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Germinal center (GC) reactions are vital to the correct functioning of the adaptive immune system, through formation of high affinity, class switched antibodies. GCs are transient anatomical structures in secondary lymphoid organs where specific B cells, after recognition of antigen and with T cell help, undergo class switching. Subsequently, B cells cycle between zones of proliferation and somatic hypermutation and zones where renewed antigen acquisition and T cell help allows for selection of high affinity B cells (affinity maturation). Eventually GC B cells first differentiate into long-lived memory B cells (MBC) and finally into plasma cells (PC) that partially migrate to the bone marrow to encapsulate into long-lived survival niches. The regulation of GC reactions is a highly dynamically coordinated process that occurs between various cells and molecules that change in their signals. Here, we present a system-level perspective of T cell-mediated GC B cell differentiation, presenting and discussing the experimental and computational efforts on the regulation of the GCs. We aim to integrate Systems Biology with B cell biology, to advance elucidation of the regulation of high-affinity, class switched antibody formation, thus to shed light on the delicate functioning of the adaptive immune system. Specifically, we: i) review experimental findings of internal and external factors driving various GC dynamics, such as GC initiation, maturation and GCBC fate determination; ii) draw comparisons between experimental observations and mathematical modeling investigations; and iii) discuss and reflect on current strategies of modeling efforts, to elucidate B cell behavior during the GC tract. Finally, perspectives are specifically given on to the areas where a Systems Biology approach may be useful to predict novel GCBC-T cell interaction dynamics.
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1 Introduction

Long lasting and effective humoral immunity depends on the generation of high-affinity, class switched memory B cells (MBC) and plasma cells (PC). Their differentiation occurs in germinal centers (GC), which are specialized structures that emerge in B cell follicles within secondary lymphoid organs after encounter of T cell-dependent antigen (Ag) (1). Each mature B cell expresses a transmembrane immunoglobulin, or antibody, which is also known as the B cell receptor (BCR). Immunoglobulins are composed of a heavy and a light chain that both contain a constant and a variable region. The immunoglobulin heavy chain constant region, also referred to as isotype, is classified in five main classes – the naive isotypes IgD and IgM and the class-switched isotypes IgG, IgA and IgE. Since these isotypes have different biochemical properties, the immunoglobulin isotypes also define the functional heterogeneity of these molecules (2–4). In the course of a humoral immune response, B cells adapt their isotype in a process called class-switch recombination (CSR) so as to ultimately produce immunoglobulins with the effector function most appropriate to clear the specific infection. The variable region of the BCR confers the Ag-binding site. During GC reactions, Ag-specific B cells are subject to somatic hypermutation (SHM), which induces random mutations in the Ag-recognition domains of the variable regions. This results in cells that express slightly modified BCRs and thereby exhibit an altered affinity for the target Ag (1, 5). GC B cells (GCBCs) that acquired an increased affinity for the target Ag are positively selected through interactions with the intact Ag retained by follicular dendritic cells (FDCs), and T follicular helper cells (Tfh cells) (6, 7). Repeated cycles of proliferation, hypermutation and repeated Ag capture and T cell-mediated selection eventually ensure formation of high-affinity B cells in the maturing GCs. The dynamic extracellular signals directing the GC cycles activate intracellular signaling networks within the specific B cells. Together with cell intrinsic properties, these signaling networks control B cell differentiation and determine whether a GCBC will resume proliferation and continue in the GC cycle or will leave the cycle in favor of terminal differentiation into either MBC or PC. Although great progress has been made in experimentally identifying the signals that steer GCBC fate determination, it remains challenging to study how the dynamic extracellular signals synergize, let alone how changes in signaling strength may affect the system. In view of the positive feedbacks in the GC cycle, and distributed control in cell signaling (8), it is to be expected that certain minor differences in signaling could make the difference between a proper and improper functioning of cellular immune networks (9), whereas others may be ineffective due to homeostatic mechanisms.

Elucidation of some signaling flows through this multicomponent, temporally evolving dynamic system may be possible experimentally. Strategic experimentation, designed and informed by earlier experiments and from biochemical, biophysical, cell biology and genetic knowledge, is sought. The tremendous amount of information involved then requires a systematic way of containing the information in a predictive way. Therefore, other inter-disciplinary fields of research may be of substantial help to capture the information flows within the intracellular networks in terms of integrating process activities and the regulation thereof. To address such dynamic processes, Systems Biology is on call to investigate how cellular functionality is achieved by integrating nonlinear molecular processes, employing computational, network-based approaches and detailed experimentation (10, 11). Although it will remain a challenge to comprehend the complex dynamics of the GC reactions considering the experimental scenarios available, integration of data coming from new, targeted experiments in an appropriated computational framework of the GCs, should enable progression to more robust and predictive understanding. Methodologies have been developed that enable to assess the relative importance of various processes and components in an intracellular network to predict network functions, as well as to assess how such processes are being regulated (12, 13). And, with the great advance of computing, an even larger variety of computational approaches has come about. In the present paper, we will examine Systems Biology approaches that integrate the concepts of regulation and mechanistic modeling in the context of quantitative experimental data. New with respect to immunology is this comprehensive systems biology angle. New to systems biology is the focus on the immunological phenomenon of GC maturation and the integration of intracellular and extracellular signaling.

We will examine which of these Systems Biology approaches and methodologies may be used to investigate intracellular networks that determine long lasting humoral immunity. Specifically, we will focus on the networks involving Ag and Tfh factors involved in GCBC fate determination. Therefore, we will i) identify intracellular networks that play a role in GCBCs fate determination, and ii) discuss how computational methodologies that have been developed may be integrated with current and new experimental scenarios. This will enable us to weigh the relative importance of Ag and Tfh factors, and hypothesize possible mechanistic explanations of the GCBCs differentiation process. This Systems Biology modeling has already lead to the elucidation of complex interconnected, highly non-linear networks or multiple redundant networks that regulate cellular differentiation, among which that of immune cells (14). In another example, this type of systems biology modelling has suggested ways out of the apparently irreversible transition from transient to chronic inflammation (15). In addition, these implementations of Systems Biology concepts may suggest missing factors or connections among factors. Prediction of functional networks and their regulators may be tested by design of additional, focused experimental strategies. Through iterative rounds of computational modeling and experimentation, hypotheses about functional mechanisms involved in the GC reactions may be predicted computationally and experimentally tested.



2 The Germinal Center Reaction


2.1 Initiation of a Germinal Center

T cell-dependent B cell differentiation in response to so called thymus dependent Ags occurs in secondary lymphoid organs (SLOs). SLOs are populated by two lymphocyte populations – the B and T cells – that are largely segregated in two distinct areas through the action of multiple chemokine-receptor axes (16). Once B cells enter the secondary lymphoid organs, they migrate towards the CXC-chemokine ligand 13 (CXCL13) that is highly abundant in the B cell follicles. Instead, upon entry, T cells are directed to the surrounding T cell zone in response to the CC-chemokine ligands 19 (CCL19) and CCL21 (17). The follicles within the secondary lymphoid organs mostly include mature but Ag naive B cells, and are also populated by FDCs (Figure 1A). FDCs are non-migratory, long-lived stromal cells that derive from a mesenchymal precursor cell, and help to maintain primary follicles as B cell exclusive niches by secreting CXCL13 (18). Following passive influx or active transport of complement- and/or antibody-opsonized Ag into the follicle, the non-phagocytic FDCs bind and present the native Ag up to 12 months on the surface (19–23). Ag-specific B cells acquire intact Ag either by itself or after Ag-binding by FDC (Figure 1A) (18, 24–30). Engagement with Ag results in BCR-mediated signaling and Ag internalization. This is followed by intracellular degradation, and the generation of peptides that are presented on the B cells surface through major histocompatibility complex class II molecules (pMHCII) (Figure 1B). This presentation enables B:CD4+ T cell interactions (Figure 1A). Ag-engaged B and activated CD4+ T cells interact at the T-B border after directed localization from their separate zones. This localization is mediated through upregulation of CCR7 on the activated B cell (31) and through upregulation of CXCR5 and downregulation of CCR7 on the dendritic cell-activated CD4+ T cell (Figure 1A) (32). After cognate interaction via the pMHCII and the specific T cell receptor (TCR) on the B and T cell, respectively, the CD4+ T cells confers additional signals mediated through co-stimulatory molecules and cytokines that together determine the fate of the activated B cells (33). Co-stimulation through CD40 on B cells induces anti-apoptotic programs in the BCR-activated B cells and allows B cell survival and proliferation. In addition, the T cell signals may allow B cells to migrate to extrafollicular sites within the secondary lymphoid organs, where they differentiate into short-lived PCs to produce the first wave of antibodies exhibiting relatively low-affinity (Figure 1C) (34, 35). Alternatively, activated B cells acquire a GC-independent early MBC phenotype and enter the circulation (Figure 1C) (36–38). Finally, a limited number of B cells migrates back to the center of the B cell follicle after downregulation of CCR7 to start the GC reaction (Figure 1C) (1, 5, 39, 40). For these B cells, the CSR inducing them into IgG B cells was recently found to already be initiated during the initial B:T cell interaction prior to GC entry (41). Interestingly, whereas many individual naive B cells only produce one type of early effector cell, including short-lived plasma cells, GCBC and GC-independent MBCs, others were found to be able to take part in the various differentiation processes after initial B:T contact (42). This suggests that both internal stochastic and externally regulated processes facilitate activated B cell fate determination.




Figure 1 | Initiation of the germinal center (GC) network. (A) In the secondary lymphoid organs, B cells are located in the B cell follicle. Follicular B cells engage with an Antigen (Ag) via their B cell receptor (BCR). Most Ag in the follicle is presented by follicular dendritic cells (FDCs), which retain the Ag for extended periods. Ag engagement partly activates the follicular B cells; however, to become fully activated, it requires interaction with a CD4+ T cells. Ag-engaged follicular B cells localize to the border of the follicle to encounter CD4+ T cells with the same Ag specificity. (B) To interact with the CD4+ T cells, the B cell needs to present Ag-derived peptide fragments through the major histocompatibility complex class II (MHCII). Thereto, Ag engagement results in BCR-mediated endocytosis, followed by Ag degradation and presentation of resulting peptide fragments through MHCII. (C) At the border of the follicle, CD4+ T cells screen many Ag-specific B cells to find the B cell with the same Ag specificity. At the time the CD4+ T cell encounters a follicular B cell with a corresponding Ag specificity, it provides the B cell with help that in turn results in the differentiation towards either short-lived plasmablasts, early memory B cells or GC precursor B cells. GC precursor B cells migrate towards the center of the follicle and starts hyperproliferation. (D) Hyperproliferation drives the formation of the mantel zone, which contains non-activated B cells. As the GC expands the chemokine gradient, mediated by CXCL12 and CXCL13, GC differentiation occurs into two phenotypically distinct zones, the dark zone (DZ) and the light zone (LZ). The CXCL12+ DZ is almost entirely populated by hyperproliferating centroblasts, whereas the CXCL13+ LZ contains FDCs, T follicular helper (Tfh) cells and centrocytes.





2.2 Maturation of the Germinal Center

It is estimated for certain Ags that three fully activated Ag-specific B cells clones reach the center of the follicle and start to proliferate (Figure 1C). The cell cycle time of GCBCs is estimated to be approximately 6-12 hours, making these cells rank amongst the fastest dividing mammalian cells (43, 44). Dividing GCBCs exhibit downregulated expression of the BCR, through which they are unreceptive to Ag during proliferation (45). The resident non-activated B cells that encircle the hyperproliferating GCBCs are pushed aside to form a mantel that surround the GC (Figure 1D) (1, 46). After initiation of an early GC, GCBCs continue to clonally expand in the absence of mutations to reach a population size of about 1,500 B cells around day 7 (46). Around the same time the GC start to polarize into two distinct zones, the dark zone (DZ) and the light zone (LZ), which were named as such based on their appearance using light microscopic analysis (Figures 1D, 2) (47, 48). The DZ is almost completely populated by clonally expanding densely packed GCBCs that have a high nucleus-to-cytoplasm ratio, which gives this zone its “dark” appearance (Figure 1D and Figure 2). The GCBCs in the LZ are surrounded by FDCs and Tfh cells, through which this zone appears to be “lighter” (Figures 1D, 2) (5). Hyperproliferating GCBCs, also called centroblasts (CBs), express the chemokine receptor CXCR4, which directs the migration towards the CXCL12-secreting reticular cells in the DZ (Figures 1D, 2) (49, 50). The importance of CXCR4 in GC organization was shown in CXCR4-deficient mice, which exhibited disrupted GC polarization compared to wild type, as shown by the exclusion of CBs from the DZ (49).




Figure 2 | The germinal center (GC) reactions. In the dark zone (DZ) of the GC, B cells undergo clonal expansion (1), which is accompanied by spontaneous point mutations in the gene that encodes for the variable domain of the B cell receptor (BCR) (2). GC B cells (GCBCs) with mutations that compromise BCR expression are removed through apoptosis (3). GCBCs with functional BCRs test the potentially altered affinity in the GC LZ through interactions with the antigen (4) and Tfh cells, which provide CD40L and cytokines (5). GCBCs that obtained a higher affinity BCR are expected to outcompete those with weaker affinity as a result of these interactions (4 and 5). Ultimately, positively selected B cells are the only ones to survive and either re-circulate to the DZ (6) or differentiate into either memory B cells (MBCs) or plasma cells (PCs) (7).



GCBCs in the DZ are subject to the activity of activation-induced cytidine deaminase (AID), an intracellular enzyme that mediates the introduction of random mutations (somatic hypermutation or SHM) in the Ag-binding domains (i.e. complementarity determining regions) of the BCR (and later secreted antibodies) (Figure 2) (46, 51, 52). As GCBCs downregulate expression of their initial BCR prior to SHM, these reactions yield Ag-specific B cells with altered affinities for their Ag (53). CBs that acquired damaging mutations – mostly mutations that induce a frameshift or a stop codon – and fail to replace surface BCR are removed by apoptosis in the DZ (Figure 2) (53, 54). The CBs that post-SHM efficiently replace the BCR migrate to the LZ (Figure 2).

Migration to the LZ is initiated when CBs lose CXCR4 expression, which shifts the balance of chemokine receptor responsiveness in favor of CXCR5. It has been implied that this shift is regulated by a cell intrinsic “timer” or “counter” that controls the cellular localization of GCBCs (50). As a result of the shift in chemokine receptor responsiveness, CBs migrate towards the CXCR5 ligand, CXCL13, which is secreted by FDCs in the LZ (Figure 1D) (21). The now non-proliferating LZ GCBCs, or centrocytes (CC), are then subject to the selective pressure of Ag and Tfh cell help. CC that successfully maintained or enhanced their affinity in the GC DZ acquire Ag and are selected after cognate help from Tfh cells (Figure 2) (1, 45). Unless Ag is still present in excess, the CBs with lower Ag affinity will lose the competition with the cells with high affinity and succumb to apoptosis because they are not selected for survival. A CC that is selected for survival will either continue in the GC cycle and resume proliferation or will terminally differentiate into MBC or PC, which is regulated by the dynamic extracellular signals provided by antigen and Tfh cell interactions (Figure 2; see below for details). Alternating rounds of positive selection of high-affinity variants will progressively outcompete the CCs with low Ag affinity (Figure 2) (54). Eventually this process, coined affinity maturation, yields an Ag-specific B cell population with high affinity BCRs (43, 44, 54, 55), unless Ag remains present in excess.

Systems Biology principles may be expected to be relevant here for proposing hypotheses. First, a multitude of processes determines the outcome of CCs with high affinity receptors producing high affinity antibodies. Suspecting analogies with other complex networks, it is unlikely that any single one of the factors involved is the rate limiting step for the production of B cells. It is more likely that many factors will control the process simultaneously and that, depending on the Ag load, different factors will be more in control. Second, with respect to the ultimate affinity of the antibodies, it may be expected that some factors will exert either an activatory or inhibitory effect. Third, there will be a difference depending on whether antigenic determinants are offered on a single macromolecular (or cellular) structure. In case they are offered on the same structure, high affinity antibodies should be developed only against one of the antigenic determinants, whilst if they are offered on separate structures, they should be developed against all. This should be relevant if the infectious agent is able to mutate its antigens. Fourth, since proteins are the ultimately functional molecules, the control of their effectiveness should be expected to reside as much at the level of transcription as at the level of post-translational processing.




3 GCBC Selection: Recycling vs. Differentiation


3.1 Modeling the GCBC Recycling Process

Systems Biology helps to integrate information of different types in order to understand biological function. This does not imply that such activities were not already undertaken before Systems Biology took off as a discipline. In 1993 already Kepler and Perelson asked whether the proposed development of high affinity through mutation and selection in a single maturation step of B cells was consistent with established mutation rates. Their computational calculation determined that GCBCs should require a higher than physiologic mutation frequency during SHM if the affinities seen in vivo should be achieved through a single burst of mutations in the DZ (56). It was therefore suggested that, after LZ migration, GCBC should re-enter the GC DZ for further rounds of proliferation and SHM. Again typical for Systems Biology, the testing of this prediction required the development of a new experimentally methodology that allowed a prolonged tracking of GCBCs in vivo (57, 58). Indeed, the emergence of two-photon microscopic imaging that allows the prolonged imaging of GCBCs in vivo was required to confirm that GCBCs re-enter in a proliferative state for further rounds of SHM (55).

However, although early computational predictions of the recycling probability of CCs indicated a recycling rate between 70-85% (59), recent mathematical and experimental investigations revealed that this value had been overestimated and in reality lies between 25-30% (55, 60). The period during which CCs are recycled was mathematically predicted to last for no less than 42 hours, but not to exceed the 55-hour mark. During this time, all selected CCs were recycled at a variable rate and re-entered the phase of proliferation (59). High-affinity clones experienced a significantly lower recycling probability and a higher early GC exclusion rate as compared to their low-affinity counterparts (59, 61). A mathematical model has been proposed where positively selected GCBCs localize to the DZ as they retain the Ag-derived peptides, which distributed asymmetrically during division between the two daughter cells. Based on this model, the daughter cell that acquired the Ag-derived peptide complexes differentiates to PCs and leaves the GC, whereas its sister GCBC, which did not acquire Ag, proliferates and localizes to the LZ (60). This computational prediction that early emigration of high-affinity GCBCs is a deterministic process, beneficial for affinity maturation and the early immune response, is in contrast to the earlier hypotheses that deemed this process to be of a stochastic nature (62). But of course, stochastics is nothing but determinism by unidentified dynamic factors.

Numerous selection methods enabling GCBCs to re-enter or not the proliferative state have been propose by computer modeling throughout the past three decades, and almost as many have since been discarded by the scientific community as they are unable to reproduce experimentally verified aspects regarding general GC properties (45, 63, 64), efficiency of affinity maturation (65), robustness in FDC Ag-presenting site numbers (66, 67), or output of high affinity GCBCs (68). Therefore, only the hypotheses that are still currently pursued are presented in this section.

First, stochastic modeling of GCBC DZ re-entry suggests that a single first survival signal – where CC selection is determined by the binding strength of the BCR to Ag provided by FDCs – suffices to reproduce the rate of affinity maturation that it resembles an in vivo environment (Figure 3A) (69). In this scenario, the number of FDC sites on which Ag is presented is the limiting factor, as the variety of clones would compete for Ag binding for their survival and GCBC DZ re-entry. It is possible to envision that both Tfh and FDC interaction with GCBCs may induce forkhead box O1 (FOXO1) expression. As activation of the FOXO1–CXCR4 pathway leads to GCBC DZ re-entry and not apoptosis, this activation may be considered a pro-survival signal. Therefore, GCBC DZ re-entry can conceivably be primarily instigated not only by Ag interaction with FDCs, as previously thought (70, 71).




Figure 3 | Models of Germinal Center B cell (GCBC) recycling between the light zone (LZ) and the dark zone (DZ). (A) Centrocyte (CC) selection through binding strength of the BCR to an antigen provided by follicular dendritic cells (FDCs). CC then migrates to the DZ and becomes centroblast (CB). Black arrows indicate the GCBC migration. (B) Increase in the refraction rate between CCs and FCDs. (C) Verification step, where CCs are selected by Tfh cells after a first selection by FDCs. (D) Spontaneous oscillations of GCBC between CXCL12 (representing the LZ) and CXCL13 (representing the DZ).



Second, an alternative method implements an increase in the refraction rate between CCs and FDCs (Figure 3B) (72, 73). In this hypothesis, a theoretical mechanism that occurs as a consequence of IgM-independent interactions between CCs and FDCs is introduced, where GCBCs that fail to bind to an FDC survive for a ‘refractory’ period of time after which they have an opportunity to bind to the FDC again. This hypothesis is based on early experimental findings that LFA-1/ICAM-1 and VLA-4/VCAM-1 mediate adhesion of GCBCs to FDCs (74). However, a recent discovery showed that Ags displayed on FDCs do not remain membrane bound permanently (75), but are instead rapidly internalized whilst remaining intact within a nondegradative compartment, and are then cycled back to the FDC membrane surface as intact antigens where they are able to select Ag-specific GCBCs (23, 75). As such, it may be envisioned that this process is the biological equivalent to the refractory period introduced in silico, with the specific time frame being the signal for apoptosis (72, 73). The phenomenon should enable FDC and CC to dissociate from one other after selection of the latter and to enable the latter to move away and make way for another, not yet assessed, GCBC. By limiting the total number of encounters between CC and FDC, higher-affinity clones will be favored, as their binding occurs at an earlier time as a consequence of the continued selection pressure (72).

Third, various models involve a validation by Tfh cells to ensure CC recycling to the DZ (Figure 3C). Initially, GCBCs must be selected by Ag retained by FDCs before a secondary interaction with Tfh cells would occur (72, 76, 77). As T cells constitute only the 5-10% of the GC cell population, this interaction may be highly competitive (60, 78). The interaction time between GCBC : Tfh cells correlate positively with DZ re-entry and the number of divisions (55, 79). The validation may even constitute a further selection: the Tfh cells are able to bind multiple CCs simultaneously, whereas only a single CC is polarized, i.e. the one with the highest binding affinity (80). Here the principle would be that dual consecutive selection (multiplying the probabilities) is more restrictive than additive selection. Furthermore, mathematical analyses predict that upon binding to the Tfh cell a high pMHCII density is vital to the GCBC divisions so that high MHC density on the membranes of the GCBC induces cell division whilst reducing the frequency of subsequent mutation (60). This suggests that GCBCs enter the S phase of the cell cycle when entering the LZ, but must reach the DZ prior to their entry into the G2/M phase (60). The mathematical models implement an additional control of CC and Tfh cells interaction, by introducing a predefined thresholds of minimal and maximal survival time that when exceeded induce apoptosis (72). Affinity maturation in these models is strongest when Tfh cell count is minimal and can rescue a given Ag-presenting CC more specifically as compared to a larger subgroup of Tfh cells (72); multiple Tfh cells should increase the probability of GCBCs with other than the highest affinity to survive and be selected. This finding is in line with an in vivo scenario where Tfh cells recognize only a small set of Ag epitopes as opposed to being susceptible to a broad range of Ag presentation (80). This methodology allows for the highest affinity maturation where 60-70% of all output cells have a high affinity. Furthermore, methodologies that rely on T cell help can be robust to large variations in Ag availability in the event that Ag acquisition and FDCs interaction is uncompetitive (72). This method has been tested both phenomenologically and including the impact of spatial cell distribution. Mathematical models that included the impact of spatial cell distribution did not find experimentally uncertain parameters that would change qualitative results (72). The model has been experimentally validated, but the results do not exclude other mechanisms (40, 55).

Finally, chemokine-driven receptor down-regulation is investigated as a potential alternative GCBC recycling mechanism, through a small sub-division of germinal center models (Figure 3D) (81). Gaussian distributions in which CXCL12 represent the LZ and CXCL13 the DZ is used to establish a simple chemokine field. The robust oscillatory behavior is observed especially when CXCR4 and CXCR5 receptors are reciprocally regulated (81), with a periodicity resembling the experimental observations. However, no indication is given about the extent to which such a mechanism contributes to GCBC recycling.

From the Systems Biology perspective, it is likely that various mechanisms play a role depending on the selection process of the antibodies. The fitness value of only generating antibodies with the highest affinity is limited, as it will take more time on average to reach the highest possible affinity and individual cells of the population may not have the ability to generate very high affinity antibodies. In some conditions it may then be better to develop antibodies with lower specificity more quickly, especially if the target is a rapidly expanding pathogen. The occurrence of both IgM and IgG supports this consideration that biological fitness is served by a hierarchy of mechanisms that differ in both temporal and spatial acuteness. The ability of some antigens to evolve (or be selected) rapidly within the infected individual would call for fast and less specific antibodies, and then only produced in a short period, thereby accepting cross reactivity with ‘self’. Dealing with tumor antigens, that are closer to ‘self’ would then require more selective and high affinity antibodies. This possibility may be relevant in the context of disease, where the frequency of tumor infiltrating B cells in the tumor microenvironment or in the tertiary lymphoid structures (TLS) is related to a positive outcome against cancer aggressiveness (82–86). And then there is the cost of the system, which is much higher for the multi-stage process leading to the antibodies with highest affinity. More diversified studies are needed that take into consideration this variegated function of the immune system.



3.2 Effector B Cells Arise From Germinal Centers

In addition to engaging in Tfh cell-mediated selection for further rounds of DZ proliferation and BCR/antibody diversification, GCBCs differentiate into either long-living MBCs or, eventually, antibody-secreting cells (44, 55, 87, 88). Two distinct categories of PCs can be found in the antibody-secreting cell compartment: short-lived proliferating PCs/plasmablast and non-proliferating PCs, which encapsulate into survival niches in the bone marrow where they can persist for decades to produce isotype-switched high-affinity antibodies (89, 90). In contrast, MBCs recirculate through the blood and the lymphoid organs and may provide a rapid response upon recognition of the same Ag (91–94). Human peripheral blood primarily contains distinct GC-dependent MBC populations, mostly of the unswitched IgM+ and the switched IgG+ MBCs (38, 95, 96). Similar to humans, immunization with a T cell-dependent Ag results in development of unswitched and switched MBCs in mice (97, 98). Upon re-recognition of the same Ag, switched MBCs differentiate into PCs, whereas unswitched MBCs induce proliferation and re-enter into a germinal center reaction (97, 98).

The MBC and PC output from a GC is determined by a temporal switch (99). Effector cells are generated in a sequential order, starting with unswitched MBCs, followed by switched MBCs and then by a delayed appearance of long-lived PCs. Differentiation into the MBC or PC compartment was shown to be linked to the Ag affinity of the BCR, where GCBCs with high affinity end up in the PC compartment and GC-derived MBCs are generally of lower affinity, where switched MBCs have a higher mutation load as compared to the unswitched MBCs (68, 95, 96, 100). Notably, GCBCs that receive signals in the LZ to undergo PC differentiation, first migrate back into the DZ to transit out of the GC via the DZ:T zone boundary (7, 60, 101). In contrast, MBCs leave the GC directly from the LZ. This suggests that the signals GCBCs receive to become PCs may resemble those that retain them in the GC.

Although the combined effort of computational prediction and experimental validation has been shown to be of substantial use to elucidate the GC reaction, the dynamic regulation that determines terminal GCBC fate determination remains to be elucidated. To model GCBC fate determination, the different stages that LZ CCs endure should be defined. In vitro data suggests B cell fate to be determined stochastically with probabilities arrived from an as of yet unclear signaling pathway, independently from cell-cell contact or asymmetric division (102). With the recent discovery that B cells divide asymmetrically three out of four times (103), this hypothesis becomes more appealing (104).

From the Systems Biology perspective, at ambient temperatures all actual processes are inherently stochastic. It is the relative magnitude of the dispersion and the nonlinearities of the processes involved that make this consequential. Because cell numbers (both FDC and Tfh) around the CCs are likely to be just a few at any point in time, and the cell proliferation processes are exponential and occur in bursts, if only due to the similarity of GC cycling time and cell cycle times at any point in space and time, the selection-process rates may readily vary by up to 100%, indeed predicting stochasticity to be actual. Fate determination starts with an extracellular signal, which is recognized and transmitted in the cell as a result of ligand-receptor interaction and subsequent intracellular signal transduction. For GCBCs, these extracellular signals are provided by Ag and Tfh cells. To understand how the integrated signals through these extracellular signals facilitate GC fate determination, insight into the transcriptional profiles corresponding to the three different fates – re-circulation to the DZ and differentiation into either MBC or PC – is relevant in order to identify and weight the interactions involved.




4 Transcription Factor Network Regulating GCBC Fate Determination

GC initiation, continuation and GCBC fate determination are regulated by a large signal transduction network (see Figure 5 below). The transduced signals regulate cell behavior, leading to the formation of cell phenotypes (identities) which serve dedicated functions (Figure 4A). The large network involves a complex and interconnected transcriptional network (Figure 4B). Follicular B cells express four transcription factors that put in place the signal transduction network responsible for their phenotype: paired box protein 5 (PAX5), BTB and CNC homologue 2 (BACH2), SPI-1 (also known as PU.1) and interferon-regulator factor 8 (IRF8). The latter two factors execute their function as heterodimer (105). PAX5 has been presented as the marker of B cell identity and positively regulates expression of BACH2, through which both factors are co-expressed throughout almost all mature B cell stages (106).




Figure 4 | Transcriptional control of the germinal center (GC) and differentiation. (A) Transcriptional profile of follicular B cells, activated follicular B cells, GC B cells, GC B cells that re-enter into the GC reaction, high-affinity memory B cells (MBCs) and antibody secreting plasma B cells in terms of their phenotype-specific marker genes. (B) Transcriptional regulation of GC continuation and differentiation. Activations (black lines with an arrow head) and inhibitions (red lines with a flattened head) among genes and some proteins are shown. Relevant ones are: BTB and CNC homologue 2 (BACH2), B cell lymphoma 2 (BCL2), BCL6, B lymphocyte-induced maturation protein-1 (BLIMP1), Haematopoietically-expressed homeobox (HHEX), interferon-regulator factor 4 (IRF4), IRF8, Paired box protein 5 (PAX5) and X-box-binding protein 1 (XBP1) (see text for details).



To differentiate into GCBC, naive B cells need to acquire expression of B cell lymphoma 6 (BCL6) (107). Upon activation, B cells start to express low levels of the transcription factor IRF4, which promotes GC fate through activation of BCL6 and PAX5 (89, 108, 109) (Figure 4B). PAX5 activates the IRF8 and PU.1 complex, which regulates GCBC development through the induction of BCL6 expression. The GCBC phenotype is preserved through transcriptional inhibition of the master regulator of PC differentiation, the B lymphocyte-induced maturation protein 1 (BLIMP1; also known as PRDM1) by BCL6 (110). To undergo further rounds of proliferation and SHM, the transcriptional profile of positively selected LZ GCBCs probably should not shift significantly from the GC profile stated above. Nevertheless, recent studies demonstrated that GC re-entry requires expression of MYC (111, 112), a cell cycle regulator that is transcriptionally suppressed by BCL6 (113, 114). Further analyses on the MYC-expressing GCBCs indicated that IRF4 expression was induced in these cells (111, 112). High levels of IRF4 transcriptionally suppress BCL6, whereas low levels could transcriptionally induce BCL6 (89), suggesting that expression of IRF4 may be sufficiently high to repress BCL6 and to allow expression of MYC required for GC DZ re-enter (Figure 4B). Since BLIMP1 determines PC fate, and repression of MYC is required but not sufficient for terminal differentiation, these data indicate that MYC may determine whether a GCBC re-enters the GC or starts terminal PC-differentiation.

Terminal differentiation into the PC fate starts with the upregulation of IRF4. In addition to its inhibitory effect on BCL6, high levels of IRF4 induce BLIMP1, which itself represses transcription of PAX5 and BCL6 (89). Furthermore, PCs express high levels of X-box-binding protein 1 (XBP1). XBP1 is an important regulator of immunoglobulin secretion, activated by BLIMP1 (115) and suppressed by PAX5 (89, 116–118). In summary, a network involving high expression of IRF4, its repression of BCL6 and therewith activations of BLIMP1 and MYC is crucial for transition from GCBC into PC.

The identification of the transcriptional program of MBCs is less apparent than for the GCBC and the PC. As compared to activated B cells, MBC exhibit enhanced expression of the pro-survival factor BCL2 (119, 120). To enable BCL2 expression, cells would need to extinguish BCL6 expression, since BCL6 suppresses BCL2 (121). Indeed, loss of BCL6 was shown to be the main driver of a pre-MBC transcriptional program and required for formation of human MBCs in vitro (122, 123). Recently, haematopoietically expressed homeobox (HHEX) was identified as a transcription factor regulating MBC differentiation through participation in downregulation of BCL6 (124). Similarly to GCBCs, MBCs show co-expression of PAX5 and BACH2, but also express PU.1–IRF8 (89, 125). Since the transcription factor complex PU.1–IRF8 negatively regulates PC differentiation, it is suggested that this complex may facilitate MBC formation (89, 126). However, no direct evidence supports this suggestion. Altogether, the aforementioned differences between the transcriptional profile facilitated by an Ag-mediated interaction and selection by Tfh cells are determinants of GCBC fate determination.

From the Systems Biology perspective, the signal transduction network (see Figure 5 below) and its transcriptional sub-network involved (Figure 4B) are not just manifold but also complex. For example, BLIMP1 represses PAX5 which induces PU.1–IRF8 and thereby suppresses BLIMP1. This is just one example of the many instances of circular causation in the network: a factor may cause itself and thereby be its own effect. Moreover, BACH2 is both a cause and an effect of PAX5, just as much as PAX5 is both an effect and a cause of BACH2. In such cases, the analysis of changes in expression levels with variation in extracellular signaling or differentiation type, may lead to correlations that do not contain sufficient information to infer the complex cause-effect patterns within the complex network. To approach these issues, the network needs to be analyzed as a function of time after inducing well-defined perturbations within the network, bringing the results of the perturbations together in a single quantitative model of the network. Binary perturbations of the network, such as by homozygous knock out mutations are likely to invoke equally strong homeostatic responses of the biology around the network and thereby change network make-up unrecognizably. Such experiments should therefore be accompanied by verification that the structure of the network, i.e. the identity of the cell type, is not destroyed.




Figure 5 | Control of the germinal center (GC) and differentiation mediated through receptor stimulation. The regulation of GC continuation and differentiation mediated through the different receptors-mediated signal transductions is shown. Activations (black lines with an arrow head) and inhibitions (red lines with a flattened head) among genes and some proteins are shown. Relevant ones are: BTB and CNC homologue 2 (BACH2), B cell lymphoma 2 (BCL2), BCL6, B cell receptor (BCR), B lymphocyte-induced maturation protein-1 (BLIMP1), cluster of differentiation 40 (CD40), Extracellular signal-regulated kinases (ERK), Forkhead box protein O1 (FOXO1), Haematopoietically-expressed homeobox (HHEX), Interleukins 4 receptor (IL-4R), IL-21R, Interferon-regulator factor 4 (IRF4), IRF8, mammalian target of rapamycin complex 1 (mTORC1), Paired box protein 5 (PAX5), Phosphoinositide 3-kinases (PI3K), signal transducer and activator of transcription (STAT) and X-box-binding protein 1 (XBP1) (see text for details).        





5 Regulation of GCBC Selection


5.1 Antigen-Mediated Receptor Stimulation

Following proliferation in the DZ and their localization to the LZ, the first signal that GCBCs receive is mediated by cross-linking of the re-expressed BCR by Ag. The different BCR-mediated processes – including Ag capture, peptide presentation efficiency and BCR signaling – should be included as a functional module within the comprehensive model of GCBC fate determination. There has been intense debate whether Ag-mediated BCR signaling directly mediates positive selection and differentiation of B cells or whether Ag-binding is just needed to progress to pMHCII expression and attract Tfh cell help and that only the latter controls B cell differentiation (68, 100). Ag capture is affected by the Ag concentration and the BCRs affinity. If the Ag concentration is too low, Ag-derived peptides are not presented by the GCBC and, consequently, will not receive help from Tfh cells; thus. the GCBCs initiate apoptosis and the GC collapses (127). In contrast, if the Ag concentration is too high, low affinity GCBCs will also be competent to be selected (127, 128). Also, GCBCs regulate their own fate through an antibody-mediated feedback mechanism. The high-affinity antibodies secreted by the PCs generated during the GC reaction are able to block target Ag bound to the FDCs (129). As such, non-differentiated GCBCs with the same specificity are not able to capture and present the specific Ag through which the epitope specific reaction is terminated. An Ag either freely migrates through the GC or associates with FDCs, which have diverse expression of receptors that hold the Ag (75). The specific binding epitope on the Ag is either not recognized or already bound by a GCBC that previously localized to the LZ. Therefore, the ability to capture a specific Ag is dependent on both the Ag concentration and the competition for binding by other GCBCs. The affinity threshold of B cell activation has a KA of ca. 106 – 1010 M-1 in the case of Ag bound to a membrane (130). In addition to the affinity for Ag, the overall B cell activation is affected by the BCR density. The combined functions of Ag affinity and BCR density is better known as Ag avidity.

Canonically, BCR stimulation above the avidity threshold results in the formation of a immunological synapse (maybe explain), which facilitates Ag processing and presentation (131). This synapse consists of BCR/Ag-FDC connection and associated protein micro-clusters, such as CD19 and LFA-1/ICAM-1 complexes (132, 133). Many assumptions regarding B cell synapse formation derive from extensive studies of the T helper cell synapse formation. However, differences can be observed regarding receptor densities, ligand affinities, mechanical characteristics, and extracellular length of receptor-ligand complexes. Contrarily to T helper cell synapse formation, the B cell synapse can still be formed when both the BCR and active transport processes are impaired and Ag acquisition is compromised due to undirected diffusion of synapse zone accumulating proteins (134). As such, any BCR modeling must contain a basal activation rate of the B cell synapse formation independent of Ag recognition (134). Stochastic Monte Carlo-based computational models have elucidated that, in addition to BCR/Ag driving protein micro-cluster formation, a progression in the affinity of LFA-1 may be necessary to induce synapse formation under membrane deformation circumstances (135). This implies that upon the binding of the BCR to Ag, signaling cascades should be initiated that direct LFA-1 to assume a conformation with a higher affinity binding for ICAM-1 (135). However, when BCR affinity exceeds a KA value of 108 M-1, this shift in LFA-1 affinity no longer suffices to induce synapse formation, indicating that still unknown synapse formation mechanisms must exist for high BCR affinity and membrane deformation (135). The LFA-1 conformation change should lead to membrane deformation accommodating BCR/Ag complexes at their equilibrium bond length and, subsequently, the B cell synapse (135). This should then allow for synapse formation across the range of physiological BCR affinities.

Furthermore, detailed modeling efforts show that relocation of BCR/Ag complexes to the B synapse is likely facilitated by cytoskeleton-mediated transport (136). Mathematical models show that directed transport of BCR/Ag complexes to the center of the synapse is capable of forming canonical synapse patterns should mechanisms based on differences in bond properties between the B cell synapse protein complexes fail to do so (136). Cytoskeletal-mediated transport of B synapse formation contradicts with the mechanism of T cells’ synapse formation. In T cells, the difference in the equilibrium bond length of TCR/MHCII and LFA-1/ICAM-1 is sufficient to induce segregation in the immunological synapse pattern (137, 138). Whether this bond length difference-mediated synapse formation can be accomplished solely by diffusion or relies on activate transport of receptors remains unclear (135). Regardless, as the equilibrium bond length is identical between BCR/Ag and LFA-1/ICAM-1, in the B cell spontaneous segregation into the synapse formation is unlikely to occur (136, 139).

Canonically, BCRs are cross-linked with Ags during the synapse formation, facilitating BCR-mediated signaling (132). Indeed, selected CCs exhibit active BCR receptor signaling. However, in these cells, the signaling is markedly reduced as compared to activated B cells (140). Attenuated proximal BCR signaling is mediated by hyper-activated phosphatases (141, 142) and high expression of the E3 ubiquitin ligase Casitas B-lineage lymphoma (CBL), which, among others, tags a mediator of BCR signaling, Syk, for degradation through its ubiquitylation (Figure 5) (143, 144). BCR ligation in GCBC results in a transient activation of Syk that rapidly decays (145). The rapid pulse of pSyk induces activation of the phosphoinositide 3-kinase (PI3K)-AKT pathway, which creates multiple negative feedback loops and dampens proximal BCR signaling in GCBC (Figure 5) (142). Nevertheless, transient phosphorylation of AKT allows for an efficient inactivation of FOXO1 (145), which controls GCBC proliferation and, by controlling the expression of CXCR4, allows DZ localization (146–148). Considering that BCR signaling is directly linked to FOXO1 degradation, these data together indicate that DZ re-entry requires only limited BCR ligation to allow FOXO1 activity.

The cross-linking of the BCR increases the rate of internalization, whereas the intracellular trafficking to the MHCII loading compartments is not affected by the cross-link (149). It was observed that the Ag presentation efficiency of B cells is dependent on the affinity of B cells for the Ag (150). An Ag that binds the BCR with high affinity remains associated during the trafficking to the MHCII loading compartment, through which peptide presentation by high affinity GCBCs is more efficient as compared to low affinity GCBCs. As such, high affinity GCBCs internalize and present more pMHCII. The density of peptide presentation potentiates the recognition of the GCBCs by Tfh cells with the same Ag specificity. pMHCII can vary in length from 11-30 amino acids in length (151). The internalized Ag is degraded intracellularly into a large number of possible peptides that may be loaded in the peptide binding pocket of MHCII and subsequently presented. Peptides with the highest binding affinity for the given MHCII allele will be preferentially expressed due to the peptide editing actions of HLA-DM and HLA-DO (152–155). This whole process mediates binding of cognate Tfh cells through the peptide-specific TCR to the Ag-activated GCBC. The BCR signaling output is altered by extending the time over which the BCR is stimulated; as a consequence, GCBCs that have a prolonged interaction with an Ag obtain significantly higher activity of intracellular signaling transduction. In summary, Ag recognition does not only provide the GCBC with the first intracellular signal transduction that potentially prepares the cell for differentiation, but it also promotes the interaction with Tfh cells.

From the Systems Biology perspective, B cell activation may well cause bursts of transcription, through its dependence on the activation of multiple BCRs, and of transcriptional silencing, due to the intracellular cycling of the BCR antigen complexes. The functional consequence of this decision making results in the cell exhibiting a phenotype switching to specific states of differentiation.



5.2 Tfh Cells Orchestrate GCBC Fate Determination

Before the discovery of the role of Tfh cells in the GC reactions, it was generally thought that only competition for Ag was responsible for GCBC selection. Nevertheless, it has been mathematically predicted, and recently experimentally validated, that selection of GCBCs is highly driven by competition for the pro-survival and mitogenic signals provided by the Tfh cells (40, 55, 72, 77). Tfh cells are specialized CD4+ T cells, which differentiate from naive CD4+ T cells after being primed by Ag-presenting cells (APCs), such as dendritic cells (DCs) and stabilized for the Tfh phenotype by cognate B cell interaction during Tfh priming (156, 157). Tfh cell differentiation is orchestrated by IL-6 and IL-21 in mice (158), and by IL-21, IL-12, IL-23 and TGF-β in human (158, 159). The interplay between these signals promotes induction of the Tfh cell phenotype through expression of the Tfh-determining transcription factor BCL6, while simultaneously inhibiting differentiation into the canonical CD4+ T cell subtypes, Th1, Th2 and Th17 cells (160). Phenotypic hallmarks of Tfh cells are high expression of CXCR5 and CXCR4 and low expression of CCR7, important for their correct localization to the GC LZ (161). In addition to Tfh, T follicular regulatory (Tfr) cells populate the GCs (162, 163). Because Tfrs seem mainly involved in termination of GC responses, they fall beyond the scope of this paper.

Tfh cells migrate through the LZ and constantly screen surrounding GCBCs through short-lived interactions in search for cognate pMHCII. Tfh cells are able to distinguish the high-affinity from the low-affinity CCs. The selection of high-affinity CCs is likely mediated by the number of pMHCII they present; in fact, high-affinity interactions between the BCR and specific Ag results in a higher amount of peptide presentation as compared to low-affinity interactions. This implies that Tfh cells are somehow capable to count pMHCII. Information on the amount of pMHCII on the CCs is likely provided through mechanical forces, which is also used by GCBCs to discriminate Ag affinity (164). They do this through pulling-forces that mediate rupture of single low-affinity bounds, whereas high-affinity, multivalent BCR clusters remain connected. Such a mechanism could also be used by the Tfh cells to provide help to high-affinity GCBCs. Non-cognate B and Tfh cells show an average motility of 6.6 and 9 μm/min, respectively (43, 44, 79). Upon cognate TCR/pMHCII recognition, a stable synapse between GCBC and Tfh cell is formed, decreasing their average motility to 4.16 μm/min (165). The stable synapse formation now allows the additional Tfh signals needed to support further GCBC differentiation such as co-stimulation and cytokine secretion.


5.2.1 CD40 Co-Stimulation

An important interaction between GCBC and Tfh cell is mediated by the binding of CD40 to CD40 ligand (CD40L) (Figure 2). The CD40-CD40L pair is concentrated in the immunological synapse after cognate TCR/pMHCII recognition (166). The importance of CD40-CD40L interaction in humoral responses to T cell-dependent antigens was identified in patients with a congenital CD40L deficiency that causes X-linked hyper-IgM syndrome (167–171). These patients are unable to undergo isotype switching in vitro and in vivo. In agreement with these findings, mice with targeted disruption of CD40 or CD40L genes exhibit a similar phenotype (172, 173). Since patients and mice carry non-functional CD40L on all CD4+ T cells, it is not possible to determine which among the interactions at the B/T border or within the GC LZ is most critical. Administration of a CD40L blocking agent during the early phase of a T cell-dependent immune response abolished completely GC formation and reduced drastically serum antibodies, whereas its administration in the late phase almost completely dissolved the established GCs (174). Furthermore, late administration of the blocking agent decreased the affinity of the antibodies secreted by the PCs, as well as the amount of Ag-specific MBCs (175). These observations indicate that CD40L is required for the induction and continuation of the GC cycling, likely as a result of the incapability to inhibit the pro-apoptotic signals that GCBCs receive upon BCR ligation without being rescued by CD40 signaling. Recently it was demonstrated that interaction between the surface proteins Inducible T-cell co-stimulator (ICOS) and ICOS ligand (ICOSL) on the Tfh cells and GCBC, respectively, augmented CD40 signaling and promoted CD40L expression on Tfh cells; in turn, CD40-mediated signaling induced the up-regulation of ICOSL expression on the GCBCs (176). As such, ICOS and CD40 together facilitate an intercellular positive feedback loop that promotes GCBC-Tfh cell contacts.

CD40L-mediated clustering of CD40 promotes recruitment of tumor necrosis factor receptor (TNFR)-associated factor (TRAF) adaptor proteins (177, 178), which promote the activation of canonical and non-canonical NFκB pathways (179, 180) and facilitate activation of mitogen-activated protein kinase (MAPK) and PI3K (Figure 5) (145, 181–189). Recently it was determined that attenuated proximal BCR signaling can be abolished by CD40-mediated degradation of CBL (Figure 5) (143). Removal of CBL should abolish the degradation of Syk, boosting BCR signaling intensity to the PI3K/AKT and extracellular signal-regulated kinases (ERK) pathways. Herewith, BCR and CD40 signaling synergistically induce expression of MYC and IRF4, and activate the AKT-mediated mammalian target of rapamycin complex 1 (mTORC1) pathway, which facilitates phosphorylation of the ribosomal protein S6 (Figure 5) (7, 112, 145, 190). pS6 subsequently induces expression CXCR4 via FOXO1 to promote DZ re-entry, whereas MYC promotes the cell cycle progression. Active ERK inactivates BCL6 and PAX5, by rapidly degrading BCL6 though the ubiquitin/proteasome pathway and by repressing PAX5 activity (Figure 5) (191, 192). Loss of functionally active BCL6 and PAX5 results in expression of BLIMP1, which in turn protects its transcriptionally active state through suppression of BCL6 and PAX5 (89). Altogether, these observations indicate that BCR signaling and CD40 ligation are important for GCBC fate determination, notwithstanding additional signals provided by Tfh cell cytokines further supporting GC reactions.



5.2.2 Cytokine Secretion by Tfh Cells

IL-21 and IL-4 are the two main cytokines secreted by Tfh cells and promote the fate determination of positively selected GCBCs (193). Tfh cells progressively differentiate along with the GC cycling to fine tune humoral immunity (194, 195). During the initiation of a GC, the first Tfh cells to emerge express IL-21. As the GC response progresses, Tfh cells gradually switch from IL-21 to IL-4 production. Interestingly, although the cytokines could be expressed simultaneously, secretion is limited to either IL-21 or IL-4. Within the GC, IL-21 Tfh cells are located on average more proximal to the DZ as compared to IL-4 Tfh cells (194). The cell-surface expression density of CD40L is significantly higher in Tfh cells that express IL-4 than in those that express IL-21 only (194). All of these differential characteristics suggest that cytokine-expressing GC Tfh cells have different roles in the GC.

IL-21 exerts its biological activities through interaction with the IL-21 receptor (IL-21R), whereas IL-4 can interact with two cell surface receptor complexes – the Type I IL-4 receptor and the Type II IL-4 receptor, which are both expressed by GCBCs. Receptor stimulation results in activation of Janus kinase–signal transducer and activator of transcription (STAT) signaling pathways (196). IL-21R signaling is predominantly mediated by STAT3, STAT1 and STAT5 (Figure 5) (197, 198), whereas signaling through IL-4R is facilitated through STAT5 and STAT6 (Figure 5) (199, 200).

In response to IL-4, GCBCs undergo a more pronounced isotype switching to IgG1 and differentiation into plasma cell, which may partly result from the enhanced CD40L expression in these different subsets (194). In contrast, IL-21 Tfh cells exhibit an increased rate of high-affinity mutations (194). IL-21 signaling was shown to play a large role in instructing the CC to CB transition (195), which is essential for the iterative rounds of SHM and affinity maturation. IL-21 induces the expression of both BLIMP1 (197, 201) and BCL6 (Figure 5) (201–206). The balance between induction of either BCL6 or BLIMP1 may be mediated through the STAT signal transduction; STAT3 is important for the IL-21R-mediated induction of BLIMP1 expression (197), whereas both STAT3 and STAT1 induce BCL6 (207). Alternatively, the signals that GCBC receive prior to IL-21, such as BCR and CD40 signaling, could make them more prone to induce either BCL6 or BLIMP1. Considering that BCL6 and BLIMP1 antagonize each other’s expression to help decide between GCBC and plasma cell differentiation, respectively, it is likely that, once a specific trait has initiated, IL-21 signaling is able to maintain it. This process may be observed early in the T-dependent Ag response. Here, high affinity B cells are predominantly observed in the extrafollicular plasma cells response, whereas clones with weaker Ag reactivity were primarily directed to GC reactions (35). As described above, prominent BCR and CD40 signaling responses induce high levels of IRF4 to enhance BLIMP1 and inhibit BCL6 expression. In this scenario, additional IL-21 signaling would synergize to complement the Ag-driven induction of BLIMP1. Conversely, weak BCR and CD40 signaling results in low IRF4 expression to enhance BCL6 and PAX5 expression, which both suppress BLIMP1 expression. In this way, IL-21 signaling would support BCL6 expression to promote GC retention, as observed (195), until the transcriptional program shifts due to affinity maturation to then promote plasma cell differentiation.

The observation that GC Tfh cells, similar to GCBCs, mature phenotypically and transcriptionally throughout the GC response suggests a reciprocal relationship between GCBC and Tfh cells. Their contacts elicit transient and sustained increases in intracellular free calcium in Tfh cell that is associated to multi-functional Tfh cells and is driven by TCR/pMHCII interactions (165, 176). Ag dose and BCR affinity, which change over time, affect TCR signaling strength and duration through the number of Ag-derived pMHCII molecules displayed by Ag-presenting B cells (28, 208–210). The amount of TCR signaling can have qualitative effects on CD4+ T cell differentiation into the specialized effector cell lineage (211), and may change the cytokines that are expressed by a specific lineage, such as IL-21 and IL-4 in Tfh cells, to achieve the required output response.

From the Systems Biology perspective, the interplay among the cytokines secreted by Tfh cells to promote GCBCs fate determination may well be non-linear, similarly to the regulations occurring in the GC signal transduction network (Figure 5) and its transcriptional sub-network (Figure 4B). Among the cytokines, IL-21 and IL-4 appears to play a major role in B cell differentiation, and a strategy that integrates predictive modeling to quantitative experimentation may point to the non-linear regulations occurring among the diverse cytokines involved in the process.





6 Discussion

The molecular cross-talk provided through Ag and the physical, biochemical and expression-mediated interactions between GCBCs and Tfh cells in the GC LZ orchestrate GCBC fate determination. Great efforts have been made to characterize the complex intracellular signal transduction and gene expression networks that mediate these interactions. Characterization and integration of the cellular signaling pathways should help to elucidate how the extracellular signals transmitted through these interactions lead to GCBC re-circulation or differentiation. Nevertheless, since the system is coordinately regulated by multiple receptors which impinge on specific transcription factors involved in fate determination, it has been troublesome to comprehend the complexity of the GC reactions considering the available experimental scenarios that often focus on the analysis of the effects of one or a few components in a more or less static ‘on-off’ approach.

This is now changing with the development of sophisticated experimental methodologies such as single cell sequencing, in principle able to deliver a map of transcriptomes over the GC. With single cell analyses of the important regulators, this may soon advance to the protein level. But we are not quite there yet, as the massive data flows and detailed manipulation experiments with spatial resolution at the scale of the GC are still a matter of the, near, future. The shift to data driven biology is challenging, as the number of experiments needed in a completely data driven approach would be vast. For example, measuring all the in vivo parameters driving B cell development into different phenotypes. Where bioinformatics aids in clustering the data according to defined criteria, dynamic methodologies are needed to simulate the implications of the data we obtain for the data we cannot obtain. This challenge then requires integration of predictive modelling with precise experimentation, what we have indicated here as Systems Biology. The application of principles developed and discovered in simpler networks could be of relevance for the understanding of how the GC works. Thus, modeling of its regulatory system may predict and elucidate how the fate of a GCBC is determined, followed by dedicated experimental testing.

One way to model an intracellular regulatory network is through a directed graph (212), which visualizes the complex regulatory network that selects positively GCBCs. Such a graph can be translated into mathematical equations that, when simulated, may lead to the identification of temporal mechanisms of GCBC differentiation. We have recently illustrated this for the network underlying cell cycle control and reactive oxygen species (ROS) production where we discovered new regulatory patterns (213, 214). The intracellular regulatory network involved in the positive selection of GCBCs should be modeled similarly as a multi-component, temporally evolving dynamic system. For such a model, sets of differential equations are applicable, which may include time and/or space dependent variables (212, 215), where space may be divided into a limited number of representative compartments with transport in between.

Differential equations are divided into two main groups, the ordinary differential equations (ODEs) and the partial differential equations (PDEs) (212, 215), whilst for each there are deterministic and stochastic types. ODEs are widely used and well-studied to analyze genetic, signal transduction and metabolic networks, by using concentration of components as a time-dependent variable. Nevertheless, in eukaryotes, cellular components rarely function in one single compartment; they rather shuttle between different compartments, and ODE equations may then be used to treat the dynamics of cellular components in different compartments separately, with additional rate equations for the transport processes between the compartments. When concentration gradients may exist within compartments, then the use of PDEs may be considered. In a PDE, a concentration is not only dependent on time, but also on three continuous space-dependent coordinates. As such, a PDE equation considers that molecules may behave differently in different areas of any same compartment. Although a PDE-based model more closely resembles biological realism, it requires increasing computing software as compared to ODEs, but worse, it requires more molecular information that is not always available. The use of an ODE-based over a PDE-based approach should be considered on a case-by-case basis. For the intracellular aspects of the GC, ODEs may well be suitable, as it has been recently shown in a computational model that recapitulated the switch from memory B cell to PC generation during the course of the GC reaction (216).

One of the relevant questions to be addressed regards the affinity, thus the quality, of different types of antibodies. The affinity-dependent selection serves the dual purpose of dealing with multiple novel antigenic determinants at relatively high concentration early on, and of subsequently removing the last few copies of more defined antigen. Affinity between macromolecules is to a significant extent determined by the number of water molecules they exclude upon binding as well as by the surface area through which they interact energetically, and thereby by the extent to which their binding surfaces are complementary in shape and able to squeeze out all the water molecules between them. Early models (59, 217, 218) thereto developed the concept of shape space as a way to comprehend Ag-antibody affinity. This complementary principle uses Ags to define where the antibody of maximum affinity is positioned in the shape space. This distance of the antibody to the theoretical optical clone is defined in terms of the minimum number of mutations necessary for the shape of the optimal clone to be reached, as a measurement of antibody affinity to the Ag. Affinity is subsequently estimated using a Gaussian function with this distance as argument, the distribution being mapped by characterizing a number of known mutations. This principle fails to predict all the experimental information, thereby highlighting the inherent unreliability of using shape space alone to define antibody affinity (72). In addition to shape, a network of other interactions dependent on electric charge, polarity, and hydrogen bridge formation of amino acid residues, will play a role.

Large scale systematic experimental data sets can be integrated into appropriate computational frameworks, to weigh the relative strengths and dynamics of the different signaling networks that control GC dynamics. To exemplify the necessity for systems-level approaches to the adaptive immune system, the interaction between Tfh cells, cytokines, and GCBCs to propagate the maturation process may be further investigated by training neural (artificial intelligence) networks on the data sets. This may generate a model that is able to predict the effects of changes in parameters. In addition, the neural network obtained may not heed laws of physics, chemistry or biology. The future is represented by neural networks trained on the experimental data sets as well as on artificial datasets produced by networks constructed on the basis of established physics, chemistry and biology.

Although, canonically, Tfh cells are presumed to have their lineage traced to Th1 and Th2 branches, recent studies show Tfh cells to have a distinct gene expression profile unlike Th1, Th2, Th17 or Treg cells (219). As cytokines have been confirmed to promote both T and B cell differentiation, understanding cytokine dynamics is vital, also when examining possible bistabilities of the |GC cycle, as it occurs in other immunology cycles (9). Although details of the specific mechanisms through which these dynamics occur are beyond the scope of this paper, a few considerations may be the starting point of future research. Secretion of IL-21 and IL-4 has been confirmed, but the influence that other cytokines have on Tfh cells, apart from germinal center formation, is largely unexplored. Also, the reciprocal relationship between GCBC and Tfh cell is of substantial interest. GCBCs may influence their own fate via the amount of pMHCII that determines the cytokines that are secreted by Tfh cells. Limited qualitative work has been done to elucidate the effects that cytokines have on T and B cell differentiation, generally neglecting the influence of temporal factors and of T cells secreting uncommon or multi-phenotypical cytokine profiles. Furthermore, recent investigation have highlighted that the effectiveness of T cell functioning is qualitatively, quantitatively and temporally determined by cellular and humoral signals such as cytokines (220). Anticipating the need for a system-level analysis to dissect the mutual regulation between GCBC and Tfh cells, these scenarios may be investigated through detailed kinetic models that consider the regulatory, activatory and inhibitory interactions occurring among the various signals involved. Simulation of these computer models will then identify critical network components, as well as mechanistic explanations for both the T and B cell differentiation processes specifically through cytokines-mediated regulation. Modeling of this system may enable identification of the components that are most prone to biological intervention (221). It may also suggest improved vaccination strategies and therapeutic agents that can be employed for the treatment of B cell-mediated malignancy or auto-immunity.



Author Contributions

MB and SH conceived the study. MB and NJMV designed the study. NJMV, VU, and MB wrote the manuscript, with contribution from SH and HW. MB and SH provided scientific leadership and supervised the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Systems Biology Grant of the University of Surrey to MB, and by the EU ERASMUS+ Traineeship Grant to MB (recipient VU).



References

1. De Silva, NS, and Klein, U. Dynamics of B Cells in Germinal Centres. Nat Rev Immunol (2015) 15:137–48. doi: 10.1038/nri3804

2. Ravetch, JV, and Kinet, JP. Fc Receptors. Annu Rev Immunol (1991) 9:457–92. doi: 10.1146/annurev.iy.09.040191.002325

3. Kubagawa, H, Oka, S, Kubagawa, Y, Torii, I, Takayama, E, Kang, D-W, et al. Identity of the Elusive IgM Fc Receptor (Fcμr) in Humans. J Exp Med (2009) 206:2779–93. doi: 10.1084/jem.20091107

4. Shibuya, A, Sakamoto, N, Shimizu, Y, Shibuya, K, Osawa, M, Hiroyama, T, et al. Fc Alpha/Mu Receptor Mediates Endocytosis of IgM-Coated Microbes. Nat Immunol (2000) 1:441–6. doi: 10.1038/80886

5. Victora, GD, and Nussenzweig, MC. Germinal Centers. Annu Rev Immunol (2012) 30:429–57. doi: 10.1146/annurev-immunol-020711-075032

6. Jacob, J, Kelsoe, G, Rajewsky, K, and Weiss, U. Intraclonal Generation of Antibody Mutants in Germinal Centres. Nature (1991) 354:389–92. doi: 10.1038/354389a0

7. Kräutler, NJ, Suan, D, Butt, D, Bourne, K, Hermes, JR, Chan, TD, et al. Differentiation of Germinal Center B Cells Into Plasma Cells is Initiated by High-Affinity Antigen and Completed by Tfh Cells. J Exp Med (2017) 214:1259–67. doi: 10.1084/jem.20161533

8. Hornberg, JJ, Bruggeman, FJ, Binder, B, Geest, CR, De Vaate, AJMB, Lankelma, J, et al. Principles Behind the Multifarious Control of Signal Transduction. FEBS J (2004) 272:244–58. doi: 10.1111/j.1432-1033.2004.04404.x

9. Abudukelimu, A, Barberis, M, Redegeld, F, Sahin, N, Sharma, RP, and Westerhoff, HV. Complex Stability and an Irrevertible Transition Reverted by Peptide and Fibroblasts in a Dynamic Model of Innate Immunity. Front Immunol (2020) 10:3091. doi: 10.3389/fimmu.2019.03091

10. Germain, RN, Meier-Schellersheim, M, Nita-Lazar, A, and Fraser, IDC. Systems Biology in Immunology: A Computational Modeling Perspective. Annu Rev Immunol (2011) 29:527–85. doi: 10.1146/annurev-immunol-030409-101317

11. Kidd, BA, Peters, LA, Schadt, EE, and Dudley, JT. Unifying Immunology With Informatics and Multiscale Biology. Nat Immunol (2014) 15:118–27. doi: 10.1038/ni.2787

12. Westerhoff, HV. Signalling Control Strength. J Theor Biol (2008) 252:555–67. doi: 10.1016/j.jtbi.2007.11.035

13. Mondeel, TDGA, Ivanov, O, Westerhoff, HV, Liebermeister, W, and Barberis, M. Clb3-Centered Regulations are Recurrent Across Distinct Parameter Regions in Minimal Autonomous Cell Cycle Oscillator Designs. NPJ Syst Biol Appl (2020) 6:8. doi: 10.1038/s41540-020-0125-0

14. Puniya, BL, Todd, RG, Mohammed, A, Brown, DM, Barberis, M, and Helikar, T. A Mechanistic Computational Model Reveals That Plasticity of CD4+ T Cell Differentiation Is a Function of Cytokine Composition and Dosage. Front Physiol (2018) 9:878. doi: 10.3389/fphys.2018.00878

15. Abudukelimu, A, Barberis, M, Redegeld, FA, Sahin, N, and Westerhoff, HV. Predictable Irreversible Switching Between Acute and Chronic Inflammation. Front Immunol (2018) 9:1596. doi: 10.3389/fimmu.2018.01596

16. Girard, J-P, Moussion, C, and Förster, R. HEVs, Lymphatics and Homeostatic Immune Cell Trafficking in Lymph Nodes. Nat Rev Immunol (2012) 12:762–73. doi: 10.1038/nri3298

17. Müller, G, Höpken, UE, and Lipp, M. The Impact of CCR7 and CXCR5 on Lymphoid Organ Development and Systemic Immunity. Immunol Rev (2003) 195:117–35. doi: 10.1034/j.1600-065x.2003.00073.x

18. Wang, X, Cho, B, Suzuki, K, Xu, Y, Green, JA, An, J, et al. Follicular Dendritic Cells Help Establish Follicle Identity and Promote B Cell Retention in Germinal Centers. J Exp Med (2011) 208:2497–510. doi: 10.1084/jem.20111449

19. Phan, TG, Grigorova, I, Okada, T, and Cyster, JG. Subcapsular Encounter and Complement-Dependent Transport of Immune Complexes by Lymph Node B Cells. Nat Immunol (2007) 8:992–1000. doi: 10.1038/ni1494

20. Phan, TG, Green, JA, Xu, Y, and Cyster, JG. Immune Complex Relay by Subcapsular Sinus Macrophages and Noncognate B Cells Drives Antibody Affinity Maturation. Nat Immunol (2009) 10:786–96. doi: 10.1038/ni.1745

21. Cyster, JG. B Cell Follicles and Antigen Encounters of the Third Kind. Nat Immunol (2010) 11:989–96. doi: 10.1038/ni.1946

22. Kranich, J, and Krautler, NJ. How Follicular Dendritic Cells Shape the B-Cell Antigenome. Front Immunol (2016) 7:225. doi: 10.3389/fimmu.2016.00225

23. Heesters, BA, Chatterjee, P, Kim, Y, Gonzalez, SF, Kuligowski, MP, Kirchhausen, T, et al. Endocytosis and Recycling of Immune Complexes by Follicular Dendritic Cells Enhances B Cell Antigen Binding and Activation. Immunity (2013) 38:1164–75. doi: 10.1016/j.immuni.2013.02.023

24. Suzuki, K, Grigorova, I, Phan, TG, Kelly, LM, and Cyster, JG. Visualizing B Cell Capture of Cognate Antigen From Follicular Dendritic Cells. J Exp Med (2009) 206:1485–93. doi: 10.1084/jem.20090209

25. Martínez-Riaño, A, Bovolenta, ER, Mendoza, P, Oeste, CL, Martín-Bermejo, MJ, Bovolenta, P, et al. Antigen Phagocytosis by B Cells is Required for a Potent Humoral Response. EMBO Rep (2018) 19:1–15. doi: 10.15252/embr.201846016

26. Verstegen, NJM, Unger, P-PA, Walker, JZ, Nicolet, BP, Jorritsma, T, van Rijssel, J, et al. Human B Cells Engage the NCK/PI3K/RAC1 Axis to Internalize Large Particles via the IgM-BCR. Front Immunol (2019) 10:415. doi: 10.3389/fimmu.2019.00415

27. Carrasco, YR, and Batista, FD. B Cells Acquire Particulate Antigen in a Macrophage-Rich Area at the Boundary Between the Follicle and the Subcapsular Sinus of the Lymph Node. Immunity (2007) 27:160–71. doi: 10.1016/j.immuni.2007.06.007

28. Pape, KA, Catron, DM, Itano, AA, and Jenkins, MK. The Humoral Immune Response is Initiated in Lymph Nodes by B Cells That Acquire Soluble Antigen Directly in the Follicles. Immunity (2007) 26:491–502. doi: 10.1016/j.immuni.2007.02.011

29. Souwer, Y, Griekspoor, A, Jorritsma, T, de Wit, J, Janssen, H, Neefjes, J, et al. B Cell Receptor-Mediated Internalization of Salmonella: A Novel Pathway for Autonomous B Cell Activation and Antibody Production. J Immunol (2009) 182:7473–81. doi: 10.4049/jimmunol.0802831

30. Shlomchik, MJ, Luo, W, and Weisel, F. Linking Signaling and Selection in the Germinal Center. Immunol Rev (2019) 288:49–63. doi: 10.1111/imr.12744

31. Förster, R, Schubel, A, Breitfeld, D, Kremmer, E, Renner-Müller, I, Wolf, E, et al. CCR7 Coordinates the Primary Immune Response by Establishing Functional Microenvironments in Secondary Lymphoid Organs. Cell (1999) 99:23–33. doi: 10.1016/S0092-8674(00)80059-8

32. Ansel, KM, McHeyzer-Williams, LJ, Ngo, VN, McHeyzer-Williams, MG, and Cyster, JG. In Vivo-Activated CD4 T Cells Upregulate CXC Chemokine Receptor 5 and Reprogram Their Response to Lymphoid Chemokines. J Exp Med (1999) 190:1123–34. doi: 10.1084/jem.190.8.1123

33. Reif, K, Ekland, EH, Ohl, L, Nakano, H, Lipp, M, Förster, R, et al. Balanced Responsiveness to Chemoattractants From Adjacent Zones Determines B-Cell Position. Nature (2002) 416:94–9. doi: 10.1038/416094a

34. O’Connor, BP, Vogel, LA, Zhang, W, Loo, W, Shnider, D, Lind, EF, et al. Imprinting the Fate of Antigen-Reactive B Cells Through the Affinity of the B Cell Receptor. J Immunol (2006) 177:7723–32. doi: 10.4049/jimmunol.177.11.7723

35. Paus, D, Phan, TG, Chan, TD, Gardam, S, Basten, A, and Brink, R. Antigen Recognition Strength Regulates the Choice Between Extrafollicular Plasma Cell and Germinal Center B Cell Differentiation. J Exp Med (2006) 203:1081–91. doi: 10.1084/jem.20060087

36. Taylor, JJ, Pape, KA, and Jenkins, MK. A Germinal Center–Independent Pathway Generates Unswitched Memory B Cells Early in the Primary Response. J Exp Med (2012) 209:597–606. doi: 10.1084/jem.20111696

37. Toyama, H, Okada, S, Hatano, M, Takahashi, Y, Takeda, N, Ichii, H, et al. Memory B Cells Without Somatic Hypermutation are Generated From Bcl6-Deficient B Cells. Immunity (2002) 17:329–39. doi: 10.1016/S1074-7613(02)00387-4

38. Berkowska, MA, Driessen, GJA, Bikos, V, Grosserichter-Wagener, C, Stamatopoulos, K, Cerutti, A, et al. Human Memory B Cells Originate From Three Distinct Germinal Center-Dependent and -Independent Maturation Pathways. Blood (2011) 118:2150–8. doi: 10.1182/blood-2011-04-345579

39. Shlomchik, MJ, and Weisel, F. Germinal Center Selection and the Development of Memory B and Plasma Cells. Immunol Rev (2012) 247:52–63. doi: 10.1111/j.1600-065X.2012.01124.x

40. Schwickert, TA, Victora, GD, Fooksman, DR, Kamphorst, AO, Mugnier, MR, Gitlin, AD, et al. A Dynamic T Cell–Limited Checkpoint Regulates Affinity-Dependent B Cell Entry Into the Germinal Center. J Exp Med (2011) 208:1243–52. doi: 10.1084/jem.20102477

41. Roco, JA, Mesin, L, Binder, SC, Nefzger, C, Gonzalez-Figueroa, P, Canete, PF, et al. Class-Switch Recombination Occurs Infrequently in Germinal Centers. Immunity (2019) 51:337–350.e7. doi: 10.1016/j.immuni.2019.07.001

42. Taylor, JJ, Pape, KA, Steach, HR, and Jenkins, MK. Apoptosis and Antigen Affinity Limit Effector Cell Differentiation of a Single Naive B Cell. Sci (80- ) (2015) 347:784–7. doi: 10.1126/science.aaa1342

43. Allen, CDC, Okada, T, Tang, HL, and Cyster, JG. Imaging of Germinal Center Selection Events During Affinity Maturation. Sci (80- ) (2007) 315:528–31. doi: 10.1126/science.1136736

44. Hauser, AE, Junt, T, Mempel, TR, Sneddon, MW, Kleinstein, SH, Henrickson, SE, et al. Definition of Germinal-Center B Cell Migration In Vivo Reveals Predominant Intrazonal Circulation Patterns. Immunity (2007) 26:655–67. doi: 10.1016/j.immuni.2007.04.008

45. MacLennan, ICM. Germinal Centers. Annu Rev Immunol (1994) 12:117–39. doi: 10.1146/annurev.iy.12.040194.001001

46. Jacob, J, Przylepa, J, Miller, C, and Kelsoe, G. In Situ Studies of the Primary Immune Response to (4-Hydroxy-3-Nitrophenyl)Acetyl. III. The Kinetics of V Region Mutation and Selection in Germinal Center B Cells. J Exp Med (1993) 178:1293–307. doi: 10.1084/jem.178.4.1293

47. Cyster, JG, Ansel, KM, Reif, K, Ekland, EH, Hyman, PL, Tang, HL, et al. Follicular Stromal Cells and Lymphocyte Homing to Follicles. Immunol Rev (2000) 176:181–93. doi: 10.1034/j.1600-065X.2000.00618.x

48. Nieuwenhuis, P, and Opstelten, D. Functional Anatomy of Germinal Centers. Am J Anat (1984) 170:421–35. doi: 10.1002/aja.1001700315

49. Allen, CDC, Ansel, KM, Low, C, Lesley, R, Tamamura, H, Fujii, N, et al. Germinal Center Dark and Light Zone Organization is Mediated by CXCR4 and CXCR5. Nat Immunol (2004) 5:943–52. doi: 10.1038/ni1100

50. Bannard, O, Horton, RM, Allen, CDC, An, J, Nagasawa, T, and Cyster, JG. Germinal Center Centroblasts Transition to a Centrocyte Phenotype According to a Timed Program and Depend on the Dark Zone for Effective Selection. Immunity (2013) 39:912–24. doi: 10.1016/j.immuni.2013.08.038

51. Kallberg, E, Jainandunsing, S, Gray, D, and Leanderson, T. Somatic Mutation of Immunoglobulin V Genes in Vitro. Sci (80- ) (1996) 271:1285–9. doi: 10.1126/science.271.5253.1285

52. Chua, KF, Alt, FW, and Manis, JP. The Function of AID in Somatic Mutation and Class Switch Recombination. J Exp Med (2002) 195:F37–41. doi: 10.1084/jem.20020380

53. Stewart, I, Radtke, D, Phillips, B, McGowan, SJ, and Bannard, O. Germinal Center B Cells Replace Their Antigen Receptors in Dark Zones and Fail Light Zone Entry When Immunoglobulin Gene Mutations are Damaging. Immunity (2018) 49:477–489.e7. doi: 10.1016/j.immuni.2018.08.025

54. Mayer, CT, Gazumyan, A, Kara, EE, Gitlin, AD, Golijanin, J, Viant, C, et al. The Microanatomic Segregation of Selection by Apoptosis in the Germinal Center. Sci (80-) (2017) 358:eaao2602. doi: 10.1126/science.aao2602

55. Victora, GD, Schwickert, TA, Fooksman, DR, Kamphorst, AO, Meyer-Hermann, M, Dustin, ML, et al. Germinal Center Dynamics Revealed by Multiphoton Microscopy With a Photoactivatable Fluorescent Reporter. Cell (2010) 143:592–605. doi: 10.1016/j.cell.2010.10.032

56. Kepler, TB, and Perelson, AS. Somatic Hypermutation in B Cells: An Optimal Control Treatment. J Theor Biol (1993) 164:37–64. doi: 10.1006/jtbi.1993.1139

57. Figge, MT, Garin, A, Gunzer, M, Kosco-Vilbois, M, Toellner, K-M, and Meyer-Hermann, M. Deriving a Germinal Center Lymphocyte Migration Model From Two-Photon Data. J Exp Med (2008) 205:3019–29. doi: 10.1084/jem.20081160

58. Meyer-Hermann, M, Figge, MT, and Toellner, K-M. Germinal Centres Seen Through the Mathematical Eye: B-Cell Models on the Catwalk. Trends Immunol (2009) 30:157–64. doi: 10.1016/j.it.2009.01.005

59. Meyer-Hermann, M, Deutsch, A, and Or-Guil, M. Recycling Probability and Dynamical Properties of Germinal Center Reactions. J Theor Biol (2001) 210:265–85. doi: 10.1006/jtbi.2001.2297

60. Meyer-Hermann, M, Mohr, E, Pelletier, N, Zhang, Y, Victora, GD, and Toellner, K-M. A Theory of Germinal Center B Cell Selection, Division, and Exit. Cell Rep (2012) 2:162–74. doi: 10.1016/j.celrep.2012.05.010

61. Iber, D, and Maini, PK. A Mathematical Model for Germinal Centre Kinetics and Affinity Maturation. J Theor Biol (2002) 219:153–75. doi: 10.1006/yjtbi.3079

62. Radmacher, MD, Kelsoe, G, and Kepler, TB. Predicted and Inferred Waiting Times for Key Mutations in the Germinal Centre Reaction: Evidence for Stochasticity in Selection. Immunol Cell Biol (1998) 76:373–81. doi: 10.1046/j.1440-1711.1998.00753.x

63. Liu, Y-J, and Arpin, C. Germinal Center Development. Immunol Rev (1997) 156:111–26. doi: 10.1111/j.1600-065X.1997.tb00963.x

64. Hollowood, K, and Macartney, J. Cell Kinetics of the Germinal Center Reaction - a Stathmokinetic Study. Eur J Immunol (1992) 22:261–6. doi: 10.1002/eji.1830220138

65. Kepler, TB, and Perelson, AS. Cyclic Re-Entry of Germinal Center B Cells and the Efficiency of Affinity Maturation. Immunol Today (1993) 14:412–5. doi: 10.1016/0167-5699(93)90145-B

66. Vora, KA, Ravetch, JV, and Manser, T. Amplified Follicular Immune Complex Deposition in Mice Lacking the Fc Receptor Gamma-Chain Does Not Alter Maturation of the B Cell Response. J Immunol (1997) 159:2116–24.

67. Hannum, LG, Haberman, AM, Anderson, SM, and Shlomchik, MJ. Germinal Center Initiation, Variable Gene Region Hypermutation, and Mutant B Cell Selection Without Detectable Immune Complexes on Follicular Dendritic Cells. J Exp Med (2000) 192:931–42. doi: 10.1084/jem.192.7.931

68. Smith, KGC, Light, A, Nossal, GJ, and Tarlinton, DM. The Extent of Affinity Maturation Differs Between the Memory and Antibody-Forming Cell Compartments in the Primary Immune Response. EMBO J (1997) 16:2996–3006. doi: 10.1093/emboj/16.11.2996

69. Figge, MT. Stochastic Discrete Event Simulation of Germinal Center Reactions. Phys Rev E (2005) 71:51907. doi: 10.1103/PhysRevE.71.051907

70. Wang, Y, Zhou, Y, and Graves, DT. FOXO Transcription Factors: Their Clinical Significance and Regulation. BioMed Res Int (2014) 2014:1–13. doi: 10.1155/2014/925350

71. Cabrera-Ortega, AA, Feinberg, D, Liang, Y, Rossa, C, and Graves, DT. The Role of Forkhead Box 1 (FOXO1) in the Immune System: Dendritic Cells, T Cells, B Cells, and Hematopoietic Stem Cells. Crit Rev Immunol (2017) 37:1–13. doi: 10.1615/CritRevImmunol.2017019636

72. Meyer-Hermann, ME, Maini, PK, and Iber, D. An Analysis of B Cell Selection Mechanisms in Germinal Centers. Math Med Biol A J IMA (2006) 23:255–77. doi: 10.1093/imammb/dql012

73. Yoshida, M, Fuchikami, K, and Uezu, T. Realization of Immune Response Features by Dynamical System Models. Math Biosci Eng (2007) 4:531–52. doi: 10.3934/mbe.2007.4.531

74. Koopman, G, Parmentier, HK, Schuurman, HJ, Newman, W, Meijer, CJ, and Pals, ST. Adhesion of Human B Cells to Follicular Dendritic Cells Involves Both the Lymphocyte Function-Associated Antigen 1/Intercellular Adhesion Molecule 1 and Very Late Antigen 4/Vascular Cell Adhesion Molecule 1 Pathways. J Exp Med (1991) 173:1297–304. doi: 10.1084/jem.173.6.1297

75. Heesters, BA, Myers, RC, and Carroll, MC. Follicular Dendritic Cells: Dynamic Antigen Libraries. Nat Rev Immunol (2014) 14:495–504. doi: 10.1038/nri3689

76. Keşmir, C, and De Boer, RJ. A Mathematical Model on Germinal Center Kinetics and Termination. J Immunol (1999) 163:2463–9.

77. Meyer-Hermann, ME. A Concerted Action of B Cell Selection Mechanisms. Adv Complex Syst (2007) 10:557–80. doi: 10.1142/S0219525907001276

78. Kelsoe, G. The Germinal Center: A Crucible for Lymphocyte Selection. Semin Immunol (1996) 8:179–84. doi: 10.1006/smim.1996.0022

79. Gitlin, AD, Shulman, Z, and Nussenzweig, MC. Clonal Selection in the Germinal Centre by Regulated Proliferation and Hypermutation. Nature (2014) 509:637–40. doi: 10.1038/nature13300

80. Kupfer, H, Monks, CR, and Kupfer, A. Small Splenic B Cells That Bind to Antigen-Specific T Helper (Th) Cells and Face the Site of Cytokine Production in the Th Cells Selectively Proliferate: Immunofluorescence Microscopic Studies of Th-B Antigen-Presenting Cell Interactions. J Exp Med (1994) 179:1507–15. doi: 10.1084/jem.179.5.1507

81. Chan, C, Billard, M, Ramirez, SA, Schmidl, H, Monson, E, and Kepler, TB. A Model for Migratory B Cell Oscillations From Receptor Down-Regulation Induced by External Chemokine Fields. Bull Math Biol (2013) 75:185–205. doi: 10.1007/s11538-012-9799-9

82. Werner, F, Wagner, C, Simon, M, Glatz, K, Mertz, KD, Läubli, H, et al. A Standardized Analysis of Tertiary Lymphoid Structures in Human Melanoma: Disease Progression- and Tumor Site-Associated Changes With Germinal Center Alteration. Front Immunol (2021) 12:675146. doi: 10.3389/fimmu.2021.675146

83. Ruffin, AT, Cillo, AR, Tabib, T, Liu, A, Onkar, S, Kunning, SR, et al. B Cell Signatures and Tertiary Lymphoid Structures Contribute to Outcome in Head and Neck Squamous Cell Carcinoma. Nat Commun (2021) 12:3349. doi: 10.1038/s41467-021-23355-x

84. Alberts, E, Wall, I, Calado, DP, and Grigoriadis, A. Immune Crosstalk Between Lymph Nodes and Breast Carcinomas, With a Focus on B Cells. Front Mol Biosci (2021) 8:673051. doi: 10.3389/fmolb.2021.673051

85. Aizik, L, Dror, Y, Taussig, D, Barzel, A, Carmi, Y, and Wine, Y. Antibody Repertoire Analysis of Tumor-Infiltrating B Cells Reveals Distinct Signatures and Distributions Across Tissues. Front Immunol (2021) 12:705381. doi: 10.3389/fimmu.2021.705381

86. Harris, RJ, Cheung, A, Ng, JCF, Laddach, R, Chenoweth, AM, Crescioli, S, et al. Tumor-Infiltrating B Lymphocyte Profiling Identifies IgG-Biased, Clonally Expanded Prognostic Phenotypes in Triple-Negative Breast Cancer. Cancer Res (2021) 81:4290–304. doi: 10.1158/0008-5472.CAN-20-3773

87. Tarlinton, D, and Good-Jacobson, K. Diversity Among Memory B Cells: Origin, Consequences, and Utility. Sci (80-) (2013) 341:1205–11. doi: 10.1126/science.1241146

88. Allen, CDC, Okada, T, and Cyster, JG. Germinal-Center Organization and Cellular Dynamics. Immunity (2007) 27:190–202. doi: 10.1016/j.immuni.2007.07.009

89. Nutt, SL, Hodgkin, PD, Tarlinton, DM, and Corcoran, LM. The Generation of Antibody-Secreting Plasma Cells. Nat Rev Immunol (2015) 15:160–71. doi: 10.1038/nri3795

90. Khodadadi, L, Cheng, Q, Radbruch, A, and Hiepe, F. The Maintenance of Memory Plasma Cells. Front Immunol (2019) 10:721. doi: 10.3389/fimmu.2019.00721

91. Kurosaki, T, Kometani, K, and Ise, W. Memory B Cells. Nat Rev Immunol (2015) 15:149–59. doi: 10.1038/nri3802

92. Shlomchik, MJ. Do Memory B Cells Form Secondary Germinal Centers? Yes and No. Cold Spring Harb Perspect Biol (2018) 10:a029405. doi: 10.1101/cshperspect.a029405

93. McHeyzer-Williams, LJ, Dufaud, C, and McHeyzer-Williams, MG. Do Memory B Cells Form Secondary Germinal Centers? Impact of Antibody Class and Quality of Memory T-Cell Help at Recall. Cold Spring Harb Perspect Biol (2018) 10:a028878. doi: 10.1101/cshperspect.a028878

94. Pape, KA, and Jenkins, MK. Do Memory B Cells Form Secondary Germinal Centers? It Depends. Cold Spring Harb Perspect Biol (2018) 10:a029116. doi: 10.1101/cshperspect.a029116

95. Seifert, M, and Küppers, R. Molecular Footprints of a Germinal Center Derivation of Human IgM+(IgD+)CD27+ B Cells and the Dynamics of Memory B Cell Generation. J Exp Med (2009) 206:2659–69. doi: 10.1084/jem.20091087

96. Seifert, M, Przekopowitz, M, Taudien, S, Lollies, A, Ronge, V, Drees, B, et al. Functional Capacities of Human IgM Memory B Cells in Early Inflammatory Responses and Secondary Germinal Center Reactions. Proc Natl Acad Sci USA (2015) 112:E546–55. doi: 10.1073/pnas.1416276112

97. Dogan, I, Bertocci, B, Vilmont, V, Delbos, F, Mégret, J, Storck, S, et al. Multiple Layers of B Cell Memory With Different Effector Functions. Nat Immunol (2009) 10:1292–9. doi: 10.1038/ni.1814

98. Pape, KA, Taylor, JJ, Maul, RW, Gearhart, PJ, and Jenkins, MK. Different B Cell Populations Mediate Early and Late Memory During an Endogenous Immune Response. Sci (80-) (2011) 331:1203–7. doi: 10.1126/science.1201730

99. Weisel, FJ, Zuccarino-Catania, GV, and Chikina, M. Shlomchik MJ. A Temporal Switch in the Germinal Center Determines Differential Output of Memory B and Plasma Cells. Immunity (2016) 44:116–30. doi: 10.1016/j.immuni.2015.12.004

100. Phan, TG, Paus, D, Chan, TD, Turner, ML, Nutt, SL, Basten, A, et al. High Affinity Germinal Center B Cells are Actively Selected Into the Plasma Cell Compartment. J Exp Med (2006) 203:2419–24. doi: 10.1084/jem.20061254

101. Zhang, Y, Tech, L, George, LA, Acs, A, Durrett, RE, Hess, H, et al. Plasma Cell Output From Germinal Centers is Regulated by Signals From Tfh and Stromal Cells. J Exp Med (2018) 215:1–17. doi: 10.1084/jem.20160832

102. Duffy, KR, Wellard, CJ, Markham, JF, Zhou, JHS, Holmberg, R, Hawkins, ED, et al. Activation-Induced B Cell Fates are Selected by Intracellular Stochastic Competition. Sci (80- ) (2012) 335:338–41. doi: 10.1126/science.1213230

103. Thaunat, O, Granja, AG, Barral, P, Filby, A, Montaner, B, Collinson, L, et al. Asymmetric Segregation of Polarized Antigen on B Cell Division Shapes Presentation Capacity. Sci (80- ) (2012) 335:475–9. doi: 10.1126/science.1214100

104. Barnett, BE, Ciocca, ML, Goenka, R, Barnett, LG, Wu, J, Laufer, TM, et al. Asymmetric B Cell Division in the Germinal Center Reaction. Sci (80-) (2012) 335:342–4. doi: 10.1126/science.1213495

105. Kanno, Y, Levi, B-Z, Tamura, T, and Ozato, K. Immune Cell-Specific Amplification of Interferon Signaling by the IRF-4/8-PU.1 Complex. J Interferon Cytokine Res (2005) 25:770–9. doi: 10.1089/jir.2005.25.770

106. Cobaleda, C, Schebesta, A, Delogu, A, and Busslinger, M. Pax5: The Guardian of B Cell Identity and Function. Nat Immunol (2007) 8:463–70. doi: 10.1038/ni1454

107. Kitano, M, Moriyama, S, Ando, Y, Hikida, M, Mori, Y, Kurosaki, T, et al. Bcl6 Protein Expression Shapes Pre-Germinal Center B Cell Dynamics and Follicular Helper T Cell Heterogeneity. Immunity (2011) 34:961–72. doi: 10.1016/j.immuni.2011.03.025

108. Ochiai, K, Maienschein-Cline, M, Simonetti, G, Chen, J, Rosenthal, R, Brink, R, et al. Transcriptional Regulation of Germinal Center B and Plasma Cell Fates by Dynamical Control of IRF4. Immunity (2013) 38:918–29. doi: 10.1016/j.immuni.2013.04.009

109. Sciammas, R, Shaffer, AL, Schatz, JH, Zhao, H, Staudt, LM, and Singh, H. Graded Expression of Interferon Regulatory Factor-4 Coordinates Isotype Switching With Plasma Cell Differentiation. Immunity (2006) 25:225–36. doi: 10.1016/j.immuni.2006.07.009

110. Crotty, S, Johnston, RJ, and Schoenberger, SP. Effectors and Memories: Bcl-6 and Blimp-1 in T and B Lymphocyte Differentiation. Nat Immunol (2010) 11:114–20. doi: 10.1038/ni.1837

111. Calado, DP, Sasaki, Y, Godinho, SA, Pellerin, A, Köchert, K, Sleckman, BP, et al. The Cell-Cycle Regulator C-Myc is Essential for the Formation and Maintenance of Germinal Centers. Nat Immunol (2012) 13:1092–100. doi: 10.1038/ni.2418

112. Dominguez-Sola, D, Victora, GD, Ying, CY, Phan, RT, Saito, M, Nussenzweig, MC, et al. The Proto-Oncogene MYC is Required for Selection in the Germinal Center and Cyclic Reentry. Nat Immunol (2012) 13:1083–91. doi: 10.1038/ni.2428

113. Ci, W, Polo, JM, Cerchietti, L, Shaknovich, R, Wang, L, Yang, SN, et al. The BCL6 Transcriptional Program Features Repression of Multiple Oncogenes in Primary B Cells and is Deregulated in DLBCL. Blood (2009) 113:5536–48. doi: 10.1182/blood-2008-12-193037

114. Basso, K, Saito, M, Sumazin, P, Margolin, AA, Wang, K, Lim, W, et al. Integrated Biochemical and Computational Approach Identifies BCL6 Direct Target Genes Controlling Multiple Pathways in Normal Germinal Center B Cells. Blood (2010) 115:975–84. doi: 10.1182/blood-2009-06-227017

115. Tellier, J, Shi, W, Minnich, M, Liao, Y, Crawford, S, Smyth, GK, et al. Blimp-1 Controls Plasma Cell Function Through the Regulation of Immunoglobulin Secretion and the Unfolded Protein Response. Nat Immunol (2016) 17:323–30. doi: 10.1038/ni.3348

116. Todd, DJ, McHeyzer-Williams, LJ, Kowal, C, Lee, A-H, Volpe, BT, Diamond, B, et al. XBP1 Governs Late Events in Plasma Cell Differentiation and is Not Required for Antigen-Specific Memory B Cell Development. J Exp Med (2009) 206:2151–9. doi: 10.1084/jem.20090738

117. Taubenheim, N, Tarlinton, DM, Crawford, S, Corcoran, LM, Hodgkin, PD, and Nutt, SL. High Rate of Antibody Secretion is Not Integral to Plasma Cell Differentiation as Revealed by XBP-1 Deficiency. J Immunol (2012) 189:3328–38. doi: 10.4049/jimmunol.1201042

118. Hu, C-CA, Dougan, SK, McGehee, AM, Love, JC, and Ploegh, HL. XBP-1 Regulates Signal Transduction, Transcription Factors and Bone Marrow Colonization in B Cells. EMBO J (2009) 28:1624–36. doi: 10.1038/emboj.2009.117

119. Kaji, T, Ishige, A, Hikida, M, Taka, J, Hijikata, A, Kubo, M, et al. Distinct Cellular Pathways Select Germline-Encoded and Somatically Mutated Antibodies Into Immunological Memory. J Exp Med (2012) 209:2079–97. doi: 10.1084/jem.20120127

120. Takahashi, Y, Ohta, H, and Takemori, T. Fas is Required for Clonal Selection in Germinal Centers and the Subsequent Establishment of the Memory B Cell Repertoire. Immunity (2001) 14:181–92. doi: 10.1016/S1074-7613(09)00095-8

121. Saito, M, Novak, U, Piovan, E, Basso, K, Sumazin, P, Schneider, C, et al. BCL6 Suppression of BCL2 via Miz1 and its Disruption in Diffuse Large B Cell Lymphoma. Proc Natl Acad Sci USA (2009) 106:11294–9. doi: 10.1073/pnas.0903854106

122. Laidlaw, BJ, Schmidt, TH, Green, JA, Allen, CDC, Okada, T, and Cyster, JG. The Eph-Related Tyrosine Kinase Ligand Ephrin-B1 Marks Germinal Center and Memory Precursor B Cells. J Exp Med (2017) 214:639–49. doi: 10.1084/jem.20161461

123. Kuo, TC, Shaffer, AL, Haddad, J, Choi, YS, Staudt, LM, and Calame, K. Repression of BCL-6 is Required for the Formation of Human Memory B Cells In Vitro. J Exp Med (2007) 204:819–30. doi: 10.1084/jem.20062104

124. Laidlaw, BJ, Duan, L, Xu, Y, Vazquez, SE, and Cyster, JG. The Transcription Factor Hhex Cooperates With the Corepressor Tle3 to Promote Memory B Cell Development. Nat Immunol (2020) 21:1082–93. doi: 10.1038/s41590-020-0713-6

125. Shinnakasu, R, Inoue, T, Kometani, K, Moriyama, S, Adachi, Y, Nakayama, M, et al. Regulated Selection of Germinal-Center Cells Into the Memory B Cell Compartment. Nat Immunol (2016) 17:861–9. doi: 10.1038/ni.3460

126. Carotta, S, Willis, SN, Hasbold, J, Inouye, M, Pang, SHM, Emslie, D, et al. The Transcription Factors IRF8 and PU.1 Negatively Regulate Plasma Cell Differentiation. J Exp Med (2014) 211:2169–81. doi: 10.1084/jem.20140425

127. Wang, S, Mata-Fink, J, Kriegsman, B, Hanson, M, Irvine, DJ, Eisen, HN, et al. Manipulating the Selection Forces During Affinity Maturation to Generate Cross-Reactive HIV Antibodies. Cell (2015) 160:785–97. doi: 10.1016/j.cell.2015.01.027

128. Goidl, EA, Paul, WE, Siskind, GW, and Benacerraf, B. The Effect of Antigen Dose and Time After Immunization on the Amount and Affinity of Anti-Hapten Antibody. J Immunol (1968) 100:371–5.

129. Zhang, Y, Meyer-Hermann, M, George, LA, Figge, MT, Khan, M, Goodall, M, et al. Germinal Center B Cells Govern Their Own Fate via Antibody Feedback. J Exp Med (2013) 210:457–64. doi: 10.1084/jem.20120150

130. Fleire, SJ, Goldman, JP, Carrasco, YR, Weber, M, Bray, D, and Batista, FD. B Cell Ligand Discrimination Through a Spreading and Contraction Response. Sci (80- ) (2006) 312:738–41. doi: 10.1126/science.1123940

131. Batista, FD, Iber, D, and Neuberger, MS. B Cells Acquire Antigen From Target Cells After Synapse Formation. Nature (2001) 411:489–94. doi: 10.1038/35078099

132. Depoil, D, Fleire, S, Treanor, BL, Weber, M, Harwood, NE, Marchbank, KL, et al. CD19 is Essential for B Cell Activation by Promoting B Cell Receptor-Antigen Microcluster Formation in Response to Membrane-Bound Ligand. Nat Immunol (2008) 9:63–72. doi: 10.1038/ni1547

133. Carrasco, YR, Fleire, SJ, Cameron, T, Dustin, ML, and Batista, FD. LFA-1/ICAM-1 Interaction Lowers the Threshold of B Cell Activation by Facilitating B Cell Adhesion and Synapse Formation. Immunity (2004) 20:589–99. doi: 10.1016/S1074-7613(04)00105-0

134. Iber, D. Formation of the B Cell Synapse: Retention or Recruitment? C Cell Mol Life Sci (2005) 62:206–13. doi: 10.1007/s00018-004-4376-5

135. Tsourkas, PK, Baumgarth, N, Simon, SI, and Raychaudhuri, S. Mechanisms of B-Cell Synapse Formation Predicted by Monte Carlo Simulation. Biophys J (2007) 92:4196–208. doi: 10.1529/biophysj.106.094995

136. Tsourkas, PK, and Raychaudhuri, S. Modeling of B Cell Synapse Formation by Monte Carlo Simulation Shows That Directed Transport of Receptor Molecules Is a Potential Formation Mechanism. Cell Mol Bioeng (2010) 3:256–68. doi: 10.1007/s12195-010-0123-1

137. Qi, SY, Groves, JT, and Chakraborty, AK. Synaptic Pattern Formation During Cellular Recognition. Proc Natl Acad Sci (2001) 98:6548–53. doi: 10.1073/pnas.111536798

138. Raychaudhuri, S, Chakraborty, AK, and Kardar, M. Effective Membrane Model of the Immunological Synapse. Phys Rev Lett (2003) 91:208101. doi: 10.1103/PhysRevLett.91.208101

139. Burroughs, NJ, and Wülfing, C. Differential Segregation in a Cell-Cell Contact Interface: The Dynamics of the Immunological Synapse. Biophys J (2002) 83:1784–96. doi: 10.1016/S0006-3495(02)73944-1

140. Mueller, J, Matloubian, M, and Zikherman, J. Cutting Edge: An In Vivo Reporter Reveals Active B Cell Receptor Signaling in the Germinal Center. J Immunol (2015) 194:2993–7. doi: 10.4049/jimmunol.1403086

141. Khalil, AM, Cambier, JC, and Shlomchik, MJ. B Cell Receptor Signal Transduction in the GC is Short-Circuited by High Phosphatase Activity. Sci (80- ) (2012) 336:1178–81. doi: 10.1126/science.1213368

142. Luo, W, Hawse, W, Conter, L, Trivedi, N, Weisel, F, Wikenheiser, D, et al. The AKT Kinase Signaling Network is Rewired by PTEN to Control Proximal BCR Signaling in Germinal Center B Cells. Nat Immunol (2019) 20:736–46. doi: 10.1038/s41590-019-0376-3

143. Li, X, Gadzinsky, A, Gong, L, Tong, H, Calderon, V, Li, Y, et al. Cbl Ubiquitin Ligases Control B Cell Exit From the Germinal-Center Reaction. Immunity (2018) 48:530–541.e6. doi: 10.1016/j.immuni.2018.03.006

144. Davidzohn, N, Biram, A, Stoler-Barak, L, Grenov, A, Dassa, B, and Shulman, Z. Syk Degradation Restrains Plasma Cell Formation and Promotes Zonal Transitions in Germinal Centers. J Exp Med (2020) 217:jem.20191043. doi: 10.1084/jem_20191043

145. Luo, W, Weisel, F, and Shlomchik, MJ. B Cell Receptor and CD40 Signaling Are Rewired for Synergistic Induction of the C-Myc Transcription Factor in Germinal Center B Cells. Immunity (2018) 48:313–326.e5. doi: 10.1016/j.immuni.2018.01.008

146. Sander, S, Chu, VT, Yasuda, T, Franklin, A, Graf, R, Calado, DP, et al. PI3 Kinase and FOXO1 Transcription Factor Activity Differentially Control B Cells in the Germinal Center Light and Dark Zones. Immunity (2015) 43:1075–86. doi: 10.1016/j.immuni.2015.10.021

147. Dominguez-Sola, D, Kung, J, Holmes, AB, Wells, VA, Mo, T, Basso, K, et al. The FOXO1 Transcription Factor Instructs the Germinal Center Dark Zone Program. Immunity (2015) 43:1064–74. doi: 10.1016/j.immuni.2015.10.015

148. Inoue, T, Shinnakasu, R, Ise, W, Kawai, C, Egawa, T, and Kurosaki, T. The Transcription Factor Foxo1 Controls Germinal Center B Cell Proliferation in Response to T Cell Help. J Exp Med (2017) 214:1181–98. doi: 10.1084/jem.20161263

149. Song, W, Cho, H, Cheng, P, and Pierce, SK. Entry of B Cell Antigen Receptor and Antigen Into Class II Peptide-Loading Compartment is Independent of Receptor Cross-Linking. J Immunol (1995) 155:4255–63. doi: 10.1186/1471-2407-11-515

150. Batista, FD, and Neuberger, MS. Affinity Dependence of the B Cell Response to Antigen: A Threshold, a Ceiling, and the Importance of Off-Rate. Immunity (1998) 8:751–9. doi: 10.1016/S1074-7613(00)80580-4

151. Rammensee, H-G, Friede, T, and Stevanović, S. MHC Ligands and Peptide Motifs: First Listing. Immunogenetics (1995) 41:178–228. doi: 10.1007/BF00172063

152. Karlsson L,. DM and DO Shape the Repertoire of Peptide–MHC-Class-II Complexes. Curr Opin Immunol (2005) 17:65–70. doi: 10.1016/j.coi.2004.11.003

153. Schulze, M-SE, and Wucherpfennig, KW. The Mechanism of HLA-DM Induced Peptide Exchange in the MHC Class II Antigen Presentation Pathway. Curr Opin Immunol (2012) 24:105–11. doi: 10.1016/j.coi.2011.11.004

154. van Ham, SM, Tjin, EPM, Lillemeier, BF, Grüneberg, U, van Meijgaarden, KE, Pastoors, L, et al. HLA-DO is a Negative Modulator of HLA-DM-Mediated MHC Class II Peptide Loading. Curr Biol (1997) 7:950–7. doi: 10.1016/S0960-9822(06)00414-3

155. van Ham, M, van Lith, M, Lillemeier, B, Tjin, E, Grüneberg, U, Rahman, D, et al. Modulation of the Major Histocompatibility Complex Class II–Associated Peptide Repertoire by Human Histocompatibility Leukocyte Antigen (Hla)-Do. J Exp Med (2000) 191:1127–36. doi: 10.1084/jem.191.7.1127

156. Banchereau, J, and Steinman, RM. Dendritic Cells and the Control of Immunity. Nature (1998) 392:245–52. doi: 10.1038/32588

157. Hong, S, Zhang, Z, Liu, H, Tian, M, Zhu, X, Zhang, Z, et al. B Cells Are the Dominant Antigen-Presenting Cells That Activate Naive CD4+ T Cells Upon Immunization With a Virus-Derived Nanoparticle Antigen. Immunity (2018) 49:695–708.e4. doi: 10.1016/j.immuni.2018.08.012

158. Crotty, S. T Follicular Helper Cell Differentiation, Function, and Roles in Disease. Immunity (2014) 41:529–42. doi: 10.1016/j.immuni.2014.10.004

159. Schmitt, N, Liu, Y, Bentebibel, S-E, Munagala, I, Bourdery, L, Venuprasad, K, et al. The Cytokine TGF-β Co-Opts Signaling via STAT3-STAT4 to Promote the Differentiation of Human TFH Cells. Nat Immunol (2014) 15:856–65. doi: 10.1038/ni.2947

160. Nurieva, RI, Chung, Y, Martinez, GJ, Yang, XO, Tanaka, S, Matskevitch, TD, et al. Bcl6 Mediates the Development of T Follicular Helper Cells. Sci (80- ) (2009) 325:1001–5. doi: 10.1126/science.1176676

161. Yu, D, Rao, S, Tsai, LM, Lee, SK, He, Y, Sutcliffe, EL, et al. The Transcriptional Repressor Bcl-6 Directs T Follicular Helper Cell Lineage Commitment. Immunity (2009) 31:457–68. doi: 10.1016/j.immuni.2009.07.002

162. Sage, PT, and Sharpe, AH. T Follicular Regulatory Cells. Immunol Rev (2016) 271:246–59. doi: 10.1111/imr.12411

163. Sage, PT, and Sharpe, AH. T Follicular Regulatory Cells in the Regulation of B Cell Responses. Trends Immunol (2015) 36:410–8. doi: 10.1016/j.it.2015.05.005

164. Natkanski, E, Lee, W-Y, Mistry, B, Casal, A, Molloy, JE, and Tolar, P. B Cells Use Mechanical Energy to Discriminate Antigen Affinities. Sci (80- ) (2013) 340:1587–90. doi: 10.1126/science.1237572

165. Shulman, Z, Gitlin, AD, Weinstein, JS, Lainez, B, Esplugues, E, Flavell, RA, et al. Dynamic Signaling by T Follicular Helper Cells During Germinal Center B Cell Selection. Sci (80- ) (2014) 345:1058–62. doi: 10.1126/science.1257861

166. Boisvert, J, Edmondson, S, and Krummel, MF. Immunological Synapse Formation Licenses CD40-CD40L Accumulations at T-APC Contact Sites. J Immunol (2004) 173:3647–52. doi: 10.4049/jimmunol.173.6.3647

167. Allen, R, Armitage, R, Conley, M, Rosenblatt, H, Jenkins, N, Copeland, N, et al. CD40 Ligand Gene Defects Responsible for X-Linked Hyper-IgM Syndrome. Sci (80- ) (1993) 259:990–3. doi: 10.1126/science.7679801

168. Aruffo, A, Farrington, M, Hollenbaugh, D, Li, X, Milatovich, A, Nonoyama, S, et al. The CD40 Ligand, Gp39, is Defective in Activated T Cells From Patients With X-Linked Hyper-IgM Syndrome. Cell (1993) 72:291–300. doi: 10.1016/0092-8674(93)90668-G

169. DiSanto, JP, Bonnefoy, JY, Gauchatt, JF, Fischer, A, de Saint Basile, G, Gauchat, JF, et al. CD40 Ligand Mutations in X-Linked Immunodeficiency With Hyper-IgM. Nature (1993) 361:541–3. doi: 10.1038/361541a0

170. Fuleihan, R, Ramesh, N, Loh, R, Jabara, H, Rosen, RS, Chatila, T, et al. Defective Expression of the CD40 Ligand in X Chromosome-Linked Immunoglobulin Deficiency With Normal or Elevated IgM. Proc Natl Acad Sci (1993) 90:2170–3. doi: 10.1073/pnas.90.6.2170

171. Korthäuer, U, Graf, D, Mages, HW, Brière, F, Padayachee, M, Malcolm, S, et al. Defective Expression of T-Cell CD40 Ligand Causes X-Linked Immunodeficiency With Hyper-IgM. Nature (1993) 361:539–41. doi: 10.1038/361539a0

172. Xu, J, Foy, TM, Laman, JD, Elliott, EA, Dunn, JJ, Waldschmidt, TJ, et al. Mice Deficient for the CD40 Ligand. Immunity (1994) 1:423–31. doi: 10.1016/1074-7613(94)90073-6

173. Kawabe, T, Naka, T, Yoshida, K, Tanaka, T, Fujiwara, H, Suematsu, S, et al. The Immune Responses in CD40-Deficient Mice: Impaired Immunoglobulin Class Switching and Germinal Center Formation. Immunity (1994) 1:167–78. doi: 10.1016/1074-7613(94)90095-7

174. Han, S, Hathcock, K, Zheng, B, Kepler, TB, Hodes, R, and Kelsoe, G. Cellular Interaction in Germinal Centers. Roles of CD40 Ligand and B7-2 in Established Germinal Centers. J Immunol (1995) 155:556–67.

175. Foy, TM, Laman, JD, Ledbetter, JA, Aruffo, A, Claassen, E, and Noelle, RJ. Gp39-CD40 Interactions are Essential for Germinal Center Formation and the Development of B Cell Memory. J Exp Med (1994) 180:157–63. doi: 10.1084/jem.180.1.157

176. Liu, D, Xu, H, Shih, C, Wan, Z, Ma, X, Ma, W, et al. T-B-Cell Entanglement and ICOSL-Driven Feed-Forward Regulation of Germinal Centre Reaction. Nature (2015) 517:214–8. doi: 10.1038/nature13803

177. Pullen, SS, Miller, HG, Everdeen, DS, Dang, TTA, Crute, JJ, and Kehry, MR. CD40–Tumor Necrosis Factor Receptor-Associated Factor (TRAF) Interactions: Regulation of CD40 Signaling Through Multiple TRAF Binding Sites and TRAF Hetero-Oligomerization. Biochemistry (1998) 37:11836–45. doi: 10.1021/bi981067q

178. Ahonen, C, Manning, E, Erickson, LD, O’Connor, B, Lind, EF, Pullen, SS, et al. The CD40-TRAF6 Axis Controls Affinity Maturation and the Generation of Long-Lived Plasma Cells. Nat Immunol (2002) 3:451–6. doi: 10.1038/ni792

179. Elgueta, R, Benson, MJ, de Vries, VC, Wasiuk, A, Guo, Y, and Noelle, RJ. Molecular Mechanism and Function of CD40/CD40L Engagement in the Immune System. Immunol Rev (2009) 229:152–72. doi: 10.1111/j.1600-065X.2009.00782.x

180. Bishop, GA, Moore, CR, Xie, P, Stunz, LL, and Kraus, ZJ. TRAF Proteins in CD40 Signaling. Adv Exp Med Biol (2007) 597:131–51. doi: 10.1007/978-0-387-70630-6_11

181. Dadgostar, H, Zarnegar, B, Hoffmann, A, Qin, X-F, Truong, U, Rao, G, et al. Cooperation of Multiple Signaling Pathways in CD40-Regulated Gene Expression in B Lymphocytes. Proc Natl Acad Sci (2002) 99:1497–502. doi: 10.1073/pnas.032665099

182. Sutherland, CL, Heath, AW, Pelech, SL, Young, PR, and Gold, MR. Differential Activation of the ERK, JNK, and P38 Mitogen-Activated Protein Kinases by CD40 and the B Cell Antigen Receptor. J Immunol (1996) 157:3381–90.

183. Hostager, BS, Haxhinasto, SA, Rowland, SL, and Bishop, GA. Tumor Necrosis Factor Receptor-Associated Factor 2 (TRAF2)-Deficient B Lymphocytes Reveal Novel Roles for TRAF2 in CD40 Signaling. J Biol Chem (2003) 278:45382–90. doi: 10.1074/jbc.M306708200

184. Lee, SY, Reichlin, A, Santana, A, Sokol, KA, Nussenzweig, MC, and Choi, Y. TRAF2 Is Essential for JNK But Not NF-κb Activation and Regulates Lymphocyte Proliferation and Survival. Immunity (1997) 7:703–13. doi: 10.1016/S1074-7613(00)80390-8

185. Gallagher, E, Enzler, T, Matsuzawa, A, Anzelon-Mills, A, Otero, D, Holzer, R, et al. Kinase MEKK1 is Required for CD40-Dependent Activation of the Kinases Jnk and P38, Germinal Center Formation, B Cell Proliferation and Antibody Production. Nat Immunol (2007) 8:57–63. doi: 10.1038/ni1421

186. Haxhinasto, SA, and Bishop, GA. Synergistic B Cell Activation by CD40 and the B Cell Antigen Receptor. J Biol Chem (2004) 279:2575–82. doi: 10.1074/jbc.M310628200

187. Jabara, HH, Laouini, D, Tsitsikov, E, Mizoguchi, E, Bhan, AK, Castigli, E, et al. The Binding Site for TRAF2 and TRAF3 But Not for TRAF6 Is Essential for CD40-Mediated Immunoglobulin Class Switching. Immunity (2002) 17:265–76. doi: 10.1016/S1074-7613(02)00394-1

188. Jabara, HH, Weng, Y, Sannikova, T, and Geha, RS. TRAF2 and TRAF3 Independently Mediate Ig Class Switching Driven by CD40. Int Immunol (2009) 21:477–88. doi: 10.1093/intimm/dxp013

189. Bishop, GA, Warren, WD, and Berton, MT. Signaling via Major Histocompatibility Complex Class II Molecules and Antigen Receptors Enhances the B Cell Response to Gp39/CD40 Ligand. Eur J Immunol (1995) 25:1230–8. doi: 10.1002/eji.1830250515

190. Ersching, J, Efeyan, A, Mesin, L, Jacobsen, JT, Pasqual, G, Grabiner, BC, et al. Germinal Center Selection and Affinity Maturation Require Dynamic Regulation of Mtorc1 Kinase. Immunity (2017) 46:1045–1058.e6. doi: 10.1016/j.immuni.2017.06.005

191. Niu, H, Ye, BH, and Dalla-Favera, R. Antigen Receptor Signaling Induces MAP Kinase-Mediated Phosphorylation and Degradation of the BCL-6 Transcription Factor. Genes Dev (1998) 12:1953–61. doi: 10.1101/gad.12.13.1953

192. Yasuda, T, Hayakawa, F, Kurahashi, S, Sugimoto, K, Minami, Y, Tomita, A, et al. B Cell Receptor-ERK1/2 Signal Cancels PAX5-Dependent Repression of BLIMP1 Through PAX5 Phosphorylation: A Mechanism of Antigen-Triggering Plasma Cell Differentiation. J Immunol (2012) 188:6127–34. doi: 10.4049/jimmunol.1103039

193. Crotty, S. Follicular Helper CD4 T Cells (T FH ). Annu Rev Immunol (2011) 29:621–63. doi: 10.1146/annurev-immunol-031210-101400

194. Weinstein, JS, Herman, EI, Lainez, B, Licona-Limón, P, Esplugues, E, Flavell, R, et al. TFH Cells Progressively Differentiate to Regulate the Germinal Center Response. Nat Immunol (2016) 17:1197–205. doi: 10.1038/ni.3554

195. Gonzalez, DG, Cote, CM, Patel, JR, Smith, CB, Zhang, Y, Nickerson, KM, et al. Nonredundant Roles of IL-21 and IL-4 in the Phased Initiation of Germinal Center B Cells and Subsequent Self-Renewal Transitions. J Immunol (2018) 201:3569–79. doi: 10.4049/jimmunol.1500497

196. Levy, DE, and Darnell, JE. Stats: Transcriptional Control and Biological Impact. Nat Rev Mol Cell Biol (2002) 3:651–62. doi: 10.1038/nrm909

197. Avery, DT, Deenick, EK, Ma, CS, Suryani, S, Simpson, N, Chew, GY, et al. B Cell-Intrinsic Signaling Through IL-21 Receptor and STAT3 is Required for Establishing Long-Lived Antibody Responses in Humans. J Exp Med (2010) 207:155–71. doi: 10.1084/jem.20091706

198. Deenick, EK, Avery, DT, Chan, A, Berglund, LJ, Ives, ML, Moens, L, et al. Naive and Memory Human B Cells Have Distinct Requirements for STAT3 Activation to Differentiate Into Antibody-Secreting Plasma Cells. J Exp Med (2013) 210:2739–53. doi: 10.1084/jem.20130323

199. Lischke, A, Moriggl, R, Brändlein, S, Berchtold, S, Kammer, W, Sebald, W, et al. The Interleukin-4 Receptor Activates STAT5 by a Mechanism That Relies Upon Common γ-Chain. J Biol Chem (1998) 273:31222–9. doi: 10.1074/jbc.273.47.31222

200. Rolling, C, Treton, D, Pellegrini, S, Galanaud, P, and Richard, Y. IL4 and IL13 Receptors Share the γc Chain and Activate STAT6, STAT3 and STAT5 Proteins in Normal Human B Cells. FEBS Lett (1996) 393:53–6. doi: 10.1016/0014-5793(96)00835-6

201. Ding, BB, Bi, E, Chen, H, Yu, JJ, and Ye, BH. IL-21 and CD40L Synergistically Promote Plasma Cell Differentiation Through Upregulation of Blimp-1 in Human B Cells. J Immunol (2013) 190:1827–36. doi: 10.4049/jimmunol.1201678

202. Ettinger, R, Sims, GP, Fairhurst, A-M, Robbins, R, da Silva, YS, Spolski, R, et al. IL-21 Induces Differentiation of Human Naive and Memory B Cells Into Antibody-Secreting Plasma Cells. J Immunol (2005) 175:7867–79. doi: 10.4049/jimmunol.175.12.7867

203. Ozaki, K, Spolski, R, Ettinger, R, Kim, H-P, Wang, G, Qi, C-F, et al. Regulation of B Cell Differentiation and Plasma Cell Generation by IL-21, a Novel Inducer of Blimp-1 and Bcl-6. J Immunol (2004) 173:5361–71. doi: 10.4049/jimmunol.173.9.5361

204. Zotos, D, Coquet, JM, Zhang, Y, Light, A, D’Costa, K, Kallies, A, et al. IL-21 Regulates Germinal Center B Cell Differentiation and Proliferation Through a B Cell-Intrinsic Mechanism. J Exp Med (2010) 207:365–78. doi: 10.1084/jem.20091777

205. Linterman, MA, Beaton, L, Yu, D, Ramiscal, RR, Srivastava, M, Hogan, JJ, et al. IL-21 Acts Directly on B Cells to Regulate Bcl-6 Expression and Germinal Center Responses. J Exp Med (2010) 207:353–63. doi: 10.1084/jem.20091738

206. Bryant, VL, Ma, CS, Avery, DT, Li, Y, Good, KL, Corcoran, LM, et al. Cytokine-Mediated Regulation of Human B Cell Differentiation Into Ig-Secreting Cells: Predominant Role of IL-21 Produced by CXCR5+ T Follicular Helper Cells. J Immunol (2007) 179:8180–90. doi: 10.4049/jimmunol.179.12.8180

207. Scheeren, FA, Naspetti, M, Diehl, S, Schotte, R, Nagasawa, M, Wijnands, E, et al. STAT5 Regulates the Self-Renewal Capacity and Differentiation of Human Memory B Cells and Controls Bcl-6 Expression. Nat Immunol (2005) 6:303–13. doi: 10.1038/ni1172

208. Baumjohann, D, Preite, S, Reboldi, A, Ronchi, F, Ansel, KM, Lanzavecchia, A, et al. Persistent Antigen and Germinal Center B Cells Sustain T Follicular Helper Cell Responses and Phenotype. Immunity (2013) 38:596–605. doi: 10.1016/j.immuni.2012.11.020

209. Deenick, EK, Chan, A, Ma, CS, Gatto, D, Schwartzberg, PL, Brink, R, et al. Follicular Helper T Cell Differentiation Requires Continuous Antigen Presentation That is Independent of Unique B Cell Signaling. Immunity (2010) 33:241–53. doi: 10.1016/j.immuni.2010.07.015

210. Tubo, NJ, Pagán, AJ, Taylor, JJ, Nelson, RW, Linehan, JL, Ertelt, JM, et al. Single Naive CD4+ T Cells From a Diverse Repertoire Produce Different Effector Cell Types During Infection. Cell (2013) 153:785–96. doi: 10.1016/j.cell.2013.04.007

211. Tubo, NJ, and Jenkins, MK. TCR Signal Quantity and Quality in CD4+ T Cell Differentiation. Trends Immunol (2014) 35:591–6. doi: 10.1016/j.it.2014.09.008

212. de Jong, H. Modeling and Simulation of Genetic Regulatory Systems: A Literature Review. J Comput Biol (2002) 9:67–103. doi: 10.1089/10665270252833208

213. Linke, C, Chasapi, A, González-Novo, A, Al Sawad, I, Tognetti, S, Klipp, E, et al. A Clb/Cdk1-Mediated Regulation of Fkh2 Synchronizes CLB Expression in the Budding Yeast Cell Cycle. NPJ Syst Biol Appl (2017) 3:7. doi: 10.1038/s41540-017-0008-1

214. Kolodkin A, N, Sharma, RP, Colangelo, AM, Ignatenko, A, Martorana, F, Jennen, D, et al. ROS Networks: Designs, Aging, Parkinson’s Disease and Precision Therapies. NPJ Syst Biol Appl (2020) 6:34. doi: 10.1038/s41540-020-00150-w

215. Ay, A, and Arnosti, DN. Mathematical Modeling of Gene Expression: A Guide for the Perplexed Biologist. Crit Rev Biochem Mol Biol (2011) 46:137–51. doi: 10.3109/10409238.2011.556597

216. Merino Tejero, E, Lashgari, D, García-Valiente, R, Gao, X, Crauste, F, Robert, PA, et al. Multiscale Modeling of Germinal Center Recapitulates the Temporal Transition From Memory B Cells to Plasma Cells Differentiation as Regulated by Antigen Affinity-Based Tfh Cell Help. Front Immunol (2021) 11:620716. doi: 10.3389/fimmu.2020.620716

217. Meyer-Hermann, M. Does Recycling in Germinal Centres Exist? Immunol Cell Biol (2002) 80:30–5. doi: 10.1046/j.1440-1711.2002.01052.x

218. Meyer-Hermann, M. A Mathematical Model for the Germinal Center Morphology and Affinity Maturation. J Theor Biol (2002) 216:273–300. doi: 10.1006/jtbi.2002.2550

219. Chtanova, T, Tangye, SG, Newton, R, Frank, N, Hodge, MR, and Rolph, MS. Mackay CR. T Follicular Helper Cells Express a Distinctive Transcriptional Profile, Reflecting Their Role as Non-Th1/Th2 Effector Cells That Provide Help for B Cells. J Immunol (2004) 173:68–78. doi: 10.4049/jimmunol.173.1.68

220. Barberis, M, Helikar, T, and Verbruggen, P. Simulation of Stimulation: Cytokine Dosage and Cell Cycle Crosstalk Driving Timing-Dependent T Cell Differentiation. Front Physiol (2018) 9:879. doi: 10.3389/fphys.2018.00879

221. Puniya, BL, Amin, R, Lichter, B, Moore, R, Ciurej, A, Bennett, SJ, et al. Integrative Computational Approach Identifies Drug Targets in CD4+ T-Cell-Mediated Immune Disorders. NPJ Syst Biol Appl (2021) 7:4. doi: 10.1038/s41540-020-00165-3




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


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

Copyright © 2021 Verstegen, Ubels, Westerhoff, van Ham and Barberis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2021.734282_cover.jpg
’ frontiers

in Immunology

System-Level Scenarios for the
Elucidation of T Cell-Mediated
Germinal Center B Cell Differentiation





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        System-Level Scenarios for the Elucidation of T Cell-Mediated Germinal Center B Cell Differentiation

      

        		

          1 Introduction

        



        		

          2 The Germinal Center Reaction

        

          		

            2.1 Initiation of a Germinal Center

          



          		

            2.2 Maturation of the Germinal Center

          



        



        



        		

          3 GCBC Selection: Recycling vs. Differentiation

        

          		

            3.1 Modeling the GCBC Recycling Process

          



          		

            3.2 Effector B Cells Arise From Germinal Centers

          



        



        



        		

          4 Transcription Factor Network Regulating GCBC Fate Determination

        



        		

          5 Regulation of GCBC Selection

        

          		

            5.1 Antigen-Mediated Receptor Stimulation

          



          		

            5.2 Tfh Cells Orchestrate GCBC Fate Determination

          

            		

              5.2.1 CD40 Co-Stimulation

            



            		

              5.2.2 Cytokine Secretion by Tfh Cells

            



          



          



        



        



        		

          6 Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-734282-g001.jpg





OEBPS/Images/fimmu-12-734282-g003.jpg
]
s
(]
]

1z
{NCH
X
e
= 3

:@‘_BA @

g
i
g
i






OEBPS/Images/fimmu-12-734282-g005.jpg
L%
ey

i Ty

T

i
_“1 stk
o e
o |
I o
[ —






OEBPS/Images/fimmu-12-734282-g004.jpg
i A

¢ & & &

- aceee

Wy, | Wmmpes

poe m P o [ s /662 A2
achz w8 oack: e Paxs pua
he e hHex

BLwP1+

e
w \ \w-

opt






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-734282-g002.jpg
i (©Bi-directional migration.

ek Zoon 6D fro——ry





