoff of 0.05 followed up by individual T-tests was used to determinate which proteins discriminated among different cell populations. The corresponding heatmap was generated by normalizing each protein by its own z-score among them. Absent proteins in a sample were considered to have zero expression. Hierarchical dendrograms using Euclidean distances were employed for clustering both genes and cell populations.



Transcriptomics Analyses

To operate with the gene expression profiling and analysis of the different populations of B-cells, the gene expression results of the GSE69033 (13) data set, including six biological replicates of each population, were selected. The mRNA of these cells was hybridized on an Affymetrix Human Exon 1.0 ST Array high-density oligonucleotide microarray. For each gene, an ANOVA test was performed followed by a Bonferroni p-value correction, and those genes with a p-value lower than 0.05 were investigated by a Tukey HSD test with the same cutoff, to determinate which populations could be distinguished.



Integration of Proteomics and Transcriptomics Datasets

Our proteomics and transcriptomics datasets come from different samples and subjects. To address this issue, a proteomics set and a transcriptomics set for each population were generated including the mean value for each protein or transcript present in all replicates (Supplementary File 1). To determine the expression patterns using both data sets, three Circos track plots (28) were generated. Each Circos plot contained line tracks with the quantitative information of the four comparable cell populations; one Circos plot had information of the log10 of our proteomics data (only proteins present in all 5 replicates), the second one for the log10 of the transcriptomic data (only transcripts whose proteins were present in all 6 replicates), and the last one contained the information of the log10 of the direct ratio between the proteomics and transcriptomics datasets. The results of the earlier mentioned ANOVA tests and follow-up tests were represented in attribute plots (29). At the same time, protein/transcript ratios were represented as a heatmap, scaling each ID by its own z-score. Populations were clustered via hierarchical dendrograms, using Euclidean distance, while ratios were clustered in four groups using density based clustering of applications with noise clustering via the dbscan package (30). ID conversion and coordinate retrieval were done using the biomaRt package (31, 32).



Quantification Analysis Using Progenesis

Progenesis QI for proteomics v3.0 software (Nonlinear Dynamics, Quayside, Newcastle Upon Tyne, UK) was used for quantification of the multiplexed LC-MduriS data. We compared the B-cell populations by analyzing 5 biological replicates. Specifically, for in-gel digested samples, the Progenesis LC-MS fractionation workflow was performed analyzing 5 fractions from each sample (each fraction corresponded to each band gel sliced during the gel processing). For sample alignment, the sensitivity was set to 5 and MS spectra with intensities > 500 0000, and ions with charges 2-7 were considered for the filtering process. Normalization was applied automatically to all features. Peptide identification was performed using Mascot Search engine (Matrix Science, London, UK) on Proteome Discoverer 1.4. software (Thermo) by searching against the neXtProt database (release December 20, 2016), including the common contaminant sequences (e.g., human keratins, trypsin, BSA). Search parameters were set as follows: carbamidomethylation of cysteine as a fixed modification, oxidation of methionine and acetylation of the protein N-terminus as variable ones, precursor and fragment mass tolerances were set to 10 ppm and 0.6 Da, respectively, and fully tryptic digestion with up to two missed cleavages. False discovery rate (FDR) was set at 1%. Peptide results were imported into the Progenesis QI software, for quantitative analysis and statistical evaluation. Identified peptides were refined removing identifications with a score less than 30, sequence length less than 6 and not human proteins. Peptides assigned to more than one protein were considered conflicting and resolved according to Progenesis guidelines. For reporting peptides and proteins, ANOVA (p ≤ 0.05) and max fold change (≥2) values were calculated.




Results


Mapping Ag-Dependent B-Cell Differentiation via Characterization of the Global Proteome of Tonsillar B-Cells at Different Maturation Stages

Qualitative evaluation of the global proteome of human B-cells at different stages of maturation was performed on purified naive B-cells, CB, CC, memory B-cells, and PC from 5 primary human tonsils (Table 1) as described in the “Materials and Methods” section (Supplementary Figure S1).

Only those proteins that were identified in all B-cell subpopulation replicates of the 5 tonsil samples were considered for further analyses. Overall, similar numbers of distinct proteins were identified for all B-cell subsets analyzed (a total of 1,992 proteins were identified on naive B-cells, 2,472 on CB, 2,548 on CC, and 2,567 on memory B-cells) except for PC (n=393), which is potentially due to the overall lower protein amount obtained from the purified PC samples vs the other 4 B-cell subpopulations (median of 4 vs 15 μg of protein, respectively), due to the very low frequency of PC in tonsils (Supplementary Table S1; Figure 1). A more detailed analysis of the distribution of these proteins revealed an overlap of 350 proteins among the 5 B-cell subpopulations, up to 1,547 proteins being shared by naive B-cells, CB, CC and memory B-cells (in-gel processed subsets) (Supplementary Figure S1).




Figure 1 | Attribute plot displaying the qualitative proteomic analysis of the 5 B-cell subpopulations (naive B-cells, centroblasts, centrocytes, memory B-cells, and plasma cells). Each column indicates unique protein numbers and corresponds to either a unique population (violet-, orange-, red-, blue- and green-filled dots for centrocytes, memory B cells, plasma cells, centroblasts and naïve B cells, respectively) or a set of populations (black- and brown-filled intersected dots). The bar chart on the bottom left side plots the total number of proteins identified per B-cell population. * The proteomics processing of plasma cells was different due to sample limitations.



The binary heatmap in Supplementary Figure S3 illustrates the clustering of tonsil B-cell subsets based on the presence/absence of proteins (qualitative proteomics characterization). Thus, two main groups were observed; group 1 included only the PC while group 2 included naive B-cells, CB, CC, and memory B-cells. Since such clustering was mainly due to the limited amount of sample processed for PC as discussed above, we further investigated the differences in protein expression profiles of the cell populations included in the second group. Such analysis showed that, among the 4 B-cell populations in the second group, naive B-cells were those showing a clearly distinct proteome, with clearly lower numbers of proteins identified, and suggesting that the overall number of proteins expressed increases as B-cell differentiation progresses from naive to memory B-cells. Of note, proteins exclusively expressed in GC B-cells (33) (Supplementary Table S2), mostly included proteins involved in DNA and RNA synthesis (RNA polymerase, MED21; RNA helicase, DDX47; DNA replication complex, GINS3; transcription, GTF2A2; translation, EIF4G2; initiation factors; nuclear pore glycoprotein, NUP62; and histone, HIST2H2BC). In turn, the proteins expressed solely in GC B- cells (i.e. CB and CC) laid in the expression of 24 of 2,472 (1%) specific proteins (Figure 1; Supplementary Table S2) in CB (proteins affecting B-cell receptor signaling such as VAV1, VAV2, GTPase RAP1GDS1; proteins involved in transcription process and histone acetylation such as BRD2 and in cell apoptosis process such as FADD) and 50 of 2,548 (2%) in CC (Figure 1; Supplementary Table S2) (e.g. NR3C1, BCL7A, PEG10, RGS13). Likewise, the investigation of naive B-cells displayed 7 of 1,992 (0.4%) proteins uniquely identified in this cellular subset (RNASEH2C, MRPL21, PURB, NDUFA3, HBQ1, PCBD2, and C9orf64) (Figure 1; Supplementary Table S2). Interestingly, the expression of specific proteins may determine the fate of the B-cells from the GC to differentiate into memory B-cells or PC. The qualitative comparison of the protein profiles of both subpopulations (i.e. memory B-cells and PC) (Supplementary Table S1) displayed that 29 proteins of the PC proteome were not expressed by memory B-cells, 25 of 393 (6%) of them were exclusively expressed in PC. These 29 PC-specific proteins included specific Ig molecules (IGKV3-11, IGKV3-15, IGHD, IGLC3, and JCHAIN), cytochrome C oxidases (COX6B1, COX7C), regulatory and transcription factors (IRF4, GTF2A1, LZTFL1), and the Abl interactor (ABL1) among other proteins. In addition, two of the remaining proteins were detected in both cell subsets but in different isoforms - isoform 1 (memory B-cells) and isoforms 5 and 2 (PC) for ADAR and PRKCAB proteins, respectively-. In contrast, 48 of 2,567 (2%) proteins were exclusively expressed by memory B- cells and not detected in PC (Supplementary Table S2), including the EBF1, BCL2L13, LRBA, IRF9, ITGB1, NMI, MRPL55, and THEMIS2 proteins.



Quantitative Maturation-Associated Protein Profiles From Naive to GC and Memory B-Cells

For quantitative protein analyses, a restriction criterion was established when a protein presented a value=0 for ≥1 of the 5 sample replicates investigated within each B-cell subpopulation; in such case, a value=0 was also assigned to the other replicates for that subpopulation (i.e. following the criteria established above for the qualitative analysis). However, the protein was not removed from the analysis as 0 has a quantitative meaning (absence of protein expression). In contrast, whenever a protein was “absent” across all B-cell populations analyzed, that protein was removed from further analyses. Thus, only differentially expressed proteins (ANOVA p-value<0.05) were included in the quantitative analysis for a total of 753 proteins expressed at significantly different levels (p-value<0.05) among the distinct B-cell subsets (Supplementary Table S3). Of note, due to the limited protein amount of PC protein samples, this B-cell subpopulation was not included in the quantitative proteome analyses that were thereby, exclusively performed on naive B-cells, CB, CC, and memory B-cells.

The quantitative proteomics data collected in Supplementary Table S3 was the basis for the principal component analysis (PCA) shown in Supplementary Figure S4, which revealed grouping of the B-cell subpopulations according to the relative protein abundances with a clearly higher separation between naive B-cells and the other three B-cell populations. In turn, CB and CC clustered closely together, while memory B-cells appeared to be closer to naive B-cells.

The distribution of the 753 differentially expressed proteins across the distinct human chromosomes and the different B-cell subpopulations are depicted in Supplementary Figure S5 (panels A, B, C). Of note, highly similar protein expression patterns were detected at the chromosome level for the GC and memory B-cells in contrast to naive B-cells, the latter showing lower expression levels for specific proteins encoded on chromosomes 1-4, 6, 8-9, 11, 14-15, 22 and X. Regarding the remaining chromosomes, protein expression profiles were similar among the four maturation-associated B-cell subsets analyzed, except for chromosome 11, for which naive B-cells and CB on one side, and CC and memory B-cells on the other side, were closer to each other.

Figure 2 depicts a hierarchical clustering analysis of the levels of these proteins differentially expressed among the distinct B-cell populations (naive B-cells, CB, CC, memory B-cells) (n=753) for each tonsil (1–5) sample analyzed. Overall, a high similarity was observed for all samples between CB and CC on one side, and to a less extent also, between naive and memory B-cells on the other side (except for two outliers, M5 and CB2). As discussed already above, this quantitative heatmap (together with that of Supplementary Figure S3) showed that the lowest protein expression values corresponded to the naive B-cells (coded as blue, Z-score values<0) whereas the highest ones corresponded to both CC and CB (coded as orange and red, respectively; Z-score values ≥2). Protein expression profiles of memory B-cells were more heterogeneous, including proteins presenting high expression levels and others being absent or expressed at low levels.




Figure 2 | Heatmap based on Z-score values for the proteins identified and quantitatively measured in naive B-cells (N), centroblasts (CB), centrocytes (CC) and memory B-cells (M). The color gradually changed from 4 (red) to 1 (yellow) and -2 (blue).



The distribution per cell population of the proteins showing the highest expression levels was as follows: 363 of 753 (48%) proteins were most strongly expressed in CB; 271 of 753 (36%) in CC; 97 of 753 (13%) in memory B-cells; and 22 of 753 (3%) were most strongly expressed in naive B-cells (as illustrated in Supplementary Figure S6). Conversely, the lowest expression levels for most proteins corresponded to the less differentiated cells (naive B-cells) - 608 of 753 (81%) proteins -, followed by memory B-cells – 92 of 753 (12%) -, and both CC and CB – 29 of 753 (4%) and 24 of 753 (3%) -, respectively (Supplementary Table S3).

Pairwise comparisons (1 vs 1) between the different B-cell subsets (Supplementary Table S3) showed (summarized results in Supplementary Table S4 and Supplementary Figure S7) proteins with significantly different relative abundances between each pair of B-cell populations (p-value<0.05). Once again, naive B-cells were those with lower numbers of proteins being over-expressed (<10% of all differentially expressed proteins). Of note, CB and CC showed a homogeneous distribution (60-40%, respectively) indicating the great similarity between both B-cell populations. Additionally, proteins associated with memory B-cells were found to be under-expressed in all pair-wise comparisons, except vs naive B-cells.



Functional Evaluation of the Differential Protein Profiles Identified Across Different Maturation-Associated B-Cell Populations

Functional enrichment screening for those proteins differentially expressed across the distinct B-cell populations in the 5 tonsil samples analyzed (Supplementary Table S5) revealed that those 350 proteins which were systematically detected in all B-cell subsets (Supplementary Table S1) were annotated in 56 functional clusters highly enriched in general cell functions (e.g. actin and tubulin binding, biosynthesis, proteolysis, cell-cell adhesion, RNA processing and glucose metabolism).

Further analyses of the functional pathways associated with the individual B-cell subsets (Supplementary Figure S8; Supplementary Table S5) showed that proteins that were exclusively identified in naive B-cells participated in a few pathways (e.g. ribosome, metabolic pathways, and DNA replication) also common to the other B-cell subsets. In turn, memory B-cell proteins were related to a greater number of pathways, particularly the protein processing (i.e. synthesis, PTMs, stability, degradation), antigen processing and presentation, and JAK-STAT signaling pathways. Specific proteins expressed by CB and CC were related to Fc-gamma-R-mediated phagocytosis and chemokine signaling pathways. In turn, CB and memory subsets shared (specific) proteins belonging to the Toll-like receptor, TGF-beta, WNT, cAMP, IL17, Fc epsilon R, TNF and cell cycle signaling pathways. Likewise, the ERBB, PI3K-AKT, MAPK, and mTOR signaling pathways included proteins exclusively identified on CC and memory B-cells. Regarding PC-specific proteins, these were mostly involved in protein export, spliceosome, and metabolic pathways. Overall, the EGFR tyrosine kinase inhibitor resistance, DNA replication, MAPK signaling, antigen processing and presentation, ribosome, protein export, spliceosome and metabolic pathways were those most differentially represented across the naive, CB, CC, memory and PC proteomes.

Protein enrichment within these networks revealed the more significant modules (Supplementary Figure S9A, Supplementary Table S6) and pathways (Supplementary Figure S9B, Supplementary Table S6) involved. Thus, the module with a greater number of genes/proteins detected in all B-cell subpopulations related to ribosome/protein synthesis, also associated with the spliceosome network in the pathway analysis. Of note, the citrate cycle was the most significant pathway in PC.



Quantitative Protein Differences During B-Cell Differentiation

The variation in the (quantitative) levels of specific proteins throughout the four maturation-associated B-cell populations analyzed (i.e. naive B-cells, CB, CC, memory B-cells) provided interesting insights into the B-cell differentiation process. Relevant protein groups for B-cell development, functioning and survival are depicted in Figure 3 and listed below. Findings are further explained in the Discussion section.




Figure 3 | Expression of specific groups of proteins across the different maturation-associated B-cell populations analyzed. The mean intensity obtained in the mass spectrometry analysis of the 5 replicates for each B-cell population was calculated and represented by family groups. N, naive B-cells; CB, centroblasts; CC, centrocytes; M, memory B-cells.



HLA proteins, responsible for the regulation of the immune system. In general, HLA-A proteins showed an increased expression in CB and memory B-cells with decreased values (even absent) in naive B-cells and CC. HLA-A-1 was significantly over-expressed in memory B-cells. Regarding HLA-B proteins, their expression progressively increased with higher B-cell differentiation from naive to memory B-cells, except for HLA-B-44. In turn, the HLA-DP, HLA-DQ and HLA-DR proteins showed a similar expression pattern, with a transient reduction in CB followed by a progressive recovery up to the memory B-cell subset; HLA-DOA displayed significantly higher expression levels in naive and memory B-cells.

Ig, serving as antigen receptors or neutralizing agents against specific antigens. Concerning Ig, no significant differences were observed for the IGHV as well as IGHM proteins. However, IGHA and IGHG1 displayed higher expression levels in GC B-cells (i.e. CB and CC). Regarding the Ig kappa/lambda light chains, the greatest differences among B-cell subsets were observed for the IGLL5 protein whose expression levels were decreased in CB and memory B-cells, while increased in naive B-cells and CC.

14-3-3 proteins, playing an isoform-specific role in class switch recombination. The expression profile of 14-3-3 proteins was constant across all 4 B-cell populations with higher levels in GC B-cells (CB and CC), and lower levels in naive and memory B-cells.

Caspases, for cell cycle regulation. Caspases and caspase-related proteins showed an unequal distribution along B-cell differentiation: some of these proteins showed low levels in CB and CC (CARD16, CASP14), another displayed increasing expression levels from naive to memory B-cells (CARD11), and another one had clear higher expression levels in the CB (CASP3).

B-cell associated proteins and adhesion molecules. The expression of these membrane proteins was characterized by either high levels in CB and memory subsets (CD20, CD81, CD53, CD180) or uniform expression levels across all 4 B-cell subsets with a slight increase among naive B-cells (CD22, CD44, CD79B).

FAS-associated proteins, involved in apoptosis. Interestingly, Fas-associated proteins were absent in naive B-cells (FADD, FAF1, FAF2, PARP14, TRADD), except for TRAF3IP3 and TNFAIP8, which presented the highest levels in this B-cell subset. For the TRADD and PARP14 proteins, memory B-cells were those showing the highest expression values.

Transcription factors (TF). Expression of TF was increased in GC B-cells (CB and CC) compared to naive and memory B-cells, both as regards the nuclear and overall TFs identified to be positively expressed. The same distribution pattern was found for the AP-1 proteins.

ATP synthase proteins, to catalyze the cell energy production. No significant differences were observed for these proteins among naive, CB, CC and memory B-cells, except for ATP5O, which almost doubled its expression in CC (vs. naïve and memory B-cells).

“Missing Proteins” and their patterns across B-cell subpopulations. The Human Proteome Project (HPP) has identified a set of proteins called “missing proteins” in based the reported evidence of these proteins (34). These missing proteins are classified by HPP in 5 groups called PE1 (evidence at protein level), PE2 (evidence at transcript level), PE3 (inferred from homology), PE4 (predicted), PE5 (uncertain). Then, complementary study to quantitative protein expression levels was evidence of protein existence (PE) classification (way to classify the so-called “Missing Proteins”). Here, it is explored only from the protein datasets (mean protein expression value) which identified protein candidates on groups PE1, PE2, PE5. Thus, 606 proteins have been correlated with a transcriptomics counterpart in the expression microarray, where 599 are include in PE1, one in PE2 and 6 in PE5. In the case of PE2 protein, RGS13 (with evidence at transcript level) is involved in signal transduction; while the six proteins (NCF1B, HSP90AB3P, HIST2HBC, SNX29P2, RPL0P6, POTEKP) in group PE5 are involved in stress response, DNA-binding, phosphatidylinositol binding, ribosomal protein and ATP binding (Supplementary Table S7). Within this group of PE5 proteins, the proteins HSP90AB3P, HIST2HBC and RPLP0P6, related with DNA-binding, stress response and ribosomal functions, show a differential protein profile during B-cell differentiation, where low levels are observed in naive B-cells and memory B-cells and progressive level expression increase is depicted for CB, whereas for CC there is a progressive decrease. Regarding the proteins NCF1B and SNX29P2, which are phosphatidylinositol binding proteins, present a similar pattern a similar profile, with progressive increasing of its expression level from naive B-cells to CC, and low levels in memory B-cells. Finally, POTEKP presents a completely different pattern from the other ones, with low levels in naive B-cell, increasing pattern in CB and memory B-cell and decrease profile in CC (Supplementary Figure S10).

Other proteins. IL16, LSP1, MZB1, SERPINB1, BCAP31, and BCL2L13 showed higher expression levels on memory B-cells vs all other subsets. In contrast, the highest expression levels for TCL1A were found in naive B-cells, gradually decreasing down to the memory B-cells compartment. Also, BCL2L2 presented the lowest expression levels among naive B-cells whereas the highest ones were detected in CB, CC and, particularly memory B-cells. EBF1 was expressed at slightly higher levels in CC vs CB, with the highest levels being observed on memory B-cells. In turn, REL, EZH2, and BAX presented the lowest expression levels in naive B-cells and high expression levels in CB. Regarding the expression level of BCL2, the memory subset displayed the highest values of the quantitative expression.



Correlation Between the Transcriptome and the Proteome of Distinct Maturation-Associated B-Cell Populations

The results of previously reported transcriptomics analyses, performed on the same maturation-associated B-cell populations, following identical processing and purification strategies (13), were compared with our proteomics results. A total of 6 tonsils were analyzed for transcriptomics and the resulting values (after processing transcriptomics data) were averaged as performed also for the proteomics data of this study.

First, the global list of genes contained in the transcriptomics platform, together with the differentially expressed genes (Supplementary Table S8) and their correspondence to differentially expressed proteins (ANOVA p-value<0.05) detected by LC-MS/MS was integrated and evaluated. Results of such comparative analyses (Supplementary Figure S7A) revealed a greater number of molecules differentially expressed by transcriptomics than those detected in the proteomics analysis (Supplementary Figure S7B), which could have been expected due to the total genome coverage of the transcriptomics platform vs the quantitative proteomics dataset. Thus, only 6% (201 of 3,241) of those transcripts that were found to be differentially expressed were associated also with a significantly differentially expressed (translated) protein. Additionally, a greater number of differentially expressed genes between naive B-cells and GC B-cells was found (2,826 of 3,241 genes; 87%). By contrast, naive and memory B-cells were more similar at the transcriptomic level showing only 450 of 3,241 (14%) genes differentially expressed between them. As done for the proteomics dataset, a representative cluster plot was generated to evaluate the distribution of the genes expressed in the different B-cell populations per chromosome (Supplementary Figure S5B).

To evaluate the correlation between transcriptomics and proteomics datasets for the different B- cell populations analyzed (naive, CB, CC, and memory), an updated version of the R-script tool previously described by our group (35) for integrating both sets of data was used. After calculating the corresponding ratios between proteomics and transcriptomics expression values (Supplementary Table S9), the results revealed higher protein/transcript ratios for CB, CC and memory B-cells than for the naive B-cells (Figure 4). A total of 569 paired genes/proteins were present in both datasets and therefore compared (expressed genes not detected by the proteomics approach were not included in this correlation analysis, Supplementary Table S8). This hierarchical clustering analysis (Figure 4) revealed two main groups of cells: group 1 consisting of naive and memory B-cells; and group 2, that included GC (CB and CC) B-cells. These data are also represented in Supplementary Figure S5C displaying the differences among the distinct B-cell subpopulations at the gene/protein levels per chromosome (i.e. protein-encoding genes in chromosomes 1, 4-6, 9, 15-16, 19, 22). Also, Supplementary Table S10 and Supplementary Figure S11 display five major protein clusters (obtained after self-organizing map (SOM) analysis from data collected in Supplementary Table S3) representing once more the protein expression dynamics across the distinct B-cell subpopulations. For example: SRSF2 and PDIA4 proteins from cluster 1 displayed higher gene/protein ratios at CC population, whereas proteins from cluster 5 (TRAF3IP3, CPOX, TPK1, S100A6, DCTD, LGMN) depicted lower ratio levels in the same population.




Figure 4 | Correlation between the proteomics and transcriptomics datasets for the distinct maturation-associated B-cell populations analyzed. The figure depicts a total of 569 genes/proteins detected by both approaches and the corresponding hierarchical clustering analysis for the 4 B-cell subpopulations (naive B-cells, centroblast, centrocyte and memory B-cells) investigated. Z-score values assuming the differences of proteomics/transcriptomics correlations are color-coded (blue for low P/T ratios and red for high P/T ratios). Lists of genes/proteins, as well as the ratio values, are shown in Supplementary Table S9.





Evaluation of the Expression of Proteins Specific for One or More Maturation-Associated B-Cell Populations by Multi-color Flow Cytometry (FCM)

The expression patterns of a subset of 11 differentially expressed proteins across the 4 B-cell populations analyzed (i.e. naive B-cells, CB, CC, and memory B-cells) was also quantitatively evaluated by FCM on the B-cell surface membrane (CD20, CD22, CD44, CD45, CD54, CD71, CD74, CD79B, CD81, and CD98) or at the intracellular levels also TCL1A. Overall, highly similar expression patterns were found for around half of these proteins (511; 45%) (Supplementary Figure S12): CD44, CD54, CD71, CD74, and TCL1A. Of note, FCM analysis confirmed our previous results about the expression levels of the TCL1A protein, which decreased with increasing B-cell differentiation from naive to GC and memory B-cells.




Discussion

Human B-cell differentiation has been extensively investigated on genomics and transcriptomics grounds (12, 15, 35), providing relevant data about those genes (and their modifications) and transcripts that regulate B-cell differentiation. Nevertheless, no studies have addressed so far, a detailed analysis of cells at different Ag-dependent human B-cell maturation stages from a quantitative and differential intracellular signaling proteomic perspective. Despite genomic information is highly relevant to understand the molecular basis of B-cell differentiation, the dynamics of this process can only be fully understood by also exploring and integrating the corresponding transcriptome and proteome information for each maturation stage (33, 34, 36, 37). Specifically, the main level of information required to understand the functioning of cells is the global analysis of proteins (i.e. key functional components of the cell) (38). However, the accomplishment of this examination is complex due to the amino acids features, the protein modifications and degradation, and the intricate and variable signaling networks in which proteins are involved (37).

Here, the quantitative proteomic profiles of human B-cells undergoing Ag-dependent maturation in tonsils have been described, depicting the intracellular pathways involved and the correlation with transcriptomics data. Thus, 5 different B-cell subpopulations at distinct stages of maturation (naive B-cells, CB, CC, memory B-cells, and PC) were highly purified from 5 human tonsils and proteomics-profiled by using a label-free quantitative LC-MS/MS approach. Qualitative analyses were performed on all 5 B-cell subsets, providing insights into their proteome maps that contributed to the understanding of how each B-cell subset gives rise to the next one. Quantitative proteomics comparisons shed further light on those differentially significantly expressed proteins, which may influence the switch among the studied B-cell maturation stages. Overall, our results showed a high overlap of the proteome of the 5 B-cell populations. Focusing on naive B-cells, CB, CC and memory B-cells, which were processed in a fully comparable way, this overlapping involved up to 1,897 proteins, which constituted 95% of proteins expressed by naive B-cells and ~75% of proteins detected in CB, CC, and memory B-cells. As might be expected, these proteins were typically involved in general cell functions such as actin and tubulin binding, biosynthesis, proteolysis, cell-cell adhesion, RNA processing and glucose metabolism. Despite the high intersection among the proteomes of B-cells at different maturation stages, specific proteins were also identified within each B-cell subset. Thus, GC-specific proteins included MED21, DDX47, GINS3, GTF2A2, EIF4G2, NUP62, and HIST2HBC, found in both the CB and CC proteomes, which are associated with FC-gamma-R-mediated phagocytosis and chemokine signaling pathways. In turn, while CB expressed VAV1, VAV2, RAP1GDS1, BRD2, and FADD among other proteins, CC exclusively expressed NR3C1, BCL7A, PEG10, and RGS13 within a total group of 50 unique proteins in the absence of the above listed CB-specific proteins. Of note, RGS13, whose expression was restricted to CC, has an important role in chemotaxis and the limitation of the expansion of GC cells (39). In turn, the expression of the VAV1/2 proteins restricted to CB is crucial for PC development and secretory Ig production (40), suggesting that PC might originate from a subset of CB-cells that up-regulate VAV1 and VAV2 expression leading to the induction of PC formation. In turn, naive B-cells presented only 7 exclusive proteins (i.e. RNASEH2C, MRPL21, PURB, NDUFA3, HBQ1, PCBD2 and C9orf64) involved in ribosome formation, metabolic pathways, and DNA replication.

At present, the precise proteins that are associated with differentiation of GC B-cells to memory B-cells vs PC still remain largely to be identified (41). Overall, our results showed 29 PC-specific proteins that were not identified in paired memory B-cells. These proteins were related to Ig (IGKV3-11, IGKV3-15, IGHD, IGLC3 and JCHAIN), cytochrome C oxidases (COX6B1, COX7C), regulatory and transcription factors (IRF4, GTF2A1, LZTFL1), and the Abl interactor ABL1. From these proteins, IRF4 has been claimed to define Ig-secreting PC by De Silva et al. (4, 42), being its expression associated with protein networks related to protein export, the spliceosome, and metabolic pathways among which the citric acid cycle network is the most significant. This, together with increased expression of cytochrome C oxidases in PC vs GC and memory B-cells might reflect the high energy consumption of PC, probably required because of their high Ig-secreting functionality. In parallel, high expression of multiple transcription factors discloses a unique increase in gene expression in these cells affecting previously silenced genes (i.e. a new transcriptional cell program). Finally, overexpression of ABL1 confirms previous observations by Li et al. (43) which revealed the role of this tyrosine kinase on PC survival.

In turn, the EBF1, BCL2L13, LRBA, IRF9, ITGB1, NMI, MRPL55 and THEMIS2 proteins were exclusively expressed in memory B-cells. Among others, these memory B-cells linked proteins involved in metabolic pathways, antigen processing and presentation, and the JAK-STAT signaling pathway. Thus, LRBA promotes proliferation, clonal expansion and cell survival of antibody-secreting cells and its deficiency has been demonstrated to reduce proliferation (44, 45). In turn, high levels of ITGB1 (also known as CD29) have been detected in memory B-cells (46). Of note, THEMIS2 was exclusively identified in the memory B-cell compartment, despite it seems to be not required for B-cell development (47).

Overall, naive B-cells emerged as the less differentiated cells of all B-cell subsets analyzed as for its protein expression profile strongly overlapped with that of the other B-cell populations, which showed greater proteomic diversity. However, qualitative differences existed for only a limited number of all expressed proteins. In contrast, more differentially expressed proteins were identified when the relative quantity of each protein across the distinct B-cell differentiation stages was considered. Additionally, quantitative analysis depicted 753 proteins to be differentially expressed in naïve B-cells, CB, CC, and memory B-cells. Interestingly, for these proteins, similar amounts and expression patterns were found for CB and CC on one side, and for naive and memory B-cells on the other side, with the lowest protein expression values being detected in naive B-cells further supporting their less differentiated nature. In contrast, the highest levels of protein expression were found for GC B-cells depicting the high functionality and protein turnover characteristic of these cells (2). Subsequent pair-wise comparisons between each B-cell population and both the previous and/or subsequent maturation stages confirmed the highly similar and homogeneous (quantitative) proteomics profile of CB and CC (2). By contrast, proteins of naive B-cells were under-expressed vs all other maturation stages.

More detailed analysis of those specific protein groups differentially expressed across the different maturation-associated B-cell populations revealed new insights into their functional proteomics throughout B-cell maturation. Thus, for the HLA-associated proteins, significantly high expression levels of HLA-DO were found in naive and memory B-cells vs GC cells, confirming previous observations by others studies (2, 48). In contrast, expression of the HLA-DR and CD74 molecules was higher within GC cells compared with the other two B-cell populations. These results support those of Chalouni et al. suggesting that when a specific Ag encounters naive B-cells, synthesis of new HLA II molecules is initiated to favor CB selection (48). Within the HLA I, expression of HLA-A and HLA-B proteins progressively increased as the B-cell maturation process advanced, except for HLA-B44, which would support the greater endogenous Ag-peptide presenting capacity of long-lived PC and memory B-cells vs short-lived naive B-cells. Regarding Ig molecules, two main expression patterns were observed: i) no differences among the B-cell subsets were found for IGHM and IGHV, while ii) greater expression values were found for IGHA, IGHG, Igλ, Igκ in GC B-cells vs both naive and memory B lymphocytes. Whereas the production of the mu and variable heavy chains of the Ig starts in the bone marrow, production of IgG and IgA requires class switch recombination in the GC, which likely explains our observations (49). In line with these findings, the 14-3-3 proteins involved in class-switch recombination expressed also significantly higher levels in CB and CC B-cells as also previously demonstrated by Xu et al. (50).

Interestingly, a relatively high number of differentially expressed proteins play distinct roles in apoptosis and/or survival of B-cells. For instance the CARD11 scaffold protein showed increasing levels from naive B-cells (lacking CARD11 expression) to memory B-cells, this protein being altered in a spectrum of diffuse large B-cell lymphomas (DLBCL) (51), mainly those derived from GC (GCB-DLBCL) and activated B-cells (ABC-DLBCL) (52), where it plays a key role in activating the NF-kB pathway to induce the B-cell proliferation and the proliferation vs death checkpoint in activated B-cells (52). TRADD also activates this pathway (53) and it was found to be overexpressed in memory B-cells vs less differentiated mature B-cells; which may be very interesting from a pathogenic point of view. Conversely, CASP3, a key regulator of Fas-mediated cell death in mature peripheral B-cells (54), was highly expressed in GC cells, particularly in CB (55). Of note, most Fas-related proteins were missing in naive B-cells, which might be due to the need of these cells to expand for continuing their B-cell differentiation and ensuring antibody production.

Study of missing proteins patterns shows expression profiles in accordance with the processes that occur along the cellular differentiation of the B-lymphocyte. High levels of DNA binding protein in CB are related to mutation for function receptor generation and cell proliferation, and this type of proteins decreases its levels as B cells differentiate into CC and memory B-cells. A similar pattern was observed for stress response and ribosomal proteins, since CB presented high expression levels due to the changing environment in which they are found. Regarding phosphatidylinositol binding protein, high levels were observed in CC, correlating with the active cell signaling due to antigen presentation required at this differentiation stage. Finally, ATP-binding protein presented a higher relative expression in memory B-cells compared to others, which correlated with the vesicle transport processes occurring in the immune synapse for antigen presentation in MHC molecules to T lymphocyte (56–61). Regarding other B-cell related proteins, distinct differentiation-associated profiles were observed. Thus, while CD22, CD44, and CD79B showed similar expression values throughout the B-cell maturation, other markers such as TCL1A, CD20, CD53, CD81 and CD80 varied substantially. Accordingly, expression of TCL1A was detected at the highest levels in the first stages of maturation (e.g. naive B-cells), it was reduced upon GC development and silenced in long-lived memory B-cells, as previously shown also by others (62). In contrast, IL16 protein levels peaked in memory B-cells and the highest CD20, CD53, CD81, and CD180 protein amounts were observed in CB and memory B-cells. Of note, expression of CD20 correlated with the expression of both HLA-A and HLA–B molecules, and CD81, which could reflect the well-known role of CD20-HLA-I and CD20-CD81 interactions required for the regulation of cell cycle progression in B-cells (63). Similarly, NFKB1 and NFKB2, two proteins that play an important role in B-cell activation and GC formation, were both detected at higher levels in CB and CC vs naive and memory B-cells (4). In turn, BCL2 was highly expressed in memory B-cells, supporting its role in the development and survival of the long-lived B-cell subset. In line with these observations, the expression of the BAX and BID pro-apoptotic proteins was higher in CB vs both naive and memory B-cells, respectively (64). Finally, the expression of EZH2 was increased in both CB and CC GC B-cells, their levels decreasing thereafter when the cells leave the GC (4).

In summary, our results provide a first map of the proteome of Ag-dependent B-cell maturation in tonsils supporting the value of quantitative proteomics data, which provides more information than that of qualitative proteomics solely based on the presence vs absence of the proteins. In addition, we show that along the differentiation of mature B-cells, the naive B-cell compartment typically shows expression of fewer proteins usually at lower levels, most of which are shared by the immature GC and memory B-cells. Of note, a highly similar proteomics profile was found for CB and CC while memory B-cells more closely mimicked naive B-cells despite both cell compartments are at the greatest distance B-cell maturation process.
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Supplementary Table 1 | Qualitative results. The lists of identified proteins are shown for each B-cell subpopulation (naive B-cells, N (sheet 1); centroblasts, CB (sheet 2); centrocytes, CC (sheet 3); memory B-cells, M (sheet 4); plasma cells, PC (sheet 5)) including the protein identifier (Uniprot ID), complete name of the protein (description), abundance values for each B-cell subpopulation and replicate (1-5), and mean value. The sheet 6 contains the lists of proteins in common among B-cell subpopulations and the unique proteins per group resulting from a Venn analysis.

Supplementary Table 2 | Unique proteins identified per B-cell subpopulation. Lists of proteins (gene name) exclusively identified in the indicated B-cell subpopulation are shown.

Supplementary Table 3 | Quantitative analysis. The lists of proteins of the quantitative analysis are depicted (sheet 1) together with the 1-to-1 comparisons (sheets 2-7). The UniProt ID (accession), the number of detected peptides per protein (peptide count), the number of unique peptides per protein (unique peptides), the confidence score, the ANOVA p-value (ANOVA (p)), the max fold change, the B-cell population with the highest mean for each protein (highest mean condition), the B-cell population with the lowest mean for each protein (lowest mean condition), the complete name of the protein (description), and the normalized abundance for each replicate within each B-cell population are indicated. The significant proteins (ANOVA p-value < 0.05) detected after pair-wise comparisons of B-cell subpopulations. 1 means “significant differences”, 0 means “no significant differences” (sheet 8).

Supplementary Table 4 | Quantitative protein results after comparing B-cell subpopulations with each other. The total number of significantly expressed proteins within each comparison is depicted as well as the number and percentage of proteins highly expressed in one subpopulation compared to the other one.

Supplementary Table 5 | Functional enrichment analysis (FEA) of the proteins identified in the 5 B-cell subpopulations. The file contains 5 Tables with the annotated clusters (p-value<0.05): (I) Table “350 in common” shows the 56 annotated clusters identified for the proteins in common across the naïve (N), CB, CC, memory (M), and PC subsets. (II) Table “1547_N_CB_CC_M” includes the 129 annotated clusters identified for the proteins in common across N, CB, CC, and M subsets. (III) Table “419_CB_CC_M” displays the 63 annotated clusters for proteins in common in CB, CC, and M subsets. (IV) Table “77_CC_M” shows the two annotated clusters for proteins in common between CC and M subpopulations. (V) Table “25_PC” depicts the two annotated clusters identified for the 25 proteins exclusively detected in the PC subset. (VI) Lists of proteins identified within each B-cell subpopulation across the pathways represented in Supplementary Figure S8.

Supplementary Table 6 | Significantly enriched modules and pathways related to the 5 B-cell subpopulations. The file contains 2 Tables: (I) Table “Modules” shows the different modules per B-cell subpopulation and the corresponding p-value, q-value and adjusted p-value, as well as the GeneName and GeneSymbol of the genes included in the module. (II) Table “Pathways” shows the same information as stated above for the pathways.

Supplementary Table 7 | Data set missing proteins detected by MS/MS. Information on missing proteins detected after proteomic analyses in progress of B-lymphocyte differentiation during antigen-dependent phase.

Supplementary Table 8 | Transcriptomic data. The file contains: (I) the results of the expression profiling of B-cell subsets sorted from human tonsils on Affymetrix Human Exon 1.0 ST arrays (raw data deposited at NCBI’s Gene Expression Omnibus database, GSE69033) after calculating the mean expression values (6 biological replicates) for each B-cell subset (naive B-cells, centroblasts, centrocytes, memory B-cells and plasma cells). The presence/absence of each gene displayed on the array in the proteomic analysis is also indicated. (II) The significant genes (ANOVA p-value < 0.05) detected after pair-wise comparisons of B-cell subpopulations. 1 means “significant differences”, 0 means “no significant differences”. (III) Lists of proteins, genes and their combination which have shown significant differences in the ANOVA test (p-value<0.05).

Supplementary Table 9 | Proteomics/transcriptomics ratios. The correlation between both strategies was calculated according to the mean values for each gene/protein within each B-cell subpopulation. (I) Proteomics mean values for the 606 proteins having a transcriptomic counterpart in the expression microarray. (II) Proteomics/transcriptomics ratios for the 569 genes/proteins presenting values in both datasets.

Supplementary Table 10 | Data set Proteomic clusters. Protein clusters were built by applying a hierarchical self-organizing map (SOM) algorithm and including Gene Ontology information. Each protein value was calculated as the mean protein expression in each B-cell population. Graphs showing these data are represented in Supplementary Figure S11.

Supplementary Figure 1 | Proteomic workflow performed on B-cells. Panel (A) shows the B-cell ontogeny from the hematopoietic stem cell (HSC) to the long-lived B-cell populations. Panel (B) depicts the procedure followed to process the proteins from naive B-cells (N), centroblasts (CB), centrocytes (CC), memory B-cells (M) and plasma cells (PC) for further mass spectrometric (MS) analysis after in-solution and in-gel protein digestions.

Supplementary Figure 2 | Gating strategy used for the classification of tonsilar B-cell populations. In a first step, total B-cells were subsequently gated as FSClow/SSClow, CD19+/CD20+/CD45+ and CD3- (pink dots) (A). In a second step (B), these gated B-cells were dissected into 5 subpopulations based on their staining profile for CD10, CD27, CD38, and CD184. CC:  Centrocytes. CB: Centroblasts. MBC, Memory B-cells. PC,  Plasma cells. 

Supplementary Figure 3 | Binary heatmap based on the presence/absence of the proteins identified in the B-cell subpopulations. The blue color represents the absence of a protein whereas the red color means presence. 

Supplementary Figure 4 | Principal component analysis (PCA) graphics of B-cell subpopulation comparisons after quantitative analysis of the identified proteins. The quantitative proteomics data used for this PCA is collected in Supplementary Table S3.

Supplementary Figure 5 | Circular graphical representation of differentially expressed proteins (A), genes (B) and the corresponding proteomics/transcriptomics ratios (C). Each graphic has four layers. From the outer layer to the inner one, data for memory B-cells (orange), centrocytes (purple), centroblasts (blue) and naive (green) B-cells are represented. Each layer depicts the quantitative values for each protein within each chromosome. Remarkable proteins within the dataset are indicated in the graphic. Since it is difficult to read such protein names in the graphics, they are also mentioned here (in clockwise direction, same proteins/genes for panels A–C): THEMIS2, CD53, RGS13, TRAF3IP3 (chromosome 1); REL, XPO1, SF3B1 (chromosome 2); NFKB1 (chromosome 4); MZB1, CD74 (chromosome 5); HLA-B(x6), NFKBIE (chromosome 6); EZH2 (chromosome 7); LYN (chromosome 8); VIM, GDI1 (chromosome 10); CD44, MS4A1, CASP1 (chromosome 11); GAPDH (chromosome 12); TCL1A, HSP90AA1 (chromosome 14); GINS3, PSMD7, IRF8 (chromosome 16); STAT3 (chromosome 17); VAV1, DNMT1, VASP (chromosome 19); BID, MYH9 (chromosome 22).

Supplementary Figure 6 | Diagram representation of stacked deviations of proteins identified and quantitatively measured in the B-cell subpopulations (naive B-cells, centroblasts, centrocytes, memory B-cells). The number of proteins that were differentially expressed, according to an outlier statistic, were calculated and represented in intervals of Z-distance from the mean.

Supplementary Figure 7 | Attribute plots of pair-wise comparisons of (A) proteins (data connected to Supplementary Tables S3 and S4) and (B) genes (data connected to Supplementary Table S8) differentially expressed (ANOVA p-value < 0.05) across the B-cell subpopulations. Set size refers to the total number of proteins (A) or genes (B) present in each pair of populations (e.g. almost 600 proteins in common for CC and M). Intersection size depicts the number of proteins or genes in common for the paired populations only (orange, brown, pink, grey, black and yellow for CC-M, CB-M, N-CC, N-CB, CB-CC and N-M, respectively) or their combinations (bars in dark grey, combinations of paired-populations indicated by black dots connected by black lines in the bottom part of the graph). The bigger the intersection size, the more proteins/genes detected in those paired-populations or combinations of paired-populations. N, naive B-cells; M, memory B-cells; CB, centroblasts; CC, centrocytes.

Supplementary Figure 8 | Graphical visualization of the protein involvement in signaling pathways. Bars length represents the total number of proteins contained in the given pathways: in green (proteins of naive B-cells), blue (proteins of centroblasts), light purple (proteins of centrocytes), light orange (proteins of memory B-cells), red (proteins of plasma cells), and brown (proteins in common). The related lists of proteins are collected in Supplementary Table S5.

Supplementary Figure 9 | Significantly enriched modules and pathways. Panel (A) shows the modules detected as significantly enriched across the 5 B-cell subpopulations. Panel (B) displays the significantly enriched pathways. The size of the dots correlates with the number of genes identified in the corresponding B-cell population belonging to the referenced module. The adjusted p-value is color-coded from 0.01 and 0.004 (red) to 0.04 and 0.016 (blue) for modules (panel A) and pathways (panel B), respectively. s.p., signaling pathway.

Supplementary Figure 10 | Mean protein expression pattern of missing proteins detected for MS/MS in B-cell populations. The mean intensity of the 5 replicates for each B-cell population was represented by family groups. N, naive B-cells; CB, centroblasts; CC, centrocytes; M, memory B-cells.

Supplementary Figure 11 | Proteomic mean expression. The figure shows clusters of proteins built by applying a hierarchical self-organizing map (SOM) algorithm and including Gene Ontology information (molecular function and/or subcellular location). Each protein value in each cluster corresponds to the mean protein expression level (information collected in Supplementary Table S10, original data in Supplementary Table S3) across the five biological replicates analyzed per B-cell subpopulation. The figure shows how these proteins are differently expressed in naïve (N), centroblast (CB), centrocyte (CC) and memory B-cell (M) populations.

Supplementary Figure 12 | Comparative analysis of specific proteins investigated by flow cytometry (FCM) and mass spectrometry (MS/MS) approaches. The intensity values obtained with each strategy are represented in each graphic for each evaluated protein. The gray line represents the FCM data, whereas the orange one depicts the MS/MS results. N, naive B-cells; CB, centroblast; CC, centrocyte; M, memory B-cell.

Supplementary File 1 | R Script for the processing and analysis of proteomic MS/MS data and transcriptomic microarray results and their ulterior multi-omics integration for the study of the dynamics of B-cell populations.
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B cell activation by Tfh cells, i.e., through CD154 engagement of CD40 and IL-21, and survival within GCs are crucial for the T-dependent Ab response. LUBAC, composed of HOIP, SHARPIN, and HOIL-1, catalyzes linear ubiquitination (Linear M1-Ub) to mediate NF-κB activation and cell survival induced by TNF receptor superfamily members, which include CD40. As shown in this study, B cells expressing the Sharpin null mutation cpdm (Sharpincpdm) could undergo proliferation, CSR, and SHM in response to immunization by a T-dependent Ag, but were defective in survival within GCs, enrichment of a mutation enhancing the BCR affinity, and production of specific Abs. Sharpincpdm B cells stimulated in vitro with CD154 displayed normal proliferation and differentiation, marginally impaired NF-κB activation and survival, but markedly exacerbated death triggered by IL-21. While activating the mitochondria-dependent apoptosis pathway in both Sharpin+/+ and Sharpincpdm B cells, IL-21 induced Sharpincpdm B cells to undergo sustained activation of caspase 9 and caspase 8 of the mitochondria-dependent and independent pathway, respectively, and ultimately caspase 3 in effecting apoptosis. These were associated with loss of the caspase 8 inhibitor cFLIP and reduction in cFLIP Linear M1-Ub, which interferes with cFLIP poly-ubiquitination at Lys48 and degradation. Finally, the viability of Sharpincpdm B cells was rescued by caspase inhibitors but virtually abrogated – together with Linear M1-Ub and cFLIP levels – by a small molecule HOIP inhibitor. Thus, LUBAC controls the cFLIP expression and inhibits the effects of caspase 8 and IL-21-activated caspase 9, thereby suppressing apoptosis of CD40 and IL-21-activated B cells and promoting GC B cell survival.
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Introduction

B lymphocytes are central to humoral immunity, as they differentiate into “effector” cells that secrete class-switched (IgG, IgA, and IgE) and high-affinity mature antibodies (Abs) or “helper” cells that produce regulatory cytokines (1–3). During the Ab response, B cells expressing antigen (Ag)-specific B cell receptors (BCRs) are engaged by activated T follicular helper cells (Tfh) in secondary lymphoid organs, leading to their robust proliferation and differentiation in germinal centers (GCs), from which plasma cells emerge as long-lived Ab secreting cells (ASCs) and memory B cells are also generated to establish recallable immunity (3–5). Among the Tfh cell-expressed factors, CD154 (CD40 ligand, CD40L) engages CD40, a member of the TNF receptor superfamily, on target B cells and functions as a “primary” stimulus by inducing epigenetic modulation, activating transcription factor (e.g., NF-κB) and expanding the transcriptome to drive B cell proliferation and differentiation (2, 6). The sustained GC reaction requires IL-21, the hallmark cytokine of Tfh cells (7, 8), to boost B cell proliferation and induce plasma cell differentiation by upregulating BLIMP-1, the master transcription factor of plasma cells (9–12). IL-21 also synergizes with CD154 to induce AID, an activated B cell-restricted cytidine deaminase that introduces DNA lesions in the immunoglobulin (Ig) genes to initiate class switch DNA recombination (CSR) and somatic hypermutation (SHM), which underpin Ab class-switching (e.g., from IgM to different IgG isotypes) and affinity maturation, respectively (2, 13). Other CD4+ T helper cells, such as Th1 and Th2 cells, also participate in the GC reaction, e.g., through their hallmark cytokines. In particular, Th2 cytokine IL-4 synergizes with CD154 to activate NF-AT to enhance B cell proliferation as well as induce AID expression and IgH Iγ1-Cγ1 and Iε-Cε germline transcription to initiate CSR to IgG1 and IgE (2, 14).

CSR, most notably IL-4-dependent CSR to IgG1, is likely completed before the full development of IL-21+ Tfh cells and GCs (15, 16). Within the GC dark zone, class-switched B cells (and some IgM+ cells) acquire a high load of mutations in the V(D)J region DNA to alter the affinity of BCRs to the Ag. B cells bearing the BCRs of higher affinities are positively selected in the GC light zone and then shuttle back into the dark zone for new rounds of proliferation and SHM, an iterative process that eventually leads to affinity maturation (17). This can be manifested by the appearance – at the peak of the GC reaction – of several dominant BCR families whose members carry the signature mutation obtained by the founders. The positive selection of founder B cells and a subset of progenies in later rounds could be based on their superior survival in GCs, a notion consistent with that a high proportion of GC B cells are apoptotic and likely subclones outcompeted and failing to cross the survival threshold (18–20). Increasing evidence suggests that higher-affinity BCRs result in more efficient Ag uptake and MHC presentation to Tfh cells, which in turn endow GC B cells with a better survival capacity (21, 22). However, the stimuli that trigger the death of GC B cells and survival mechanisms employed by B cells are still poorly understood.

The linear ubiquitin chain assembly complex (LUBAC), which is composed of the HOIP catalytic subunit, SHARPIN structural subunit, and HOIL-1, is at the nexus of regulation of NF-κB activation and cell survival induced by TNF receptor superfamily members (23, 24). Prompted by this, we hypothesize that LUBAC plays an important role in CD40-mediated B cell proliferation, survival, and/or differentiation in response to immunization to T-dependent Ags. To test our hypothesis, we used a well-defined in vitro culture system to recapitulate the opposing impact of Tfh cell stimuli, i.e., induction of B-cell death by IL-21 and maintenance of survival by CD154, on B cells expressing the cpdm null mutation of Sharpin (Sharpincpdm) and/or treated with HOIPIN-8, a recently discovered small molecule inhibitor of HOIP (25, 26). We also explored the molecular mechanisms underpinning IL-21-induced B cell apoptosis and the role of SHARPIN and LUBAC in regulating this process. We  further addressed the B cell-intrinsic role of SHARPIN in specifically mediating the GC B cell survival and Ab responses to a T-dependent Ag in vivo by generating mice with B cell-specific expression of Sharpincpdm (B-Sharpincpdm) and mice in which Sharpincpdm B cells directly competed against wildtype B cells within the same GC environment. Finally, we performed SHM analysis of over 20,000 BCR-encoding sequences to provide molecular evidence that B-cell SHARPIN promotes positive selection for high-affinity Abs.



Materials and Methods


Mice and Immunization

C57BL/6 (also CD45.2+, stock #000664), C57/CD45.1+ (B6.SJL-PtprcaPepcb/BoyJ, #002014), Sharpincpdm/cpdm (Sharpincpdm, #007599, CD45.2+) and μMT mice (#002288) were from the Jackson Laboratory. To generate mixed bone marrow chimera mice with B cell-specific Sharpincpdm or Sharpin+/+ genotype (B- Sharpincpdm and B- Sharpin+/+, respectively), bone marrow cells from μMT mice (4x106) and sex-matched Sharpincpdm or Sharpin+/+ littermate donor mice (106) were mixed at the 80:20 ratio after red blood cell lysis and T cell depletion using a biotinylated anti-CD3 Ab and streptavidin-conjugated beads. Bone marrow cells were transplanted through intravenous (i.v.) injection into 8-week old C57 mice that had been γ-irradiated with a lethal dose (10 Gy) using a 137Cs source and recovered for 24 h in the presence of neomycin. Circulating leukocytes were monitored weekly by flow cytometry until full reconstitution of immune cells, typically after 8 weeks. To generate mixed bone marrow chimera mice carrying both CD45.2+ Sharpincpdm and CD45.1+ Sharpin+/+ hematopoietic lineage cells, 8-week old sex-matched CD45.2+ Sharpincpdm and CD45.1+ C57 donor mice were co-housed for one week before sacrificed to obtain bone marrow cells, which were mixed at the 50:50 ratio (2.5x106 each) and injected i.v. into irradiated C57 recipient mice, as above. The immune cell reconstitution was verified by FACS.

All mice were maintained in a pathogen-free vivarium at the University of Texas Health Science Center at San Antonio (UTHSCSA). For immunization, mice were injected intraperitoneally (i.p.) with 100 μg of NP-CGG (in average 16 molecules of NP, 4-hydroxy-3-nitrophenyl acetyl, conjugated to one molecule of CGG, chicken γ-globulin; Biosearch Technologies) in the presence of 100 μl of alum (Imject® Alum adjuvant, ThermoFisher) in the central-left abdomen area. Both male and female mice were used. All protocols were in accordance with the rules and regulations of the Institutional Animal Care and Use Committee (IACUC) of UTHSCSA.



B Cell Isolation, Culture, and Stimulation

Mouse immune cells were isolated from single cell suspensions prepared from the spleen. Spleen cells were resuspended in ACK Lysis Buffer (Lonza) to lyse red blood cells.  After quenching with RPMI 1640 medium supplemented with 10% FBS, 50 μM β-mercaptoethanol and 1x antibiotic-antimycotic mixture (Invitrogen) (RPMI-FBS), cells were resuspended in PBS for flow cytometry analysis or further preparation. To isolate B cells, splenocytes were subjected to negative selection (against CD43, CD4, CD8, CD11b, CD49b, CD90.2, Gr-1 or Ter-119) using EasySep™ Mouse B cell Isolation Kit (StemCell™ Technologies) following the manufacturer’s instructions, resulting in the preparation of more than 99% IgM+IgDhi B cells. After pelleting, B cells were directly used for genomic DNA extraction for genotyping, RNA extraction, or resuspended in RPMI-FBS for stimulation. In genotyping experiments, non-B cells, i.e., those that bound the Ab cocktail and magnetic beads, were also subjected to genomic DNA extraction.

B cells were cultured (3.5x105 cell/ml, 1 ml in a 48-well plate) in RPMI-FBS at 37°C and stimulated with CD154 (3 U/ml or as indicated), which was prepared as membrane fragments isolated from Sf21 insect cells infected by CD154-expressing baculovirus, to activate B cells for proliferation and differentiation, as described (6). The membrane fragments from non-infected Sf21 cells failed to activate B cells. IL-4 (5 ng/ml; R&D Systems) and IL-21 (50 ng/ml; R&D Systems) were added, as indicated. Other stimuli include an agonistic anti-CD40 Ab (clone FGK4.5; BioXcel; αCD40, 3 μg/ml or as indicated), TLR1/2 ligand Pam3CSK4 (100 ng/ml, Invivogen), TLR4 ligand lipid A (1 μg/ml, Invivogen), TLR7 ligand R-848 (30 ng/ml, Invivogen), TLR9 ligand ODN1826 (sequence 5’-TCCATGACGTTCCTGACGTT-3’) with a phosphorothioate backbone (CpG, 1 μM; Eurofins), F(ab’)2 of a goat anti-mouse μ chain Ab (anti-μ F(ab’) 2, 1 μg/ml; αIgM; Southern Biotech), which crosslinks IgM BCR, or anti-Igδ mAb (clone 11-26c conjugated to dextran, αIgD/dex, 100 ng/ml; Fina Biosolutions), which crosslinks IgD BCR (6). B cells were collected 24h later for RNA extraction or protein lysate preparation, or 96h later for FACS analysis of viability, proliferation, and expression of surface markers.



Flow Cytometry and B Cell Proliferation Analysis 

To analyze B cells and other immune cells ex vivo, spleen or blood cells (2x106) were first stained in Hank’s Buffered Salt Solution plus 0.1% BSA (HBSS-BSA) for 20 m with fluorophore-labeled mAbs to surface markers (Supplementary Table 1) in the presence of mAb Clone 2.4G2, which blocks FcγIII and FcγII receptors, and fixable viability dye (FVD) or 7–AAD without permeabilization. After washing, cells were resuspended in HBSS for FACS analysis. FACS data were analyzed by the FlowJo® software (BD).

To analyze B cell proliferation in vivo, mice were injected twice i.p. with 2 mg of bromodeoxyuridine (BrdU) in 200 μl PBS, with the first and second injection at 24 h and 1 h prior to sacrificing, respectively. Splenocyte (2x106) were washed with BSA-HBSS and stained with Abs specific for surface markers in the presence of FVD. After washing, cells were resuspended in the BD Cytofix/Cytoperm™ buffer (250 μl) and incubated at 4°C for 20 m. After washing twice with the BD Perm/Wash™ buffer, cells were counted again and 106 cells were resuspended in 100 μl of BD Cytofix/Cytoperm™ buffer for staining with fluorochrome-conjugated anti-BrdU mAb and/or 7–AAD for 30 m. After washing with BD Perm/Wash™ buffer, cells were analyzed by FACS. All data were analyzed by FlowJo® (BD).

To analyze B cells stimulated in vitro, cells were harvested, stained with FVD or 7–AAD without permeabilization in HBSS-BSA for 20 m and analyzed by flow cytometry for expression of Igγ3, Igγ1 and Igγ2b expression (CSR to IgG3, IgG1, and IgG2b), CD138 (plasma cell marker) and other B cell surface molecules. To analyze B cell proliferation in vitro, CellTrace™ Yellow Cell Proliferation Kit (ThermoFisher) was used following the manufacturer's instructions with minor modifications. Briefly, 10x106 purified naïve B cell were stained with CellTrace™ Yellow (10 μM, diluted from the 5 mM stock solution in 1 ml DPBS) for 5 m at 37°C with protection from light. After incubation, cells were pelleted by centrifugation for 5 m at 800g, washed with 10 ml RPMI-FBS before cultured for stimulation. Up to 10 cell divisions could be traced after 96 h of stimulation by CD154. B cells were harvested and analyzed by flow cytometry (Ex532nm, Em555/580nm).



Cell Viability, Apoptosis, and Caspase Activity Analysis

For viability analysis, B cells were stained with 7–AAD, which enters the cell that had a compromised plasma membrane integrity, together with Abs specific surface marker in HBSS-BSA for 20 m, washed once, and resuspended in HBSS-BSA for FACS analysis. To analyze apoptosis and necrosis using 7–AAD and Annexin V, which binds to the phosphatidylserine that was located at the intracellular leaflet of the plasma membrane and exposed to Annexin V once “flipped” outside, B cells were stained with Abs specific for surface markers in HBSS-BSA on ice for 20 m. After washing, cells were resuspended in 100 μl Annexin V binding buffer (BioLegend) containing 7–AAD and 1:50 diluted FITC-conjugated Annexin V (BioLegend) at RT for 15 m. After staining, 400 μl of Annexin V binding buffer was added and cells were immediately analyzed by flow cytometry to analyze apoptotic (Annexin V+7–AADlo) cells and necrotic (Annexin V+7–AADhi) cells. The caspase activity in freshly harvested spleen B cells from immunized mice was detected using the CaspACE™ FITC-VAD-FMK (Promega), a FITC- conjugated analog of the pan caspase inhibitor Z-VAD-FMK that could diffuse into cells and irreversibly bind to all activated caspases. Splenocyte (106) were cultured with CaspACE™ FITC-VAD-FMK (10 μM) in RPMI-FBS at 37°C for 15 m and then harvested for staining with Abs specific for surface markers in HBSS-BSA on ice for 20 m. After washing once and resuspended in HBSS-BSA, cells were analyzed by FACS. To analyze cleaved caspase 3 in B cells by intracellular staining, splenocyte (106) were washed with BSA-HBSS and stained with Abs specific for surface markers in the presence of FVD. After washing, cells were fixed with the BD Cytofix/Cytoperm™ (200 μl) at 4°C for 20 m. After washing twice with BD Perm/Wash™ buffer, cells were stained in the same buffer with PE-conjugated Ab for cleaved caspase 3.



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential (Δψm) was measured by the JC-1 Mitochondrial Membrane Potential Assay Kit (Abcam) following the manufacturer’s instructions. When the mitochondrial membrane potential is low, JC-1(tetraethylbenzimidazolylcarbocyanine iodide, a cationic dye) becomes a monomer that yields green fluorescence (JC-1 green) detectable in the FITC channel (530 nm Em) in flow cytometry. When the mitochondrial membrane potential is high, the dye accumulates into high concentrations in mitochondria, thereby aggregating and yielding red fluorescence (JC-1 red) detectable in the PE channel (590 nm Em). Stimulated B cells were washed with 1x dilution buffer and then stained with 10 μM JC-1 in 1x dilution buffer for 15 m at 37°C. Cells were washed once with 1x dilution buffer and stained for surface markers before flow cytometry analysis.



ELISA and ELISPOT

Serum samples were collected at d 0, 7, and 14 after immunization. To analyze total serum IgM, IgG subclasses, and IgA tilter in homeostasis, samples collected at d 0 were diluted with PBS (pH 7.4) plus 0.05% (v/v) Tween-20 (PBST). Two-fold serially diluted samples and standards for each Ig isotypes were applied to 96-well plates coated with goat anti–IgM, anti–IgA or anti–IgG Abs (all 1 mg/ml, Supplementary Table 1) and incubated for 2h at 37 °C to capture IgM, IgA, and different IgG isotypes (IgG1, IgG2a, IgG2b, and IgG3) Abs. After washing with PBST, captured Igs were detected with biotinylated anti–IgM, –IgA, –IgG1, –IgG2a, –IgG2b and –IgG3 Abs (Supplementary Table 1) followed by reaction with horseradish peroxidase (HRP)-labeled streptavidin (Sigma-Aldrich), development with o-phenylenediamine and measurement of absorbance at 492 nm. Ig concentrations were determined using Prism® (GraphPad). To analyze titers of high-affinity and total NP-specific Abs, plates were coated with NP7-BSA (7 NP molecules on one BSA molecule) and NP34-BSA, respectively. Captured Igs were detected with anti–IgM, –IgG1, –IgG2b, –IgG3, and –IgA Abs. Data are relative values based on end-point dilution factors.

For ELISPOT analysis of NP7-binding and total IgM+ and IgG1+ ASCs, Multi-Screen® filter plates (Millipore) were activated with 35% ethanol, washed with PBS, and coated with anti–IgM, anti–IgG or NP7-BSA (all 5 μg/ml) in PBS. Single spleen or bone marrow cell suspensions were cultured at 250,000 cells/ml (in plates coated with NP7-BSA) or 125,000 cells/ml (in plates coated with anti–IgM or anti–IgG) in RPMI-FBS at 37°C for 16 h. After supernatants were removed, plates were incubated with biotinylated goat anti-mouse IgM or –IgG1 Ab, as indicated, for 2 h and, after washing, incubated with HRP-conjugated streptavidin. Plates were developed using the Vectastain AEC peroxidase substrate kit (Vector Laboratories). The stained area in each well was quantified using the CTL Immunospot software (Cellular Technology) and depicted as the number of spots for quantification.



RNA Isolation,  qRT-PCR and RNA-Seq

Total RNA was extracted from 5 x 106 B cells using the RNeasy Mini Kit (Qiagen). First-strand complementary DNA (cDNA) was synthesized from equal amounts of total RNA (4 μg) using the SuperScript III System (Invitrogen) and an oligo-dT primer. cDNA was analyzed by qPCR using SYBR Green (Bio-Rad) and appropriate primers (Supplementary Table 2). PCR was performed in a CFX96™ Real-Time PCR System (Bio-Rad Laboratories) according to the following protocol: 95°C for 30 s, 40 cycles of 95°C for 10 s, 55°C for 30 s, 72°C for 30 s. Melting curve analysis was performed at 72°C–95°C. The ΔΔCt method was used to analyze transcript levels and data were normalized to the expression of Cd79b, which encodes BCR Igβ, as constitutively expressed in B cells.

For RNA-Seq, after RNA integrity was verified using an Agilent Bioanalyzer 2100™ (Agilent), RNA was processed using an Illumina TruSeq RNA sample prep kit v2 (Illumina). Clusters were generated using TruSeq Single-Read Cluster Gen. Kit v3-cBot-HS on an Illumina cBot Cluster Generation Station. After quality control procedures, individual RNA-Seq libraries were pooled based on their respective 6-bp index portion of the TruSeq adapters and sequenced at 50 bp/sequence using an Illumina HiSeq 3000 sequencer. The resulting reads, typically 16 million reads per sample, were checked by assurance (QA) pipeline and initial genome alignment (Alignment). De-multiplexing with CASAVA was employed to generate a Fastq file for each sample. After removing the adaptor and poor-quality reads using Trim Galore, all sequencing reads were aligned with the (GRCm38/mm10) reference genome by using HISAT2 with default settings, yielding Bam files, which were further processed using HTSeq-count to obtain counts for each gene. RNA expression levels were determined using GENCODE annotation. Differential expression analysis was performed using the Deseq2 package in R post-normalization based on a Benjamini-Hochberg false discovery rate (FDR)-corrected threshold for statistical significance of p value <0.01 and log2FC >1 The count of differentially expressed genes was used to generate heatmaps using Clustvis software. For gene set enrichment analysis, the 112 RelA target genes identified by Ngo et al (27) were used for GSEA analysis of the enrichment of the Deseq2 package normalized RNA-Seq data.



High-Throughput Repertoire and SHM Analysis

To analyze the repertoire usage and SHM in the V186.2 region DNA, RNA was extracted from splenic B cells for cDNA synthesis, as described above. Rearranged V186.2DJH-Cμ and V186.2DJH-Cγ1 cDNA was amplified using Phusion™ high-fidelity DNA polymerase (New England BioLabs) and a V186.2 leader-specific forward primer and a reverse primer specific for the Cμ or Cγ1 exon (Supplementary Table 2), followed by the second round of PCR using the same forward primer and a nest reverse primer tagged with an Illumina clustering adapter (Supplementary Table 2), using the following protocol: 98°C for 10 s, 60°C for 45 s and 72°C for 1 m for 30 cycles. The amplified library was tagged with barcodes for sample multiplexing and analyzed by 300-bp pair ended sequencing (the Illumina Mi-Seq system).

The BCR repertoire usage and mutations in V186.2 (V1-72) segments were analyzed using the web-interfaced International ImmunoGeneTics Information System® IMGT/HighV-QUEST (http://www.imgt.org). The mutation collection process is described in our previous study (28). Briefly, IgBLAST v1.15.0 (http://www.ncbi.nlm.nih.gov/igblast/) was applied for the alignment of the datasets of SHM sequencing (29). Change-O v1.0.0 (https://changeo.readthedocs.io/en/stable/) python package was applied for processing the output of V(D)J sequencing data (30). For mutation counting, Fasta.fmt7 files were generated by MakeDb.py with reference of imgt_mouse_ig_v.fasta, imgt_mouse_ig_d.fasta, imgt_mouse_ig_j.fasta and ParseDb.py was applied with --if SEQUENCE_ID --sf SEQUENCE_IMGT --mf V_CALL DUPCOUNT. Mutations in the V186.2 (IMGT V1-72) segment were filtered and aligned based on a single nucleotide with uncertain or missing bases replaced by "N" or "NA". The final step was applied by metric summary. Only unique sequences were further analyzed. The R pipeline was used to count point-mutations.



Mitochondria-Free Cytosolic Fractionation, Immunoblotting, and Immunoprecipitation (IP) 

To prepare whole-cell lysates, B cells (107) were harvested by centrifugation at 500 g for 5 m, resuspended in 0.5 ml of lysis buffer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1% (v/v) NP-40) supplemented with Halt™ Protease & Phosphatase Inhibitors Cocktail (ThermoScientific). To prepare mitochondria-free cytosolic fractions, B cells (107) were centrifuged at 500 g for 5 m. Cell pellets were processed to obtain the mitochondria-free cytosolic fraction using the Mitochondrial Isolation Kit (ThermoFisher, Cat# 89874) following the manufacturer’s instructions. The whole cell lysates and the mitochondria-free cytosolic fraction were subjected to SDS–PAGE, and immunoblotting involving specific Abs (Supplementary Table 1). Membranes were then stripped with Restore™ PLUS Western Blot Stripping Buffer (ThermoScientific) for re-immunoblotting. Signals were quantified by ImageJ® (NIH).

For IP, spleen B cells (107) were resuspended in lysis buffer (20 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5% (v/v) NP-40) supplemented with Halt™ Protease and Phosphatase Inhibitors Cocktail. After sonication and centrifugation, protein lysates were precleared with equilibrated Protein A/G-conjugated Sepharose™ 4B beads (ThermoFisher, 50 μl) and incubated with anti–cFLIP mouse Ab in 500 μl of lysis buffer at 4°C for 4 h in the presence of Protein A/G Sepharose™ 4B beads. After washing with lysis buffer 3 times, immunoprecipitated proteins were eluted in SDS sample buffer for immunoblotting.



HOIPIN-8 Synthesis and Drug Treatment

HOIPIN-8 (sodium (E)-2-(3-(2,6-difluoro-4-(1H-pyrazol-4-yl)phenyl)-3-oxoprop-1-en-1-yl)-4-(1-methyl-1H-pyrazol-4-yl)benzoate) was synthesized using a two-step process. First, 1-(4-bromo-2,6-difluorophenyl)ethan-1-one (Compound 1; 1g, 4.26 mmol) was dissolved in the dioxane-H2O mixture (47 and 6 ml, respectively) in a 150-ml pressure vessel flask together with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (1g, 5.19 mmol), K2CO3 (1.76g, 12.77 mmol) and [1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium (II) complexed with dichloromethane (348 mg, 0.426 mmol). After the atmosphere in the flask was displaced with argon gas five times, the mixture was stirred and heated at 100°C for 16 h. The reaction was cooled to RT, quenched with HCl (12 ml, 2M), diluted with ethyl acetate (EtOAc), and filtered through celite. The organic layer of the filtrate was further separated and dried over Na2SO4. After filtration and concentration, the residue was purified by flash chromatography using Hexanes:EtOAc mixture (v/v=2/1 to 1/1), yielding 1-(2,6-difluoro-4-(1H-pyrazol-4-yl)phenyl)ethan-1-one (Compound 2; 945 mg, quantitative yield) with the following profile: 1H NMR (400 MHz, cdcl3) δ 7.88 (s, 2H), 7.06 (d, J = 9.5 Hz, 2H), 2.55 (s, 3H); ESI-MS: m/z 223.2 [M+H]+.

In a separate reaction, 3-Hydroxy-5-(1-methyl-1H-pyrazol-4-yl)isobenzofuran-1(3H)-one (Compound 5) was synthesized, starting from 5-bromoisobenzofuran-1(3H)-one (Compound 3) and involving the intermediate 5-bromo-3-hydroxyisobenzofuran-1(3H)-one (Compound 4), following a published protocol (25).


 




 



In the second step, Compound 2 (483 mg, 2.17 mmol) and Compound 5 (500 mg, 2.17 mmol) were dissolved in EtOH (12 mL) in a 100-ml glass round-shaped flask. The suspension was cooled to 0°C and, with NaOH (2.9 ml, 6M, 17.34 mmol in total) added, allowed to warm to RT. The mixture was stirred for 16 h until the reaction was quenched with HCl (12 ml, 2M), transferred to a separator funnel, and extracted with chloroform:isopropanol (3:1) three times. The organic layers were collected and dried over Na2SO4. After filtration and concentration, the residue was purified by C18 reversed phase flash chromatography using a 0-55% acetonitrile:water gradient to give the HOIPIN-8 base. Finally, the (HOIPIN-8) freebase (80 mg, 0.184 mmol) was dissolved in EtOH (1.5 ml) in a 100-ml glass round-shaped flask, added NaOH (0.2 mL, 1M, 0.184 mmol) at 0°C and stirred for 1 h, warmed to RT and stirred for 2 h. The suspension was then lyophilized to obtain HOIPIN-8 a yellow powder (25% yield) with the following profile: 1H NMR (400 MHz, dmso) δ 8.78 (d, J = 16.3 Hz, 1H), 8.32 – 8.19 (m, J = 8.9 Hz, 3H), 7.92 (d, J = 21.3 Hz, 2H), 7.57 (d, J = 8.0 Hz, 1H), 7.54 – 7.47 (m, 3H), 7.13 (d, J = 16.2 Hz, 1H), 3.86 (s, 3H); ESI-MS: m/z 435.4 [M+H]+.


 



To treat B cells with HOIPIN-8, lyophilized HOIPIN-8 was dissolved in DMSO to yield a stock solution of 40 mM, which was further diluted in RPMI-FBS and added to the cell culture medium, with a final concentration of 20 μM or as indicated. To treat B cells with Z-VAD-FMK, Z-LEHD-FMK, or Z-IETD-FMK, these compounds, as dissolved in DMSO, were added to B cell cultures at indicated concentrations.



Immunofluorescence Imaging

Spleens were embedded in OCT (Tissue-Tek) and snap-frozen on dry ice. Cryostat sections (5 μm) were fixed in pre-chilled acetone for 10 m, air dried at 25°C, washed with PBS, and blocked with 5% FBS in DPBS for 1 h. Sections were stained with FITC-conjugated anti-B220 mAb (1:500) and PerCP-Cy5.5-conjugated anti-GL-7 mAb (1:100) in a humidified chamber overnight at 4°C. Slides were mounted using ProLong® Gold with DAPI for analysis under a Zeiss LM710 confocal microscope. All images are pseudocolored.



Statistical Analysis

Statistical analysis was performed by either GraphPad (Prism®) or Excel (Microsoft) software to determine p values by Student t-test. p values less than 0.05 were considered significant. Correlation analyses were performed using Prism®.




Results


B-Cell SHARPIN Promotes T-Dependent Ab Responses and a BCR Affinity-Enhancing Mutation

Like B cell-specific ablation of HOIP in mb1+/creHoipfl/fl mice (31), B cell-specific deficiency in SHAPRIN in B-Sharpincpdm mice did not affect the maturation of follicular or marginal zone B cells or other immune cells, including T cells, dendritic cells (DCs), macrophages and neutrophils (Supplementary Figure 1A and Figures 1A, B). Upon injection with alum-mixed NP-CGG, which elicits a T-dependent Ab response, B-Sharpincpdm mice showed severe impairment in the GC development in the spleen and the output of FAShiGL-7hi GC B cells and CD138+ plasma cells despite normal GC and total B cell proliferation (Figures 1C, D and Supplementary Figure 1B), culminating in decreased formation of ASCs that produced NP-binding IgM and IgG1 Abs as well as much reduced titers of NP-specific IgM and high-affinity (NP7-binding) IgG1, IgG2b, IgG3 and IgA (Figures 1E, F) – total NP-specific (NP34-binding) IgG1 titers were also reduced to similar extents (Figure 1G). ASCs secreting non-specific IgM and IgG1 were reduced too, resulting in decreased titers of circulating IgM and IgG1 – also decreased were IgG2a and IgA, as elicited by both T-dependent and T-independent antigens, as well as IgG3 and IgG2b, as elicited mainly by T-independent antigens (Figures 1H, I). Residual B-Sharpincpdm GC B cells, however, expressed IgG1 at high levels, indicating their normal CSR (Figure 1J).




Figure 1 | B cell-intrinsic role of SHARPIN in the GC development and Ab responses. (A, B) Flow cytometry analysis of different immune cell populations, as indicated, in the spleen of B-Sharpin+/+ or B-Sharpincpdm mice immunized with NP-CGG/alum for 14 d. (C) Fluorescence imaging analysis of GCs in the spleen in mice, as in (A, B). (D) Flow cytometry analysis of plasma cells, GC B cells, and GC B cell proliferation (by BrdU incorporation) in immunized mice. (E–G) ELISPOT analyses of ASCs producing NP-specific IgM or IgG1 in the spleen and the bone marrow in mice 14 d after immunization (E) and ELISA of circulating NP7-binding and NP34-binding Ig Abs 7 and 14 d after immunization (F, G). (H, I) ELISPOT analyses of ASCs producing total IgM or IgG (H) and ELISA of circulating total Ig Abs (I) in mice, as in (E, F). Data are pooled from 2 independent experiments. (J) Flow cytometry analysis of surface IgG1 expression in GC and non-GC B cells. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant; t-test.



Upon NP-CGG immunization, B cells with a recombined IgH V186.2 region, which encodes NP-binding BCRs, enter GCs and accumulate V186.2 DNA mutations to generate BCR mutants for selection (32–34). As shown by analysis of IgM-encoding V186.2DJH-Cμ and IgG1-encoding V186.2DJH-Cγ1 transcript, NP-CGG-immunized B-Sharpincpdm mice had similar BCR repertoires in IgG1+ B cells as B-Sharpin+/+ mice, but more diverse ones in IgM+ B cells (Figure 2A and Supplementary Figure 1C). V186.2 DNA mutations occurred at high levels in V186.2DJH-Cγ1 of both B-Sharpin+/+ and B-Sharpincpdm mice, averaging 1.0x10–2 and 0.6x10–2 change per base, respectively (Figure 2B and Supplementary Figure 1D). They also frequently occurred in V186.2 DJH-Cμ and featured G→A and C→T transitions as major substitutions (Figure 2B), likely due to the “replication over” of uracils generated after AID deamination of cytidines (pairing “A” with “U” instead of “G” with the original C). Such transitions were also dominant, albeit not as much, in V186.2DJH-Cγ1, likely reflecting mutation spreading by error-prone DNA synthesis.




Figure 2 | SHARPIN mediates the generation of high-affinity BCR mutants. (A) Treemap charts depicting B cell clones identified by unique CDR3 sequences in the VH region of V186.2DJH-Cμ and V186.2DJH-Cγ1 in B-Sharpin+/+ and B-Sharpincpdm mice 14 d after NP-CGG/alum immunization. Each rectangle represents a unique clone and the size of each rectangle depicts the relative abundance of the clone within the total population. (B) Proportions of V186.2DJH-Cμ and V186.2DJH-Cγ1 clones carrying given numbers of point-mutations in V186.2 region in mice, as in (A), as depicted by pie chart slices (top row; sequences with over 12 point-mutations were excluded from analysis), the overall mutation frequencies (middle), and the nature of such point-mutations, as depicted by concentric pie chart slices and rings (bottom row). (C,D) Histograms depict the silent and replacement mutations in different CDRs and FRs as well as in the entire V186.2DJH-Cμ and V186.2DJH-Cγ1 regions (C) and the spectrum and distribution of point-mutations (D, “*” denotes the G98->T98 mutation) in mice, as in (A,B). Data are pooled from three mice in each group.



In both B-Sharpin+/+ and B-Sharpincpdm mice, base changes in CDR1 and CDR2 of V186.2 DJH-Cγ1 DNA were dominated by replacement mutations (Figure 2C), consistent with the notion that amino acid residues in CDRs are altered to serve as the substrates for selection. In particular, a G→T transversion substitution (G98→T98) changes the CDR1 Trp33 residue (TGG) to Leu (TTG) to raise the BCR/Ab affinity to NP by 10-fold (34, 35). It was the most frequent mutation within the CDR regions of V186.2 DJH-Cγ1 in B-Sharpin+/+ mice, occurring in 19.7% of B cells in these mice, much higher than the 4.18% frequency in B-Sharpincpdm B cells – all other CDR mutations showed smaller differences (Figure 2D and Table 1). Furthermore, among the ten most frequent mutations in the entire V186.2 DJH-Cγ1 DNA, all but G98→T98 were in the FR regions (five in FR1, one in FR2, and three in FR3) and showed less difference between B-Sharpin+/+ and B-Sharpincpdm mice (Figure 2D and Table 1). In addition, G98→T98 was unique to V186.2 DJH-Cγ1 DNA, in contrast to the frequent occurrence of all other dominant mutations also in V186.2 DJH-Cμ DNA (Figure 2D). Finally, while the CDR1 in V186.2 DJH-Cμ did not show overall enrichment of replacement mutations (Figure 2C), the CDR1 G92→A92 and CDR2 G197→A197 or T197 replacement mutations occurred much less frequently in B-Sharpincpdm mice (Figure 2D and Table 1).


Table 1 | Distribution and frequencies of dominant V186.2 mutations in B-Sharpin+/+ and B-Sharpincpdm mice immunized with NP-CGG and the ratio of mutation frequencies in B-Sharpin+/+ mice to those in B- Sharpincpdm mice.



Thus, SHARPIN plays a B cell-autonomous role in promoting the GC reaction, accumulation of the affinity-augmenting G98→T98 substitution and maturation of the T-dependent Ab response.



B Cell-Intrinsic Role of SHARPIN in Promoting GC B Cell Survival

B cell clones with higher-affinity BCRs need to survive in GCs towards maturation of the Ab responses. In association with much-decreased high-affinity NP-specific IgG Abs and enrichment of the affinity-enhancing G98→T98 mutation in B-Sharpincpdm mice, FAShiGL-7hi GC B cells in these mice had increased death, including more apoptosis and necrosis (Figure 3A). Among live B-Sharpincpdm GC B cells, more than half showed caspase activation (Z-VAD-FMK+), a hallmark of pre-apoptotic and apoptotic cells (Figure 3B). The proportions of apoptotic, necrotic, and Z-VAD-FMK+ cells in non-GC (FAS–GL-7–) B cells were all much lower than those in GC B cells in both B-Sharpin+/+ and B-Sharpincpdm mice. They were comparable in these mice, showing that SHARPIN deficiency selectively affects GC B cell survival.




Figure 3 | SHARPIN is critical for germinal center B cell survival. (A,B) Flow cytometry analysis of apoptosis and necrosis (A) as well as caspase activation (B) in FAShiGL-7hi GC B cells and FAS–GL-7– non-GC B cells in the spleen of B-Sharpin+/+ or B-Sharpincpdm mice 14 d after immunization with NP-CGG/alum. (C) Flow cytometry analysis of CD4+ and CD8+ T cells (top panels) as well as CD4+CXCR5+PD-1+ Tfh cells (bottom) in mice, as in (A,B). (D) Gating strategy for flow cytometry analysis of Sca-1+c-Kit+Lin– HSCs and the proportion of such cells in the bone marrow of Sharpin+/+ and Sharpincpdm mice. (E) Flow cytometry analysis of (SSChiFSChi) granulocytes, (SSCloFSClo) lymphocytes, and (SSCloFSChi) monocytes in the spleen of CD45.1+ Sharpin+/+/CD45.2+ Sharpincpdm mixed bone marrow chimera mice (mean and s.d., n=4). (F) Flow cytometry analysis of the proportions of CD45.1+ and CD45.2+ cells in different B cell subsets in the bone marrow and spleen of CD45.1+ Sharpin+/+/CD45.2+ Sharpincpdm mice (mean and s.d., n=4). (G, H) Flow cytometry analysis of proportions of CD45.1+ and CD45.2+ cells in FAShiGL-7hi GC B cells and FAS–GL-7– non-GC B cells (G) as well as survival and caspase 3 cleavage (H) in such cells in CD45.1+ Sharpin+/+/CD45.2+ Sharpincpdm mice 14 d after NP-CGG/alum immunization (mean and s.d., n=4). * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; t-test.



Tfh cells, which are thought to mediate the GC B cell survival (37), were normal in B-Sharpincpdm mice (Figure 3C), suggesting that B-Sharpincpdm GC B cells had intrinsic defects to survive in an otherwise normal microenvironment. This was addressed in Cd45.1+-Sharpin+/+/Cd45.2+-Sharpincpdm chimera mice, as generated by γ-irradiated C57 mice engrafted with an equal number of Cd45.1+-Sharpin+/+ and Cd45.2+-Sharpincpdm bone marrow cells, which had comparable numbers of hematopoietic stem cells (HSCs; Figure 3D). In such mice, Cd45.2+-Sharpincpdm HSCs gave rise to 25-30%, instead of the expected 50% of cells in different leukocyte compartments, including IgM+B220+ immature B cells and IgD+ mature B cells (Figures 3E, F), likely due to a partial defect of Sharpincpdm HSCs in differentiation. Upon NP-CGG immunization, the chimera mice supported the development of GC B cells, of which only 10% were Cd45.2+-Sharpincpdm, significantly less than the 30% of Cd45.2+-Sharpincpdm B cells within the non-GC B cell compartment (Figure 3G). In association with the underrepresentation of Cd45.2+-Sharpincpdm GC B cells, 28% of such cells lost membrane integrity (FVD+) and, among FVD– cells, 70% showed caspase 3 cleavage, both reflecting over 2-fold increases in corresponding cell frequencies in Cd45.1+-Sharpin+/+ GC B cell counterparts (Figure 3H). Such increases were also in line with the fold of increase in Annexin V+7–AADlo apoptotic and Z-VAD-FMK+ pre-apoptotic/apoptotic GC B cells in B-Sharpincpdm mice (Figures 3A, B). By contrast, non-GC Cd45.2+-Sharpincpdm B cells were virtually all FVD– and showed no caspase 3 activation, confirming that the defect of Sharpincpdm B cells in survival was specific to GC B cells.

Overall, SHARPIN plays a B cell-intrinsic role in inhibiting apoptosis of GC B cells and mediating their survival during the T-dependent Ab response.



SHARPIN Suppresses IL-21-Induced Death in CD154-Stimulated B Cells

To understand the mechanisms underlying the increased death of Sharpincpdm GC B cells, we subjected purified Sharpincpdm B cells to stimulation by membrane-bound CD154, which mimics CD154 expressed on the plasma membrane of Tfh cells that potently engages CD40 to initiate and sustain the GC reaction (6, 38, 39). CD154-stimulated Sharpincpdm B cells only mildly impaired in canonical NF-κB activation, as indicated by phosphorylation of the p65 subunit at Ser333, and were largely normal in expressing p65 target genes (Figures 4A, B). Consequently, they showed normal proliferation and IL-4-directed CSR to IgG1 (Figure 4C). While neither Sharpin+/+ nor Sharpincpdm B cells differentiated into plasma cells at a high level after 96 h of stimulation with CD154 and IL-4, they both could do so after 48 h of stimulation, and being washed to remove IL-4 and re-stimulation for 48 h with CD154 and IL-21 (Figure 4D). Accordingly, CD154-stimulated Sharpincpdm B cells were fully capable of inducing Prdm1 (encoding BLIMP-1) and upregulating AID in the presence of IL-21 as well as undergoing IL-4- and IFNγ-directed Iγ1-Cγ1 and Iγ2a-Cγ2a germline transcription, respectively (Figure 4E). They also shared a similar transcriptome with their Sharpin+/+ B cell counterparts, with only 76 (23 downregulated and 53 upregulated) and 83 (36 downregulated and 47 upregulated) differentially expressed genes upon stimulation by CD154 and CD154 plus IL-4, respectively (Figure 4F and Supplementary Figure 2A). Finally, Sharpincpdm B cells underwent robust proliferation, CSR, and plasma cell differentiation upon stimulation by LPS (Supplementary Figure 2B), showing that SHARPIN did not mediate B cell responses to T-dependent or T-independent stimuli.




Figure 4 | SHARPIN is dispensable for activation, proliferation, survival, and differentiation of B cells stimulated with CD154. (A) Immunoblotting of phosphorylated p65 and total p65 protein levels in Sharpin+/+ and Sharpincpdm B cells after stimulation by CD154 for the indicated time. Representative of two independent experiments. (B) GSEA analysis of differentially expressed genes (DEGs) in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 for 24 h for the enrichment of p65 target genes (RNA-Seq data were pooled from two independent experiments). (C) Flow cytometry analysis of proliferation, survival, and CSR to IgG1 in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 or CD154 plus IL-4 for 96 h. (D) Flow cytometry analysis of survival, CSR to IgG1 and plasma cell differentiation in Sharpin+/+ and Sharpincpdm B cells after stimulation first with CD154 plus IL-4 for 48 h, washed, and then with CD154, alone or plus IL-4 or IL-21, for 48 h. (E) qRT-PCR analysis of gene expression, as indicated, in B cells stimulated with CD154, alone or plus IL-4, IFN-γ or IL-21, for 48 h. (F) The numbers of DEGs (p values < 0.01, absolute value of log2FC > 1) between Sharpin+/+ and Sharpincpdm B cells after stimulation with CD154 or CD154 plus IL-4 for 24 h, as depicted by Venn diagram. Data were pooled from two independent RNA-Seq experiments. * p<0.05; ** p<0.01; t-test.



IL-21 enhanced proliferation and induced plasma cell differentiation of CD154-stimulated B cells, but triggered their death, resulting in a net loss of such cells (Figures 5A–C). The killing effect of IL-21 was exacerbated by the Sharpin deficiency, leading to as few as 10% of Sharpincpdm B cells able to survive, virtually all of which had completed high numbers of division (Figures 5B, C). By contrast, Sharpincpdm B cells stimulated with CD154 alone or with IL-4 showed high viability, which was only marginally lower than that of Sharpin+/+ B cells (Figure 4C). Sharpincpdm B cells were also normal in survival upon stimulation by αIgM plus IL-4, but defective upon stimulation IL-21 alone, LPS or LPS plus IL-4 – αIgM (alone or with IFNγ) or LPS plus IL-21 could not maintain the viability of even wildtype B cells (Supplementary Figure 2B–D). High doses of CD154 countered the death-inducing effect of IL-21 in Sharpin+/+ B cells and more effectively in Sharpincpdm B cells (Figures 5A, D, E), showing a SHARPIN-independent pro-survival activity of strong CD40 signals.




Figure 5 | SHARPIN deficiency exacerbates IL-21-induced death in CD154-stimulated B cells. (A) Flow cytometry analysis of plasma cell differentiation and B cells viability in C57 B cells stimulated with different doses of CD154, as indicated, in the absence or presence of IL-21 for 96 h (n=4, mean and s.e.m.; data at 1 unit of CD154 were analyzed for statistical differences between Sharpin+/+ and Sharpincpdm B cells). (B, C) Flow cytometry analysis of proliferation, survival, and plasma cell differentiation of Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 or CD154 plus IL-21 for 96 (h) Division-linked B cell viability is depicted in (B), representative of four independent experiments) and average divisions, live B cell proportions, and CD138+ plasma cell proportions were depicted in (C). (D, E) Flow cytometry analysis of proliferation, survival of Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 (left panels) or αCD40 (right panels) at indicated doses in the presence of different doses of IL-21 for 96 h (n=3, mean and s.e.m.; data at 4 units of CD154 or 40 μg of αCD40 were analyzed for statistical differences between Sharpin+/+ and Sharpincpdm B cells). (F) Immunoblotting of phosphorylated p65 and total p65 protein levels in Sharpin+/+ and Sharpincpdm B cells after stimulation by αCD40 for the indicated time. Representative of two independent experiments. (G) Live cell proportions in Sharpin+/+ and Sharpincpdm B cells stimulated with αCD40 plus IL-21 or IL-4 for 96 (h) *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; t-test.



CD40 could be engaged in vitro by αCD40, which activated NF-κB in wildtype B cells, albeit not as quickly or potently as CD154 (Figures 4A, 5F), and require IL-21 to induce these B cells to proliferate (Figures 5D, E). More than half of dividing Sharpin+/+ cells, however, were unable to survive, even in the presence of high doses of αCD40. αCD40-stimulated Sharpincpdm B cells showed much weaker NF-κB activation at early time points when B cells were particularly sensitive to the killing by IL-21 (Figure 5F) and failed to robustly proliferate even in the presence of IL-21, which instead triggered death in both dividing and non-dividing B cells (Figures 5D, E). Upon stimulation with αCD40 plus IL-4, Sharpincpdm, by contrast, showed comparable survival as Sharpin+/+ B cells (Figure 5G).

To summarize, SHARPIN does not play a major role in CD154-induced B-cell NF-κB activation, gene expression, proliferation, CSR, or plasma cell differentiation. Rather, it specifically suppresses IL-21-induced B cell death through a mechanism not entirely overlapping with the one underlying the effect of CD154 in countering the killing by IL-21.



SHARPIN Inhibits Caspase 8 and Caspase 9 Activation and B Cell Apoptosis 

IL-21 induced more apoptosis (AnnexinV+7–AADlo) in CD154 or αCD40-stimulated Sharpincpdm B cells than Sharpin+/+ B cells, in addition to extensive but similar degrees of necrosis (AnnexinV+7–AADhi) in both – αCD40 alone triggered more necrosis than CD154 (Figure 6A). The heightened apoptosis in Sharpincpdm B cells could be alleviated by pre-treatment with CD154, BCR-crosslinking αIgD/dex or TLR9 ligand CpG, but not other TLR ligands, which instead reduced αCD40-triggered necrosis (Figures 6A–C and Supplementary Figures 3A, B). The viability of CD154 and IL-21-stimulated Sharpincpdm B cells could be rescued by the pan-caspase inhibitor Z-VAD-FMK in a dose-dependent manner to a level comparable to that of Sharpin+/+ B cells (Figure 6D and Supplementary Figure 3C). It could also be partially restored by Z-IETD-FMK and Z-LEHD-FMK, which specifically inhibits initiator caspase 8 and caspase 9, respectively (Figure 6D and Supplementary Figure 3C), showing that Sharpincpdm B cell apoptosis was mediated by both the mitochondria-independent and mitochondria-dependent (intrinsic) apoptosis pathways. The integrity of mitochondria membranes was severely compromised by IL-21 in CD154-stimulated Sharpincpdm B cells, but much less so in Sharpin+/+ B cells (Figure 6E). This, together with the failure of high doses of CD154 to readily improve the mitochondria membrane integrity in either cell types, indicated that IL-21 overrode CD154 to activate the intrinsic apoptosis pathway that, if not controlled by SHARPIN, led to cell death.




Figure 6 | SHARPIN inhibits IL-21-induced apoptosis in CD154-stimulated B cells. (A) Flow cytometry analysis of apoptosis (Annexin V+7–AADlo) and necrosis (Annexin V+7–AADhi) in freshly isolated Sharpin+/+ and Sharpincpdm B cells or after stimulation with CD154 (left) or αCD40 (right) plus nil or IL-21 for 96 h, with or without priming with CD154 or αCD40 for 4 h. (B, C) Flow cytometry analysis of apoptosis and necrosis in Sharpin+/+ and Sharpincpdm B cells after priming with TLR ligands (as indicated, B) or αIgD/dex (C) for 4 h and then stimulated with CD154 or αCD40 plus IL-21 for 92 h. (D) Flow cytometry analysis of the viability of Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 plus IL-21 in the presence of nil or pan-caspase inhibitor Z-VAD-FMK, caspase 9-specific inhibitor Z-LEHD-FMK or caspase 8-specific inhibitor Z-IETD-FMK (all 20 μM). (E) Mitochondrial membrane potential in B cells stimulated with CD154 and IL-21 at indicated doses for 48 h (n=4, mean and s.e.m.; data at 4 units of CD154 were analyzed for statistical differences between Sharpin+/+ and Sharpincpdm B cells). *p < 0.05; **p<0.01; ***p < 0.001; t-test.



Like Sharpin+/+ B cells, Sharpincpdm B cells responded to IL-21 to activate STAT3 and STAT5, downregulate the expression of BCL2 and BCL-XL to supersede the effect of CD154 in inducing these anti-apoptosis members of the BCL2 family, and upregulate BIM, a pro-apoptotic member (Figures 7A, B). As compared to Sharpin+/+ B cells, they also expressed comparable transcript levels of anti-apoptotic (Bcl2, Bcl2l1/Bcl2-Xl, Mcl2, which were all downregulated by IL-21) and pro-apoptotic (Bcl2l11/Bim, Bad and Bax) genes, all of which are involved in the regulation of mitochondrial membrane permeability, but showed more cytochrome C accumulation in the cytoplasm and activation of the effector caspase 3 (Figures 7B–D), indicating that SHARPIN deficiency amplified IL-21-triggered intrinsic apoptosis without altering the expression of the BCL2 family factors, likely by boosting downstream caspase activation. Indeed, upon IL-21 induction, CD154-stimulated Sharpin+/+, and Sharpincpdm B cells underwent similar changes in the levels of BCL2, BCL-XL, BIM, BAD, and (anti-apoptotic) BAD phosphorylation, but Sharpincpdm B cells showed more caspase 9 activation, which depends on cytochrome C release from the mitochondria and in turn activates caspase 3 (Figure 7E and Supplementary Figure 4). The caspase 9 activation started 2 h after stimulation and continued to increase until 48 h. At this time point, caspase 8 of the mitochondria-independent apoptosis pathway was also activated in Sharpincpdm B cells, but not in Sharpin+/+ B cells despite its activation at early time points, when caspase 9 was marginally activated (Figure 7E and Supplementary Figure 4). These, together with the rescue of the viability of Sharpincpdm B cells by the inhibitor of caspase 8 or caspase 9 (Figure 6D), showed that the SHAPRIN deficiency resulted in the synchronized activation of these two principal initiator caspases, which together triggered the irreversible apoptosis process in Sharpincpdm B cells.




Figure 7 | SHARPIN inhibits caspase 8 and caspase 9 activation in B cells stimulated with CD154 and IL-21. (A) Immunoblotting analysis of STAT3 and STAT5 activation in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 for 24 h and then IL-21 for different periods of time, as indicated. (B, C) Immunoblotting analysis of BCL2, BCL-XL and BIM expression and caspase 3 activation (B) and cytochrome C released into the cytosol (C) in Sharpin+/+ and Sharpincpdm B cells stimulated for 48 h. (D) qRT-PCR analysis of gene expression, as indicated, in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154, alone or with IL-4 or IL-21, for 24 h (*p<0.05; **p < 0.01; t-test). (E–F) Immunoblotting analysis of caspase 8 and caspase 9 activation, expression of cFLIPL, XIAP and BCL2 family members as well as BAD activation in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 and IL-21 for different periods of time, as indicated. Quantified signals of caspase 8 activation, cFLIPL cleavage and total cFLIPL levels were depicted in (F). (G) qRT-PCR analysis of Cflar expression in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 plus IL-21 for 24 h (t-test). (H) Proteins in whole cell lysates (input) and immunoprecipitated by anti-cFLIP were analyzed by immunoblotting for linear M1-Ub and K48 poly-Ub levels in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 plus IL-21 for 48 h. All immunoblotting analyses were representative of two independent experiments.



The activation and function of caspase 8 are tightly regulated by a catalytically inactive homologous factor cFLIP, which includes the longer (cFLIPL) and shorter (cFLIPR) forms generated through alternative splicing of the Cflar transcript in mice, with cFLIPL acting as either an inhibitor or a potentiator depending on its protein expression level while cFLIPR acting exclusively as an inhibitor – both isoforms are unstable proteins whose concentrations determine the sensitivity of cells to mitochondria-independent apoptosis (40). In Sharpin+/+ B cells, the kinetics of the caspase 8 activation, i.e., first induced as early as 2 h after stimulation, peaking at 24 h and then decreased to the pre-stimulation level at 48 h, was mirrored by the kinetics of the cleavage of the full-length cFLIPL at Asp377 (equivalent to Asp376 of human cFLIPL) to generate p43-cFLIPL and also by the kinetics of the expression of full-length or total cFLIPL, likely reflecting a feedback control (Figures 7E, F). By contrast, full-length cFLIPL was continuously cleaved to yield p43-cFLIPL in Sharpincpdm B cells, with its protein level briefly induced after 2 h, starting to decrease at 6 h and diminished at 48 h, showing an inverse correlation with caspase 8 activation (Figures 7E, F). The reduced cFLIPL protein expression in Sharpincpdm B cells occurred despite normal Cflar gene transcription and was instead associated with decreased linear ubiquitination at the Met1 (linear M1-Ub) and increased polyubiquitination at Lys48 (K48 poly-Ub) of cFLIPL (Figures 7G, H), consistent with the notion that the cFLIPL protein level is controlled by proteasome degradation in a manner dependent on its K48 poly-Ub, which is catalyzed by the ITCH/AIP4 E3 ubiquitin ligase and was suggested to be hampered by linear M1-Ub of cFLIPL (41, 42). The overall linear M1-Ub was modestly reduced in Sharpincpdm B cells, likely reflecting the residual catalytic activities of the HOIP-HOIL sub-complex formed in the absence of SHARPIN. Finally, expression of XIAP, a potent inhibitor of the initiator caspase 7 as well as caspase 9 and caspase 3, was largely comparable in Sharpin+/+ and Sharpincpdm B cells (Figure 7E and Supplementary Figure 4), highlighting the specificity of SHARPIN regulation of cFLIPL.

Thus, SHARPIN deficiency modulates post-translational modifications of cFLIPL, abolishes the expression of this caspase 8 regulator and boosts caspase 8 activation, and synchronizes the activation of caspase 8 with that of caspase 9 in the intrinsic apoptosis pathway without affecting BCL2 family factors.



SHARPIN Deficiency and HOIPIN-8 Synergize to Promote IL-21-Induced cFLIPL Loss and Apoptosis

Like the genetic ablation of Sharpin, LUBAC inhibitor HOIPIN-8 hampered activation of NF-κB by αCD40 in B cells, starting at 50 μM (Supplementary Figure 5A). At 20 μM, HOIPIN-8 did not affect NF-κB activation and had no impact on proliferation, IL-4-directed CSR to IgG1 or IL-21-triggered plasma cell differentiation in CD154-stimulated wildtype B cells (Supplementary Figure 5B). Neither did it adversely affect the normal proliferation or CSR in Sharpincpdm B cells (Figure 8A). Rather, HOIPIN-8 markedly increased the sensitivity of CD154-stimulated Sharpincpdm B cells to IL-21-induced apoptosis and cell death in a dose-dependent manner and virtually abrogated the viability of these cells after 96 h of culture, in contrast to its marginal impact on the viability of Sharpin+/+ B cells (Figures 8B, C and Supplementary Figure 5C).




Figure 8 | SHARPIN deficiency and HOIPIN-8 synergize to promote IL-21-induced cFLIPL loss and apoptosis. (A) Flow cytometry analysis of survival, proliferation, and CSR to IgG1 in Sharpin+/+ and Sharpincpdm B cells stimulated first with CD154 and IL-4 for 48 h, washed, and then with CD154, alone or plus IL-4 or IL-21, for 48 h in the presence of nil or HOIPIN-8 (20 μM). (B) Flow cytometry analysis of the viability of Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 or CD154 plus IL-21 for 96 h in the presence of nil or HOIPIN-8. (C) Flow cytometry analysis of apoptosis in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 or CD154 plus IL-21 for 96 h in the presence of nil or HOIPIN-8. (D) Immunoblotting analysis of linear M1-Ub, K48 poly-Ub, expression of apoptosis-related factors and PARP cleavage in Sharpin+/+ and Sharpincpdm B cells freshly isolated or stimulated, as indicated, for 24 h. Representative of two independent experiments. (E) Pair-wise correlation of different parameters, as indicated, in Sharpin+/+ and Sharpincpdm B cells stimulated with CD154 or CD154 plus IL-21 in the presence of nil or HOIPIN-8 for 96 h (to determine cell viability; data from were B) or 24 h (other parameters; data were from D and Supplementary Figure 5D). **p < 0.01; ***p < 0.001; ****p < 0.0001; t-test.



In Sharpin+/+ B cells, total linear M1-Ub was induced upon stimulation by CD154, but returned to the basal level when IL-21 was added – IL-4 had no such dampening effect (Figure 8D). Treatment with HOIPIN-8 (at 20 μM) and SHARPIN deficiency each reduced linear M1-Ub, but together abrogated it in CD154 and IL-21-stimulated B cells (Figure 8D and Supplementary Figure 5D), likely due to the partial and full sensitivity of the HOIP-HOIL-SHARPIN complex and HOIP-HOIL sub-complex, respectively, to HOIPIN-8 at sub-optimal concentrations. Combining the HOIPIN-8 treatment and SHARPIN deficiency also decreased, by about 75%, linear M1-Ub induced by CD154 or CD154 plus IL-4, while each alone led to a 30-40% reduction (Figure 8D and Supplementary Figure 5D). Finally, the level of linear M1-Ub was positively correlated with the viability of B cells stimulated by CD154 or CD154 plus IL-21 (Figure 8E and Supplementary Figure 5E).

Unlike linear M1-Ub, the total K48 poly-Ub level was barely inducible; nor was it impaired by SHARPIN deficiency or the HOIPIN-8 treatment, which did not change the expression of anti-apoptotic factor BCL-XL and pro-apoptotic factor BAD – CD154 and IL-21-stimulated Sharpincpdm B cells did show 35% reduction of K48 poly-Ub after HOIPIN-8 treatment (Figure 8D and Supplementary Figures 5D, E). Accordingly, the levels of K48 poly-Ub level, BCL-XL, and BAD showed weak or no correlation with B cell viability (Figure 8E). By contrast, the expression of pro-apoptotic BIM and the level of the PARP cleavage, which is mediated by effector caspases during apoptosis, were synergistically elevated by the SHARPIN deficiency and HOIPIN-8 treatment, with both showing a strong negative correlation with the B cell viability (Figures 8D, E and Supplementary Figure 5D). Finally, the expression of the full-length cFLIPL protein closely tracked the level of linear M1-Ub, which was severely reduced in HOIPIN-8-treated CD154 and IL-21-stimulated Sharpincpdm B cells, and positively correlated with the B cell viability (Figures 8D, E and Supplementary Figure 5D, 5E).

In summary, the function of LUBAC in B cells is controlled by the availability of SHARPIN and the activity of HOIP. LUBAC, in turn, regulates the protein level of cFLIPL and critically promotes the survival of B cells stimulated with CD154 in the presence of IL-21.




Discussion

This study has described the B cell-intrinsic role of LUBAC in promoting B cell survival from IL-21-triggered apoptosis, as relevant to the GC reaction, positive selection, and production of class-switched high-affinity Abs. Our data, as stemming from experiments involving B-Sharpincpdm and Cd45.1+-Sharpin+/+/Cd45.2+-Sharpincpdm chimera mice, have significantly extended findings from a previous report, which showed that mb1+/creHoipfl/fl mice displayed much reduced Ab responses, including those to T-independent Ags, but did not identify the in vivo defect of mb1+/cre Hoipfl/fl B cells underlying such impairment (31, 43). By contrast, our extensive analyses of B cell proliferation, survival, differentiation (CSR and plasma cell differentiation) as well as SHM and enrichment of a mutation that augments the affinity of BCRs have identified a key defect of SHARPIN-deficient B cells, i.e., reduced survival within GCs, that would provide a parsimonious explanation for the impaired T-dependent Ab response in mice with B cell-specific ablation of LUBAC. Confirming a causative role of the defective Sharpincpdm GC B cell survival in this process would require generating mice with simultaneous Sharpin (or Hoip) deletion and enforced expression of an apoptosis inhibitor, such as a dominant negative mutant of effector caspase 3 (44), specifically in GC B cells (e.g., through Cγ1-cre or Aicda-cre) – genetic alterations of a single factor in the mitochondria-dependent intrinsic pathway or the mitochondria-independent pathway would be less likely to maintain the full GC B cell viability. The viability of GC B cells in B-Sharpincpdm mice may also be restored by caspase 3 inhibitor Z-VAD-FMK (or possibly Z-IETD-FMK combined with Z-LEHD-FMK), but further compromised by HOIPIN-8. Finally, Sharpincpdm B cells were also defective in survival upon TLR ligand stimulation, likely explaining the reduced production of IgG3 and IgG2b Abs.

Shortly after the discovery of IL-21 and its crucial role in plasma cell differentiation, the potent B cell killing activity of this cytokine was recognized (10, 45, 46), although how this killing activity is circumvented in GCs and its relevance to the T-dependent Ab response remain unaddressed. This was in part due to the difficulty of untangling its effect from the important role of IL-21 in promoting the proliferation of B cells activated by sub-optimal CD40 signals (e.g., as initiated by αCD40 or low doses of CD154). As shown here, the SHARPIN deficiency decoupled the survival from the proliferation/differentiation of GC B cells in vivo and B cells activated by CD154 and IL-21 in vitro, thereby providing an opportunity to reveal the role of IL-21-triggered B cell death in the GC reaction, including the positive selection of high-affinity BCR mutants, and underlying mechanisms. CD40-activated B cells would need at least two mechanisms to survive the assault by IL-21, i.e., potent CD40 signals that induce anti-apoptotic BCL2 and BCL-XL to counter the effect of IL-21 in activating the mitochondria-dependent intrinsic apoptosis pathway (Figure 9B) as well as LUBAC that inhibits caspase 8, thereby preventing synchronized caspase 8 and -9 activation, full mobilization of caspase 3 and irreversible apoptosis (Figure 9A). The requirement for LUBAC would be important to preserve all GC B cells, irrespective of the affinity of their BCRs, particularly when such B cells are at the early phase of the iterative proliferation and selection process, i.e., completing fewer divisions. The requirement for strong CD40 signals would be consistent with the notion that GC B cell clones are differentially selected based on the quality and quantity of their contacts with Tfh cells due to their differences in BCR affinity and, therefore, the Ag uptake and presentation to Tfh cells. However, more contacts would also lead to more exposure to IL-21 produced by the same Tfh cells and, therefore, a higher threshold of B cell survival. Thus, the entwined and counteracting effects of CD154 and IL-21 would make them the prime candidate for enforcing a continuous positive selection process underpinned by the co-evolution (i.e., co-upregulation) of the death-inducing signals and the survival signal after each round of the selection. Such co-evolution would explain the stepwise improvement of the Ab affinity, a crucial aspect of the positive selection that had, however, been largely unexplored. Notably, Tfh cells were largely normal in B-Sharpincpdm mice despite the reduced GC reaction, a phenotype similar to that of IL-21- and IL-21R-deficient mice (11, 47), perhaps reflecting a compensatory role of CD154 plus IL-4-activated B cells in the engagement and maintenance of Tfh cells – such B cells would not be affected by the Sharpin deficiency in their proliferation, survival, CSR or plasma cell differentiation, as shown here. Complementing the role of Tfh cells, elevated signaling from high-affinity BCRs may also be involved in maintaining GC B cells despite being downregulated in these cells (48, 49), but unlikely to induce B cell death or involved in the stepwise affinity maturation process. Finally, the Sharpincpdm B cells activated in vitro showed normal expression of Myc and mTORC1 (our RNA-Seq data, not shown), which promote the expansion of selected B cell clones (50–53), suggesting that the defective positive selection of B-Sharpincpdm mice was not due to reduced proliferation of high-affinity clones.




Figure 9 | Illustration of LUBAC-mediated suppression of IL-21-induced apoptosis in CD154-stimulated B cells. (A) CD40 activation in B cells upregulates LUBAC-catalyzed linear M1-Ub, including that of cFLIP, which leads to cFLIP stabilization and inhibition of caspase 8 activation. LUBAC plays a minor role to the major role of RAB7 in CD40-triggered NF-κB activation in B cells. (B) CD40 activation also induces the expression of anti-apoptotic factor BCL2 and BCL-XL. IL-21, however, dampens such induction and also upregulates expression of pro-apoptotic factor BIM. The combined effects of BCL2/BCL-XL downregulation and BIM upregulation would activate pro-apoptotic BAX/BAK complex to increase the mitochondria permeability and cytochrome C release into the cytoplasm to activate caspase 9. (C) In the absence of LUBAC, caspase 8 activation would amplify a putative caspase network, within which multiple caspases, including caspase 9 and caspase 3, would be activated in a synchronized manner due to positive-feedback loops, leading to the irreversible apoptosis process.



The high-throughput V186.2-DJH sequences reported here could be used to construct “lineage trees”. Each tree would be rooted in a distinct progenitor, acquiring a dominant branch stemming from a high-affinity founder sub-clone (e.g., that carrying the G98→T98 mutation) and further branched with new rounds of SHM, thereby opening a window for observation into the positive selection process and its impairment in Sharpincpdm B cells, as lack of robust positive selection would result in overall less complex lineage trees. In addition, the exclusive occurrence of G98→T98 in V186.2-DJH-Cγ1, but not V186.2-DJH-Cμ, provides additional, albeit indirect, evidence for the notion that IL-4-directed CSR to IgG1 preceded IL-21-mediated development of GCs, within which peak SHM and positive selection unfold (16). Also along this line, pre-activation of Sharpin+/+ or Sharpincpdm B cells with CD154 plus IL-4 did not make them resistant to death induced by IL-21, the production of which lags the IL-4 production by NKT cells and Th2 cells before the GC reaction (15, 54), indicating that sensitivity to IL-21-triggered death is an important feature intrinsic to GC B cells. By contrast, pre-activation by TLR ligands promoted the survival of B cells activated by sub-optimal CD40 signaling (e.g., as initiated by αCD40) and IL-21, likely mediating their differentiation into IL-27-producing B cells (55). Finally, the ability of strong BCR crosslinking by αIgD/dex to endow Sharpincpdm B cells resistance to IL-21 suggests that BCR signaling partially contributed to the GC B cell survival in B-Sharpincpdm mice, possibly by upregulating MYC (56).

As previously shown (45, 46) and further extended here, IL-21 induced apoptosis through the intrinsic pathway by modulating the expression of the BCL2 family of pro-apoptotic and anti-apoptotic members that control the mitochondria membrane permeability and cytochrome C release for caspase 9 activation. Without a death domain (DD), the IL-21 receptor is unable to recruit DD-containing adaptors that initiate the death effector domain (DED)-dependent caspase 8 activation. CD40 has no DD either, in contrast to FAS (and other TNF receptor superfamily members, such as TNFR and TRAIL), raising the possibility that, in CD154 and IL-21-stimulated B cells, caspase 8 was activated by a receptor-independent apoptosis process, e.g., through a macromolecular complex nucleated by the auto-aggregation of DD- and DED-containing adaptor FADD followed by pro-caspase 8 recruitment and self-activation, as occurring in cancer cells (57). Such caspase 8 activation would be subsequently suppressed in Sharpin+/+ B cells due to upregulation of cFLIP, but not in Sharpincpdm B cells, in which cFLIP level was significantly reduced, as shown here. Nevertheless, the full and sustained activation of caspase 8 might require caspase 9 activation by IL-21 and ultimately caspase 3, perhaps within a recently suggested caspase network (58) (Figure 9C). Within such a network, positive feedback loops (e.g., those among the initiator caspases and between the initiator and effector caspases) would synchronize the activation of multiple caspases, as likely underpinned by caspase cleavage-mediated inactivation of anti-apoptosis factors and activation of pro-apoptotic factors, including caspase 8 activation of BID to trigger caspase 9 (59). The rescue of the viability of IL-21-stimulated B cells by enforced BCL2 overexpression or deficiency in BIM (45, 46) emphasizes the role of the intrinsic apoptosis pathway but does not rule out its collaboration with activated caspase 8 to fully activate caspase 3. Finally, IL-21 readily induced apoptosis in B cells deficient in FAS, TNFRI, or TNFRII (46), showing that IL-21 did not cause cell death indirectly by inducing these death receptors.

Although SHARPIN was originally identified as a key LUBAC component for NF-κB activation by αCD40 in Ramos B lymphoma cells (23, 24), the LUBAC pathway did not play a major role in NF-κB activation in CD154-stimulated primary B cells, which rather use CD40 endocytosis and the RAB7-dependent endosomal pathway to activate NF-κB (39). Instead, CD154 upregulated, in addition to BCL2 and BCL-XL, and Linear M1-Ub (Figures 9A, B), which is exclusively catalyzed by different forms of complexes containing HOIP, HOIL-1, and/or SHARPIN and, as shown here, had a strong a positive correlation with the viability of B cells stimulated with CD154 plus different cytokine combinations. This correlation was unveiled by the partial defect of Sharpincpdm B cells in catalyzing Linear M1-Ub and the use of a sub-optimal dose of HOIPIN-8. Furthermore, despite the strong correlation among the B-cell viability, Linear M1-Ub, and c-FLIPL levels, a definitive role of linear ubiquitinated c-FLIPL in maintaining the B cell viability remains to be proven, possibly by the specific disruption of interaction of c-FLIPL with LUBAC and, conversely, the rescue of the viability of HOIPIN-8-treated Sharpincpdm B cells with enforced expression of c-FLIPL, preferably a form that carries a K48 mutation and, therefore, is resistant to K48 polyubiquitination and proteasome degradation. Although it has long been recognized that cFLIP plays a role in the activation and survival of immune cells (60–65), including T cells and B cells, exactly how its level (a limiting factor in the anti-apoptosis activity) in immune cells is regulated, including by LUBAC, remains to be defined. As cFLIP also controls the pivoting between apoptosis and necroptosis, either through receptor-induced RIP kinase or receptor-independent assembly of riptosomes, whether and how cFLIP regulates necroptosis to influence the outcome of B cell viability and GC reaction needs to be explored, particularly in light of recent findings showing the unexpected role of caspase 9 in inhibiting necroptosis to promote GC B cell maintenance (66). Finally, cFLIP downregulation sensitized B lymphoma cells to TRAIL-induced apoptosis and breast cancer cells to ligand-independent but FADD-, caspase 8- and caspase 9-dependent apoptosis (65, 67), suggesting that HOIPIN-8, which downregulated cFLIP expression, could potentially be developed into therapeutics for B cell lymphoma as well as systemic lupus, particularly the disease caused by heightened apoptosis threshold due to lack of FAS.
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Integrin regulation by Rap1 is indispensable for lymphocyte recirculation. In mice having B-cell-specific Rap1a/b double knockouts (DKO), the number of B cells in lymph nodes decreased to approximately 4% of that of control mice, and B cells were present in the spleen and blood. Upon the immunization with NP-CGG, DKO mice demonstrated the defective GC formation in the spleen, and the reduced NP-specific antibody production. In vitro, Rap1 deficiency impaired the movement of activated B cells along the gradients of chemoattractants known to be critical for their localization in the follicles. Furthermore, B-1a cells were almost completely absent in the peritoneal cavity, spleen and blood of adult DKO mice, and the number of B-cell progenitor/precursor (B-p) were reduced in neonatal and fetal livers. However, DKO B-ps normally proliferated, and differentiated into IgM+ cells in the presence of IL-7. CXCL12-dependent migration of B-ps on the VCAM-1 was severely impaired by Rap1 deficiency. Immunostaining study of fetal livers revealed defects in the co-localization of DKO B-ps and IL-7-producing stromal cells. This study proposes that the profound effects of Rap1-deficiency on humoral responses and B-1a cell generation may be due to or in part caused by impairments of the chemoattractant-dependent positioning and the contact with stromal cells.
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Introduction

The small GTPase Ras-related protein1(Rap1) regulates multiple functions such as cell proliferation, differentiation, and adhesion (1). Integrin-mediated regulation of lymphocyte adhesion and migration is an integral process at each step of immunosurveillance (2, 3). Rap1 is rapidly activated by chemotactic factors, induces the adhesiveness of integrins to their ligands, and promotes cell polarity, which in turn facilitates the directional movement of T and B lymphocytes and their interaction with antigen presenting cells (APC) and endothelial cells (4–8). We demonstrated that Rap1-RAPL-Mst1 pathway is essential for LFA-1-dependent arrest of T and B cells on the high endothelial cells (HEV), which is critical step to home into peripheral lymph nodes (4, 9, 10).

Rap1 has 2 isoforms, Rap1a and Rap1b, which share 95% amino acid identity. Previous papers (11, 12) demonstrated the critical role of Rap1b in B-cell trafficking and differentiation using Rap1b null mice, because Rap1b is the dominant isoform of Rap1 in lymphoid cells. Rap1b-deficiency leads to reduce B-cell population in lymph nodes (LNs), and impairs the development of marginal zone B cells (11, 12), but does not affect B-1 cell development (12). There is some difference in the effects of Rap1b-deficiency on early bone marrow development and humoral responses between these papers (11, 12). It is necessary to explore the exact roles of Rap1 in B-cell development using the mice having B-cell specific double knockout of Rap1a and Rap1b.

During immune responses, B cells undergo a series of migratory events and the structure of B-cell follicles dramatically changes to facilitate the efficient production of antibodies. Epstein-Barr virus-induced molecule 2 (EBI2; also known as G-protein- coupled receptor [GPR]183) and its ligand, 7α,25-dihydroxycholesterol(7α,25-OHC), as well as C-C chemokine receptor (CCR)7, chemokine (C-C motif) ligand (CCL)21, C-X-C chemokine receptor (CXCR)5, and chemokine (C-X-C) motif ligand (CXCL)13, direct the migration of activated B cells in the follicles, and guide them to the appropriate microenvironments (13, 14). Finally, activated B cells proliferate and form germinal centers (GCs) in the center of follicles.

GCs require proper compartmentalization for an optimal immune response, and are organized into two major zones: dark and light zones (15). The dark zone contains large centroblasts that are rapidly proliferating and undergoing somatic mutation (15). It has been suggested that these cells give rise to centrocytes in the light zone that compete for antigen binding on follicular dendritic cells (FDCs) and are then dependent on receiving signals from helper T cells to survive and differentiate (16). GC organization depends on sorting of centroblasts by CXCR4 into the dark zone, because centroblasts have high CXCR4 expression and migrate toward the CXCL12, which is more abundant in the dark zone than in the light zone (17). In contrast, CXCR5 is unnecessary for the segregation of dark and light zones (17).

Two main populations of B cells, referred to as B-1 and B-2 B cells, arise from distinct progenitors that emerge at different times during development (18, 19). B-2 cells generate specific antibodies against foreign antigens. B-1 cells are subdivided into B-1a and B-1b cells, of which many B-1a cells constitutively secrete natural immunoglobulin (Ig) M antibodies and participate in the antibody response against T-independent antigens, whereas B-1b cells can undergo clonal expansion and generate specific antibody to various antigens (20–22). B-2 cells are continually replenished from hematopoietic stem cells (HSCs) in the bone marrow. Although still a subject of investigation and some debate, in general terms, B-1b cells are derived both from the fetal liver and adult bone marrow B lymphopoiesis, whereas B-1a cells can differentiate from B-1 progenitors/precursors in the fetal and neonatal livers and are maintained throughout adult life by self-renewal (23–27). Previous paper demonstrates that neonatal spleen is required for B-1a cell maintenance (24). However, as the involvement of Rap1 in B-1 cell differentiation has only been examined using adult bone marrow (BM) cells (28, 29), the precise roles of Rap1 in B-1 cell development remain to be elucidated.

B-1 progenitors arise in the embryo before B-2 progenitors, and decline by young adulthood (19). B-1 cells emerge in a distinct neonatal wave of development within 2 weeks after birth (30). On embryonic day (E) 12.5 in mice, the fetal liver becomes a major B-1 lymphopoietic and myelopoietic organ where progenitors and precursors develop progressively with time until mature B-1 cells appear between E18.5 and E19.5 (birth) (30). Vascular cell adhesion molecule (VCAM)-1-positive stromal cells support hematopoiesis, because very late antigen-4 (VLA-4), the ligand of VCAM-1, is expressed on early hematopoietic cells and plays important roles in hematopoiesis (31). Activated leukocytes cell adhesion molecule (ALCAM) is another marker expressed by these stromal cells. ALCAMhigh fetal liver cells produce IL-7 and chemokines such as CXCL12, and B-cell progenitor/precursors (B-p) including multiple stages (pro-B to pre-B) of the differentiation are chemoattracted to ALCAMhigh cells, and proliferate and differentiate when in contact with them (23, 30, 32).

In this study, using mice harboring B-cell specific knockouts of Rap1a and Rap1b (DKO mice), we demonstrate that Rap1 is not only indispensable in B-cell population of peripheral lymph nodes, but is also a key factor in B-cell locomotion and may be indirectly involved in T cell-dependent antibody production and B-1a cell generation.



Materials and Methods


Mice

All animal experiments were carried out in accordance with Regulations for the Care and Use of Laboratory Animals in Kitasato University, and the protocols used in this study were ethically approved by the Institutional Animal Care and Use Committee for Kitasato University. Rap1af/f mice containing floxed exons 2–3 of Rap1a, Rap1bf/f mice containing floxed exon 1 of Rap1b on C57BL/6J background were maintained under specific pathogen–free conditions (33). Those mice were crossed with mb-1-Cre mice, yielding mice with B cell–specific deletion of Rap1a/b (33). Fetal liver was obtained from timed mating of WT or DKO mice. The embryonic stage was designed relative to embryonic day (E) 0.5, the day of plug formation. B cells were purified from the spleens of WT and DKO mice using B cell isolation kit, mouse (Miltenyi Biotec).



Antibodies and Reagents

Fluorescence-conjugated anti-mouse CD45 allophycocyanin (APC), phycoerythrin(PE) Cy7, Brilliant Violet™ 421, CD3 FITC, B220 PE, APC, Brilliant Violet™ 711, CD19 FITC, PE, APC, IgM FITC, PECy7, APC, IgD PE, CD21 FITC, CD23 PE, CD24 PECy7, CD43 PE, CD5 PECy7, CD62L FITC, GL-7 APC, CD93 APC, LFA-1 PE, VLA-4 APC, CXCR4 APC, CXCR5 APC, CD35 FITC and IL-7R APC, CD4 FITC, CD8 FITC, CD11b FITC, Gr-1 FITC, NK1.1 FITC, TER119 FITC (e-bioscience or BioLegend), anti-ALCAM (R&D Systems), anti-Rap1 (BD Biosciences), Extracellular signal-regulated kinase (ERK), p-ERK, Akt kinase (Akt), p-Akt, β-actin and peroxidase-conjugated goat anti-mouse IgG (Cell Signaling) were used for flow cytometry, immunostaining and immunoblotting. Mouse CXCL13, CXCL12 and 7α,25-OHC were purchased from R&D Systems and Sigma. NIP-APC (4-hydroxy-3-iodo-5- nitrophenylacetate-allophycocyanin) was generated in-house (34).



Flow Cytometry and Cell Sorting

Immunofluorescence flow cytometry was performed as described previously (9). For mAbs staining, cells were washed with staining buffer (1% FBS in HBSS), resuspended in 50 μl of the same buffer, pre-incubated with purified anti-mouse CD16/32 (Biolegend) for 10 min, and incubated for 30 min at 4°C with each fluorescence-conjugated mAb or isotype control matched with primary antibody. Zombie NIR™ dye (Biolegend) was used to assess live or dead status of cells. The samples were measured using a Gallios flow cytometry or CytoFLEX (Beckman Coulter). Doublets were distinguished from single cells by plotting FSC height vs FCS area. For the isolation of B-ps, fetal liver cells of E15-15.5 mice were immunostained as above, and CD45+ LIN- (CD3-, CD4-, CD8-, CD11b-, Gr-1-, NK1.1-, TER119-) CD19+B220+CD93+ IgM-cells were sorted using a Moflo XDP instrument (Beckman Coulter). The purity of the sorted populations constituted more than 95% as determined by a presorted sample run in parallel. Data were analyzed in Kaluza analysis version 2.1 (Beckman Coulter).



Immunoblot Analysis

B cells were lysed in buffer (1% Nonidet P-40, 150 mM NaCl, 25 mM Tris-HCl [pH 7.4], 10% glycerol, 2 mM MgCl2, 1 mM phenylmethylsulfonylfluoride, 1 mM leupeptin, and 0.1 mM aprotinin). Cell lysates were subjected to immunoblotting (35).



Histological Examination

Preparation of frozen sections of the spleens, LNs and fetal livers from WT and DKO mice were performed as described previously (33). Sections were blocked for 1h at 20°C with PBS containing 10% goat serum and 0.1% Triton X-100 and incubated overnight at 4°C with the indicated antibodies. Nuclei were stained with SlowFade Gold antifade reagent with DAPI (invitrogen). Sections were examined on TCS SP8 (Leica).



Homing Assay

Purified B cells were labeled with 1 µM 5, 6-carboxyfluorescein diacetate (CFSE, Invitrogen) and 10 µM (5-(and-6)) ((4-chloromethyl) benzoyl) amino) tetramethylrhodamine) (CMTMR, Invitrogen). An equal number of labeled control and Rap1-deficient B cells (1–5 × 106) was injected intravenously into a normal C57BL/6 mouse. After 1 hr, inguinal and axillary LN cells, splenocytes and peripheral blood mononuclear cells were analyzed by flow cytometry (4).



Lymphocyte Migration on ICAM-1 and VCAM-1

Migration on ICAM-1 or VCAM-1 was performed as previously described using a ΔT dish (Bioptechs Inc.) with immobilized recombinant mouse ICAM-1Fc (0.2 µg/ml) or mouse VCAM-1Fc (0.2 µg/ml) (36, 37). A total of 1 × 106 cells were loaded onto the ICAM-1 or VCAM-1-coated dish. Phase-contrast images were obtained using an Olympus Plan Fluor DL 10 ×/0.3NA objective every 15 sec for 10-15 min at 37°C using a heated stage for ΔT dishes (Bioptechs Inc.). The frame-by-frame displacements and lymphocyte velocities were calculated by automatically tracking individual cells using MetaMorph software (Molecular Devices). In each field, 30 randomly selected cells were manually tracked to measure the median velocity and displacement from the starting point.



Chamber Fabrication and Assay for Chemotaxis Towards Chemokine Gradient Using Chambers

A micro-chamber for the chemotaxis assay was fabricated following a photolithography process described earlier (38–40). In brief, polydimethylsiloxane (PDMS; Sylgard 184 Silicone Elastomer Kit, Dow Corning) solution with a mixing ratio of 10:1 (base: curing agent) was poured on a 50 µm-thick SU8-mold (SU-8 3050; MicroChem) and was cured for 1 hr at 75°C. The PDMS sheet was then peeled off from the mold. Inlets for chemoattractant and cell-loading were opened with a 1.5-mm or 2-mm diameter biopsy punch (BP-15F, BP-20F; Kai industries), respectively. The fabricated PDMS was cut using a stainless steel corer (BSV01; TKG) to form a round 10-mm diameter disc. A glass-bottom dish (P35G-0-14-C; MatTek) was treated with O2 plasma for 10 min to clean the glass surface using a plasma etcher (FA-1; Samco). The dish and the PDMS disc were treated with an O2 plasma for an additional 5 sec, attached together by hands and immediately heated on a hot plate for 3 min at 80°C for permanent bonding.

Custom-made migration chambers were coated with mouse VCAM-1 Fc (0.2 µg/ml), and overlaid with 30 µl of 200 nM CXCL12 or 200 nM 7α, 25-OHC with 10 µl of 0.4 µg/ml Alexa Fluor 594 dye (Thermo Fisher Scientific). The dimensions of the chamber are 500 µm wide, 50 µm high and 1mm long. B cells from the spleens of WT and DKO mice were cultured with 5µg/ml of anti-IgM F(ab’)2 and 2ng/ml of IL-4 for 2 days. 10 µl of activated B-cell suspension (5x105 cells) was casted into the chamber, and observed at 37°C for 180 min via time-lapse video microscopy. Cells were tracked using MetaMorph software.



[3H]Thymidine Incorporation Assay

Purified B cells or B-ps were plated into 96-well plates in triplicates and stimulated with 2 and 10 µg/ml goat-mouse IgM F(ab́)2 or 5 ng/ml IL-7 for 24-48 h. A total of 1mCi [3H] thymidine (GE health Life Science) was added 6h before harvest. Labeled DNA from cells was collected on GSC filters (Whatman), and the radioactivity was measured in a scintillation counter.



Immunization With NP-CGG (Nitrophenyl-Chicken Gamma Globulin)

WT and DKO mice were intrapenitoneally injected with 100-200 µg of NP-CGG emulsified in complete Freund’s adjuvant (Sigma-Aldrich). The spleens from day 14 and 20 immunized WT and DKO mice were frozen, and the crystal sections were stained with the indicated antibodies. Sera were diluted and analyzed by ELISA using microplates coated with NP30 or NP11-BSA (4-Hydroxy-3- nitrophenylacetyl hapten conjugated to Bovine Serum Albumin) and NP-specific Ig isotypes using Clonotyping System (Southern Biotechnology Association).



Flow-Adhesion Assay

The human endothelial cell line LS12 was introduced with mouse ICAM-1 (40). They were cultured on fibronectin-coated disk and pretreated with TNFα. These disks were incubated with or without CXCL13 and placed in the flow chamber (FCS2; Bioptechs). Shear flow was generated using an automated syringe pump (Harvard Apparatus). B cells were infused in pre-warm RPMI1640 medium were infused into the flow chamber at 2 dyne cm-2 at 37°C. Images were recorded at 3.3-ms. Frame-by-frame displacements and velocities of B cell movements were calculated by automatically tracking individual cells using the MetaMorph software (Molecular Devices). Interaction with LS12 cell was categorized depending on dwell time: rolling; transient adhesion (0.5-10s); and stable arrest (more than 10s). the frequencies of cells exhibiting rolling, transient and stable arrest per minute are shown.



Detachment Assay

CXCL13-stimulated B cells adhesion assays were performed using a temperature-controlled parallel flow chamber (FCS2, Bioptechs Inc.), with immobilized recombinant ICAM-1Fc (36). Purified B cells were incubated with 100nM CXCL13 for 10 min and then shear stress was applied for 1min at 2 dyne/cm2.



Pull-Down Assay

Rap1-GTP was pulled down with a GST (Glutathione S-transferase)-RBD (Ras-binding domain) of Ral guanine nucleotide dissociation inhibitor (GDS) fusion protein. Briefly, 107 cells were lysed in ice-cold lysis buffer [1% Triton X-100, 50 mM Tris-HCl (pH7.5), 100 mM NaCl2, 10mM MgCl2, 1mM phenylmethylsulfonyl fluoride, 1mM leupeptin] and incubated for 1h at 4°C with GST-fusion proteins coupled to glutathione agarose beads. The beads were washed three times with lysis buffer and subjected to western blot analysis using anti-Rap1 antibody.



Statistical Analysis

Statistical analysis was performed using two-tailed Student’s t-test. P values less than 0.05 were considered significant.




Results


The Effects of Rap1 Deficiency on B Cell Distribution

To generate Rap1a and Rap1b conditional double-knockout (DKO) mice, mice carrying floxed Rap1a and Rap1b alleles (Rap1f/f) were mated with mb-1-cre transgenic mice to specifically delete Rap1 in B cells. Western blot analysis confirmed that the Rap1 protein was not expressed in B cells derived from these mice (Figure 1A).




Figure 1 | Effects of Rap1-deficiency on the distribution of B cells. (A) Expression of Rap1 in WT and DKO B cells. Actin is a loading control. (B) (Top, left) B220 and CD3 profiles of CD45+-gated cells from the LN, blood and spleen of WT and DKO mice. The numbers indicate the percentages of B220+ B cells. (Top, right) T and B cell numbers in the LN, blood and spleen. (n=5-7). The mean values and standard errors are shown. *1p < 0.001, *2p<0.008, compared with WT B cells. (Bottom) The sections of LNs from WT and DKO were stained with anti-CD3 (red) and B220 (green). (C) (Top) IgM and CD24 profiles of CD45+B220+-gated blood cells, CD23 and CD21 profiles of IgM+CD24high or IgM+CD24low cells from WT and DKO mice. Numbers indicate the percentages of IgM+CD24low, IgM+CD24high, CD23-CD21-, CD23+CD21+ B cells. (Bottom, left) IgM and IgD profiles of CD45+B220+-gated blood cells from WT and DKO mice. Numbers indicate the percentages of IgM+ IgDhigh and IgM+ IgDlow B cells. (Bottom, right) The numbers of IgM+CD24lowCD21+CD23+ mature and IgM+CD24highCD21-CD23- immature B cells in the blood of WT and DKO mice (n=5). The mean values and standard errors are shown. *1p < 0.009, *2p < 0.001 compared with WT cells. (D) WT and DKO B cells were labeled with CFSE and CMTMR, respectively, and injected into normal mice. After 1 h, lymphocytes from the LN, spleen and blood of injected mice were analyzed. The numbers indicate the ratios of DKO cells relative to WT cells (adjusted to 1). (E) (Top) CD21 and CD23 profiles of CD45+B220+-gated splenocytes from WT and DKO mice. The numbers indicate the percentages of CD21highCD23low marginal zone B cells to total CD45+B220+ cells. (Middle) The numbers of CD21highCD23low marginal zone B cells in spleens of WT and DKO mice (n=5). The mean values and standard errors are shown. *p < 0.005, compared with WT cells. (Bottom) Spleen sections stained with anti-IgD (red), IgM (green) and MadCAM-1 (blue). Marginal zone B cells (IgM+ IgD- cells) were located outside of MadCAM-1+ cells, and absent in the spleen of DKO mice. (F) (Top) IgM and CD24 profiles of CD45+B220+-gated bone marrow cells, CD23 and CD21 profiles of IgM-CD24high, IgM+CD24high and IgM+CD24low cells from WT and DKO mice. Numbers indicate the percentages of IgM-, IgM+CD24high, IgM+CD24low, CD23-CD21-, CD23+CD21+ B cells. (Bottom, left) IgM and B220 profiles of CD45+B220+-gated bone marrow cells from WT and DKO mice. Numbers indicate the percentages of IgM-B220low, IgM+B220low and IgM+B220high B cells. (Bottom, right) The numbers of IgM+CD24lowCD21+CD23+ mature B cells, IgM+CD24highCD21-CD23- immature B cells and IgM-CD21-CD23- pre/pro B cells in the bone marrow of WT and DKO mice (n=6). The mean values and standard errors are shown. *1p < 0.002, *2p < 0.03 compared with WT cells.



The number of B cells in the peripheral lymph nodes (LNs) of DKO mice diminished to less than 4% of that of wild-type (WT) mice, and Rap1-deficient B cells were present in the blood and spleen of DKO mice at 8-10 weeks of age (Figures 1B, C). WT and DKO B cells were differentially labeled and adoptively transferred into normal mice. The trafficking of DKO B cells to the peripheral LNs was reduced to less than 1% of that of WT B cells (Figure 1D). Marginal zone (MZ) B cells were absent in the spleen of DKO mice (Figure 1E). As expected, Rap1-deficient B cells exhibited severe impairment in attachment to immobilized intercellular adhesion molecule (ICAM-1) in the presence of CXCL13 (Figure S1A in Supplementary Material). The interaction of B cells with the high endothelial venules (HEV) was mediated by L-selectin-mediated rolling and chemokine-triggered integrin-dependent arrest. As previously reported (33), L-selectin-dependent rolling was increased in DKO B cells, but CXCL13 and lymphocyte function-associated antigen (LFA)-1-dependent stable arrest was completely abrogated by Rap1-deficiency (Figure S1B in Supplementary Material). Although CXCL13-dependent migration of DKO B cells on the ICAM-1 was significantly reduced (Figure S1C in Supplementary Material), the splenic architecture of B-cell follicles was not disordered in DKO mice (Figures 1E and S1D in Supplementary Material).

In addition to the increase in mature B cells (IgM+CD24lowCD23+CD21+ or IgM+IgDhigh), immature B cells (IgM+CD24highCD23-CD21- or IgM+IgDlow) were also significantly elevated in the blood of DKO mice (Figure 1C), suggesting that Rap1-deficiency impairs the retention of immature B cells in the BM, which is mediated by CXCR4 and VLA-4 (41). The proportion of mature B cells (IgM+CD24lowCD23+CD21+ or IgM+B220high) in the BM of DKO mice was significantly reduced, compared with that of WT mice (Figure 1F). Taken together, these results show that Rap1 plays a central role in B-cell homing into the LNs and BM, differentiation of MZ B cells in the spleen, and retention of immature B cells in the BM.



Rap1 Is Involved in GC Formation Induced by NP-CGG Injection

To determine whether Rap1 is involved in humoral immunity by regulating the GC organization, we immunized the mice intraperitoneally with NP-CGG, and analyzed splenic GCs using immunostaining and flow cytometry. The GC cells demonstrated a segmented distribution and the proportion of GL-7+ NIP+ GC cells was significantly reduced in the spleen of injected DKO mice (Figures 2A, B). NP-specific antibody titers were determined by enzyme-linked immunosorbent assay (ELISA) using 96-well plates coated with NP11 or NP30-bovine serum antigen (BSA). Both high- and low- affinity antibodies bound to NP30-BSA, whereas only high-affinity antibodies bound to NP11-BSA. As shown in Figure 2C, injected DKO mice produced significantly lower amounts of both NP11- and NP30-specific IgM and IgG, compared to those of WT mice. These data indicate that Rap1 is required for the generation of GC cells.




Figure 2 | Decreased humoral response to NP-CGG in DKO mice. (A) Spleen sections of WT and DKO mice injected with NP-CGG (day14 and 20) were stained with anti-GL-7 (red), anti-B220 (yellow) and anti-CD3 (green). (B) (Top) Antigen-specific GC B cells (B220+, NIP+, GL-7+) in the spleens of WT and DKO mice uninjected or injected with NP-CGG were analyzed by flow cytometry. The numbers show the percentages of GL-7+ NIP+ cells in B cells. (Bottom) The percentages of GL-7+ cells in NIP+ B cells from the spleens of WT and DKO mice are shown (n=3). The mean values and standard errors are shown. *p < 0.02, compared with WT mice. (C) Anti-NP IgM and IgG titers in sera of WT and DKO mice injected with NP-CGG were measured by ELISA. NP30 and NP11 as hapten antigens were used for detecting low- and high-affinity anti-NP antibodies, respectively in triplicate. The mean values and standard errors are shown. *1p < 0.009, *2p < 0.001, *3p < 0.001, *4p < 0.001, compared with WT mice. (D) Spleen sections of WT and DKO mice injected with NP-CGG (day 20) were stained with anti-GL-7 (red), anti-IgD (yellow) and anti-CD35 (green).



GCs have two distinct zones, namely the dark and light zones, which are associated with important functional differences. We visualized the dark and light zones of GCs in the WT and DKO spleens by immunostaining. CD35+ FDCs were enriched in the light zone, and GL7+ GC cells accumulated densely in the dark zone of WT spleens (Figure 2D). However, CD35+ FDCs did not integrate at the distal pole of the light zone, and GL7+ GC cells scattered throughout the dark zone of DKO spleens (Figure 2D), suggesting that GC organization is also Rap1-dependent.

The proliferative response of Rap1-deficient B cells to anti-IgM F(ab’)2 was similar to that of WT B cells (Figure 3A). In addition, there were no differences in B cell antigen receptor (BCR)-mediated phosphorylation of ERK and Akt between WT and DKO B cells (Figure 3A). Therefore, the reduction in the number of antigen-specific GL-7+ GC cells in injected DKO mice was not due to the impaired BCR-mediated early signaling in response to antigens.




Figure 3 | Rap1-deficiency causes defective locomotion of activated B cells along chemotactic factors. (A) (Left) [3H]-thymidine uptake by B cells. Primary B cells from the spleens of WT and DKO mice were unstimulated or stimulated with antigen receptor ligation by anti-IgM F(abʹ)2 at the indicated concentrations. [3H]-thymidine uptake was measured 48 hr after the stimulation in triplicate. The mean values and standard errors are shown. (Right) Phosphorylated and total ERK and Akt in stimulated WT and DKO B cells with 5µg/ml of anti-IgM F(abʹ)2 at the indicated times are shown. (B) WT B cells which were cultured in the presence of anti-IgM F(abʹ)2 and IL-4 for 2 days were stimulated with 200nM 7α,25-dihydrixycholesterol (7α,25-OHC) as indicated times. Cell lysates were pulled down with GST-Ral-GDS- RBD and immunoblotted with an anti-Rap1 antibody. (C) (Top) The experimental set up of scheme. B cells from the spleens of WT and DKO mice were stimulated with anti-IgM F(abʹ)2 and IL-4 for 2 days. Time lapse sequences of those activated B cells migrating toward the source of 7α,25-OHC were recorded. (Middle) Representative tracks of the activated WT and DKO B cells on the VCAM-1 in response to 7α,25-OHC gradient are shown. Each line represents a single cell track. (Bottom) Displacement and velocity of the activated WT and DKO B cells (n=30). The mean values and standard errors are shown. *1p < 0.001, *2p < 0.001, compared with WT cells. (D) (Top) Representative tracks of the activated WT and DKO B cells on the VCAM-1 in response to CXCL12 gradient are shown. Each line represents a single cell track. (Bottom) Displacement and velocity of the activated WT and DKO B cells (n=30). The mean values and standard errors are shown. *1p < 0.001, *2p < 0.001, compared with WT cells. (E) The expression of CXCR4 and VLA-4 on the activated WT and DKO B cells.



EBI2 and 7α,25-OHC were reported to play critical roles in positioning of antigen-activated B cells within lymphoid follicles, which is important for the initial burst of B cell proliferation and GC commitment (13, 14). Since chemokines activate Rap1 through Gi-protein coupled receptors (GPCRs) in T and B lymphocytes (36, 37, 40), we examined whether 7α,25-OHC activated Rap1 in activated B cells. As shown in Figure 3B, 7α,25-OHC continuously activated Rap1 during 5min from 15 sec in the activated B cells. We examined the effects of Rap1 on the locomotion of activated B cells along a 7α,25-OHC gradient. The locomotion of Rap1-deficient B cells on the VCAM-1 along the 7α,25-OHC gradient was significantly decreased (Figure 3C).

Previous papers have reported that the segregation of light and dark zones depends on the sorting of centroblasts by CXCR4 and CXCL12 into the dark zone (17). We examined the effects of Rap1 deficiency on the directed movement of activated B cells which sense the CXCL12 gradient. As shown in Figure 3D, the locomotion of activated Rap1-deficient B cells on the VCAM-1 along a CXCL12-gradient was significantly diminished, compared to that of activated WT B cells. There was no difference in the expression of CXCR4 and VLA-4 between WT and Rap1-deficient activated B cells (Figure 3E).

These data indicate that Rap1 is important for the GC formation and involved in the positioning of activated B cells within the follicular microenvironment.



Impaired B Cell Development in the Neonatal Spleen and Liver and Fetal Liver of DKO Mice

Both B-1a (B220lowCD19highIgM+CD43+CD5+) and B-1b (B220lowCD19highIgM+CD43+CD5-) cells were almost absent in the peritoneal cavity of adult DKO mice (8-12 weeks of age) (Figure 4A). Although B-1b cells were present in the spleen and blood of adult DKO mice, B-1a cells were significantly decreased there (Figures 4B, C). These data indicated that B-1a cells were not only reduced in the peritoneal cavity, but also in the blood and spleen of DKO mice.




Figure 4 | Severe reduction of B-1a cells in the peritoneal cavity, spleen and blood of DKO mice. (A) (Left) B220 and CD19 profiles of CD45+-gated cells (left), IgM profiles of B220lowCD19high -gated cells (center) and CD5 and CD43 profiles of IgM+-gated cells (right) from the peritoneal cavity of adult WT or DKO mice. The numbers indicate the percentages of B220low CD19high cells, IgM+ cells and CD5+CD43+ (B-1a) or CD5-CD43+ (B-1b) cells. (Right) The numbers of B-1a and B-1b cells from the peritoneal cavities of WT and DKO mice. The mean values and standard errors are shown (n=7). *1p < 0.02, *2p < 0.03, compared with WT cells. (B) (Left) B220 and CD19 profiles of CD45+-gated cells (left), IgM profiles of B220lowCD19high -gated cells (center) and CD5 and CD43 profiles of IgM+-gated cells (right) from the spleens of adult WT or DKO mice. The numbers indicate the percentages of B220low CD19high cells, IgM+ cells and CD5+CD43+ (B-1a) or CD5-CD43+ (B-1b) cells. (Right) The numbers of B-1a and B-1b cells from the spleens of WT and DKO mice. The mean values and standard errors are shown (n=7). *p < 0.02, compared with WT cells. (C) (Left) B220 and CD19 profiles of CD45+-gated cells (left), IgM profiles of B220lowCD19high -gated cells (center) and CD5 and CD43 profiles of IgM+-gated cells (right) from the blood of adult WT or DKO mice. The numbers indicate the percentages of B220low CD19high cells, IgM+ cells and CD5+CD43+ (B-1a) or CD5-CD43+ (B-1b) cells. (Right) The numbers of B-1a and B-1b cells from the blood of WT and DKO mice. The mean values and standard errors are shown (n=5). *p < 0.02, compared with WT cells.



Since most B-1 cells are appeared at the neonatal stage (23), we examined B-1 cell development in neonatal spleens and livers. B-1a cells were clearly detected at day 10 after birth in the neonatal spleen of WT mice, but the number of B-1a cells in the neonatal spleen of 10-day-old DKO mice was only a one-tenth of that of WT mice (Figure 5A).




Figure 5 | Impaired B cell development in the neonate and fetus periods of DKO mice. (A) (Left) The number of B-1a (B220low CD19highIgM+CD43+CD5+) cells in day 1, 5 and 10 neonatal spleens of WT and DKO mice (n=5-15). *p < 0.001, compared with WT mice. (Right) B220 and CD19 profiles of CD45+-gated cells (left), IgM and CD43 profiles of B220lowCD19high-gated cells (center) and CD5 profiles of IgM+CD43+-gated cells (right) from day 10 neonatal spleens of WT and DKO mice. The numbers indicate the percentages of B220low CD19high cells, IgM+CD43+ cells and CD5+ cells. (B) (Left upper) The number of B-ps (CD45+LIN-CD19+ B220+CD93+IgM-) in day 1, 5 and 10 neonatal livers of WT and DKO mice (n=5). *1p < 0.001, *2p < 0.003, *3p<0.001, compared with WT mice. (Left lower) Ratios of transitional B cells (CD45+CD19+B220+IgM+ CD93+) in day 1 neonatal livers of WT and DKO mice. *p < 0.008, compared with WT mice. (Right) B220 and CD19 profiles of CD45+ LIN–gated cells (left), CD93 and IgM profiles of CD19+B220+ or CD19+B220+(high) -gated cells from the livers of day 1, 5 and 10 neonatal WT and DKO mice (right). The numbers indicate the percentages of CD19+B220+, CD19+B220+(high), IgM- CD93+ or IgM+ CD93+ B cells. (C) (Left) The number of B-ps in fetal livers of WT and DKO mice (n=7). *p < 0.001, compared with WT mice. (Right) LIN (CD3, CD4, CD8, CD11b, Gr-1, NK1.1, TER119) profiles of CD45+-gated cells (left), B220 and CD19 profiles of LIN–gated cells (center), CD93 and IgM profiles of CD19+B220+-gated cells (right) in fetal livers of WT and DKO mice. The numbers indicate the percentages of LIN- cells, CD19+ B220+ cells and CD93+IgM- cells.



There are substantial controversies about precise progenitors of B-1 cells and ontogenetic relationships between cells designated (25, 42–44) as B-1 progenitors. B220+CD43+ cells in fetal liver (42), which may overlap with CD19+B220+CD93+ cells, and CD19+B220+CD93+ IgM+ transitional B cells (TrB) in neonatal spleen (23, 25) were reported to include the progenitor/precursors having the ability to differentiate into B-1 cells. Notwithstanding some disagreement, here we will refer to these reported phenotypes as those of B-ps and TrB. We examined their numbers and proportions in the livers of 1-, 5-, and 10-day-old neonatal DKO mice. B-ps (CD45+LIN-CD19+B220+CD93+IgM-) were less than 20% of those of the livers of neonatal WT mice (Figure 5B). The proportion of IgM+CD93+ transitional B cells was also significantly decreased in the neonatal liver of 1-day-old DKO mice (Figure 5B). IgM+CD93- B cells which demonstrated higher expression of B220 than that of IgM-/+CD93+ B cells appeared in the liver of 10-day-old mice, and might be mature B cells derived from the bone marrow in DKO mice (Figure 5B).

Subsequently, we examined the number of B-ps in E15.5 fetal livers. As shown in Figure 5C, the number of B-ps in the livers of E15.5 fetal DKO mice was decreased by more than 40% of that of fetal WT mice. These data indicate that Rap1 is necessary for survival, proliferation or differentiation of B-ps in neonatal and fetal livers.



Rap1 Is Important for the Contact of B-ps With ALCAMhigh Stromal Cells via CXCL12- and VLA-4/VCAM-1-Dependent Migration

B-cell development in the fetal liver is supported by IL-7 (31). B-ps (CD45+LIN- CD19+B220+CD93+IgM-) were purified from fetal livers of E15-15.5 WT and DKO mice by cell sorting (Figure S2A in Supplementary Material) and cultured in the presence of IL-7. As shown in Figure 6A, the proliferative response of Rap1-deficient B-ps to IL-7 was similar to that of WT B-ps. The frequency of differentiation of Rap1-deficient B-ps into transitional B cells (B220+CD19+CD93+IgM+) was also similar to that of WT B-ps (Figure 6A). In addition, there was no difference in the expression of the IL-7 receptor between WT and DKO B-ps (Figure S2B in Supplementary Material). These data indicate that Rap1 is not involved in IL-7-dependent proliferation and differentiation of B-ps.




Figure 6 | Migration of B-ps on the VCAM-1 is dependent on Rap1. (A) (Left) [3H]-thymidine uptake by B-ps (CD45+LIN- CD19+B220+CD93+IgM-). B-ps from the fetal livers of WT and DKO mice were cultured in the absence or presence of IL-7. [3H]-thymidine uptake was measured 2 days after the stimulation. The mean values and standard errors are shown. (Right) CD93 and IgM profiles of B-ps which were cultured with IL-7 for 1 and 3 days. The numbers indicate the percentages of IgM- CD93+ B-ps or IgM+ CD93+ transitional B cells. (B) (Left) The tracks of WT and DKO B-ps on the VCAM-1 in the absence or presence of CXCL12 are shown. Each line represents a single cell track. (Right) Displacement and velocity of WT and DKO B-ps were measured on the VCAM-1 with or without CXCL12 (n=30). *p < 0.001, compared with WT B-ps. (C) (Top left) Fetal liver sections of WT and DKO mice were stained with anti-ALCAM (green), anti-B220 (red) and DAPI (blue). (Top right) Proportions of B-p showing contact, partial contact and no contact between B-ps and ALCAM+ stromal cells (n=30). *1p < 0.003, *2p < 0.007, *3p < 0.004, compared with WT B-ps. (Bottom) Line profiles of B220 and ALCAM intensities are generated along the direction of the arrow. The case where B220 and ALCAM overlapped in the point of more than 80% of each peak intensity, is categorized to ‘contact’; the case where B220 and ALCAM overlapped in the point of more than 30% of each peak intensity, is categorized to ‘partial’; the case where B220 and ALCAM overlapped in the point of less than 30% of each peak intensity, is categorized to ‘no contact’.



We explored the effects of Rap1 on VLA-4/VCAM-1-dependent migration of B-ps in the presence or absence of CXCL12. As shown in Figure 6B, WT B-ps, but not Rap1-deficient B-ps, actively migrated on the VCAM-1-coated plate. In particular, the displacement of Rap1-deficient B-ps was markedly impaired regardless of CXCL12. The expression of CXCR4 and VLA-4 in DKO B-ps was similar to those of WT B-ps (Figure S2C in Supplementary Material). These results indicated that the locomotion of B-ps in the fetal liver was Rap1-dependent.

ALCAM+ stromal cells, which express VCAM-1 and produce CXCL12, chemoattract B-ps (31). B-ps survive and proliferate when in contact with ALCAM+ stromal cells in the fetal liver (31). By immunostaining of fetal livers, we examined the contacts between B-ps and ALCAM+ stromal cells. As shown in Figures 6C and S2D in Supplementary Material, the proportion of B-ps that demonstrated ‘contact’ with ALCAM+ stromal cells was significantly lower in the livers of fetal DKO mice than those of fetal WT mice.

These results suggest that the reduction in the number of B-ps might be caused by the impairments in their interaction with IL-7-producing stromal cells in the fetal liver of DKO mice.




Discussion

We propose from the data presented that the absence of Rap1-deficient B cells in LN occurs as a result of defective homing or retention, leading to localization of B cells in the blood and spleen, which were consistent with the previous papers (11, 12). In contrast, B-1a cells are markedly reduced even in the spleen and blood of adult DKO mice, and the number of B-ps was diminished in neonatal and fetal livers. Although Rap1 was reported to be directly involved in intracellular signaling to induce B-1 development using adult BM cells (28, 29), there were no defects in the proliferation and differentiation of Rap1-deficient B-ps from fetal liver in response to IL-7 in vitro, indicating that Rap1 is dispensable for IL-7-dependent development of B-ps. On the other hand, Rap1-deficient B-ps barely migrated on the VCAM-1 in the presence of CXCL12. Previous papers have reported that ALCAMhigh non-hematopoietic cells were found to express VCAM-1 and support hematopoiesis by producing chemokines such as CXCL12 and cytokines, in particular, IL-7 (30–32). The contacts of B-ps with IL-7-producing stromal cells were impaired in the fetal liver of DKO mice. Defective CXCL12-dependent positioning of Rap1-deficient B-ps might have decreased their encounters and interaction with IL-7-producing stromal cells in the fetal liver. It is unproven but here is why we interpret the findings as suggesting a causal relationship between defective locomotion and reduced number of B-ps in fetal liver of DKO mice.

On the other hand, B-1b cells were absent in the peritoneal cavity, but present in the blood and spleen of adult DKO mice. These data indicate that Rap1 is necessary for the positioning of B-1b cells into the peritoneal cavity, but might be dispensable for differentiation of B-1b cells by B-cell lymphopoiesis in the bone marrow.

Previous paper (11) demonstrated that lack of Rap1b reduced the number of pro/pre-B cells and immature B cell in bone marrow. In another previous paper (12) and this study, the number of pro/pre-B cells was slightly, but not significantly reduced in bone marrow. The numbers of pro/pre-B cells were varied between individuals because Rap1-deficiency possibly might affect the differentiation of pre-B cells to immature B cells. Rap1a null mice did not show any obvious defects in the differentiation and maturation of lymphoid cells (45, 46). Taken together, Rap1b might be involved in maximal B cell development in bone marrow. Furthermore, bone marrow-derived Rap1b-deficient pro/pre-B cells normally proliferated in the presence of IL-7, but their adhesion to stromal cell line was reduced compared with WT cells (11), suggesting that Rap1b might play important roles in the interaction of pro/pre-B cells with IL-7-producing stromal cells in bone marrow. As previously reported (43), fetal pro-B cells mainly differentiated into B-1 cells, but the adult pro-B cells mainly differentiated into B-2 cells. Rap1 might be more indispensable for the interaction of B-ps with stromal cells in fetal liver than in adult bone marrow, because the steady-state of B-1a cells was severely impaired by Rap1-deficiency.

The recirculating mature B cells in bone marrow were not reduced in Rap1b null mice (11, 12), while the percentages of mature B cells in bone marrow of DKO mice were reduced to approximately one-fourth of WT mice (Figure 1F), suggesting that Rap1a and Rap1b have redundant roles in the repopulation of mature B cells in bone marrow. In contrast to DKO mice, B-1a and b cells normally exited in the peritoneal cavity of Rap1b null mice (12). Rap1a null mice showed normal serum level of IgM (45). These data suggest that Rap1a and Rap1b have redundant roles in B-1 development and positioning in the peritoneal cavity.

In this study, we revealed that the development of GCs in B-cell follicles during T cell-mediated immune responses was Rap1-dependent. Upon encountering antigens, activated B cells undergo multiple migratory steps, which are dependent on chemoattractants such as 7α,25-OHC and CCL21, that are expressed in distinct stromal cells (13, 14, 47). The upregulation of EBI2 and CCR7 expression on antigen-activated B cells results in their movement towards outer follicular regions and the T-cell zone to seek antigens and the help of T cells. Since antigen-activated B cells maintain CXCR5 expression, subsequent down-regulation of EBI2 and CCR7 expression induces their migration towards the central FDC-dense areas where they proliferate and form GCs (13, 47). We found that Rap1-deficiency reduced the directional locomotion of the activated B cells along the gradient of 7α,25-OHC in vitro, which may partly delay their proliferative responses to antigens and the formation of GCs. In addition, the movement of Rap1-deficient B-cell blasts on VCAM-1 along a CXCL12 gradient was also impaired. In the GCs, CXCL12 is expressed in more abundantly in the dark zone than in the light zone, and is required for the segregation of the dark and light zones (15, 17). Rap1 might possibly influence the locomotion of CXCR4-expressing centroblast to the dark zones.

BCR-mediated signaling and internalization of antigens are critical for the differentiation of B cells into antibody-producing cells (48, 49). B cells recognize antigens on the antigen-presenting cells (APCs) such as follicular dendritic cells, subcapsular sinus macrophages and marginal zone B cells through the B cell receptor (BCR) (49, 50). B cells capture BCR-bound antigens from APC and delivered to major histocompatibility complex (MHC) II-containing vesicles via actin- and microtubule-dependent processes (51–53). Peptide –MHC-II complexes are presented to T cells, which provide the signals required for B cell activation. Thus, B-cell differentiation into plasma cells is dependent on the B cell-APC interaction and BCR-dependent cytoskeletal reorganization (51–55). Rap1 plays central roles in integrin-dependent adhesion (4, 9, 10) and BCR-induced reorganization of actin and MTOC polarization (56, 57). Therefore, Rap1-deficiency might impair B-cell contact with APC and BCR-dependent antigen internalization, which also contributes to defective development of GC.

Our previous study demonstrated that Rap1 guanine nucleotide exchange factors, Ras/Rap association-guanine nucleotide exchange factor (RA-GEF)-1 and 2 play critical roles in the retention of immature B cells in the BM (40). This study confirms that Rap1 activation is required for immature B-cell retention in the BM. In contrast to T cells, immature B cells egress passively from the BM, independent of pertussis toxin (PTX)-sensitive GPCR signaling, such as that of sphingosine-1-phospohate (S1P) (41). On the other hand, the retention of these cells in the BM strictly depends on amoeboid motility mediated by CXCR4 and VLA-4 (41). In addition, RA-GEF-1 and 2 are dispensable for naïve B-cell homing into peripheral LNs (40). However, in this study, the deficiency of Rap1 in B cells was found to be indispensable for B-cell homing into LNs. Therefore, other Rap1GEFs, such as C3G, may compensate for the chemokine-dependent integrin activation of naïve B cells required for transmigration through the HEVs.

Various aspects of B-cell development rely on chemokine- and integrin-dependent adhesion and migration, in which Rap1 plays central roles. Hence, it is important to clarify the regulatory mechanisms of Rap1 activation and downstream effector molecules is important to understand B-cell proliferation, differentiation, and function.
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