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Abstract

Germinal centers (GCs) are the site of antibody diversification and affinity maturation, and as such
are vitally important for humoral immunity. The study of GC biology has undergone a renaissance
in the past 10 years, with a succession of findings that have transformed our understanding of the
cellular dynamics of affinity maturation. In this review, we discuss recent developments in the
field, with special emphasis on how GC cellular and clonal dynamics shape antibody affinity and
diversity during the immune response.

Introduction

One of the hallmarks of the humoral immune response is the progressive increase in the
affinity of antibodies over time (Eisen, 2014; Eisen and Siskind, 1964). This increase is the
result of activation induced cytidine deaminase (AID)-driven somatic hypermutation (SHM)
of the antigen-binding variable regions of immunoglobulin (Ig) genes (Berek and Milstein,
1987; Muramatsu et al., 2000; Weigert et al., 1970), which generates a panel of mutated B
cells that are then selected, based on their affinity, to proliferate and differentiate into
antibody-secreting plasma cells and memory B cells. This selective process occurs in
microanatomical structures known as germinal centers (GCs) (Berek et al., 1991; Jacob et
al., 1991b), which emerge in several copies within secondary lymphoid organs upon
exposure to antigen by infection or immunization. In these structures, B cells compete for an
array of signals that are delivered in an affinity-dependent manner, so that B cells with
higher-affinity B cell receptors (BCRs, the complex formed by surface immunoglobulin
(slg) and the Iga and Igp co-receptors) are expected to progressively outcompete lower-
affinity B cells. Differentiation over time of plasma cells and memory cells from this
evolving population drives the increase in the overall affinity of serum antibodies during the
primary response and upon re-immunization or re-infection (Berek and Milstein, 1987;
Eisen and Siskind, 1964).

A fundamental characteristic of the GC reaction is its dynamic nature. At the cellular level,
GC B cells constantly migrate between microanatomical compartments as they undergo
iterative cycles of SHM and selection and seek to obtain, from other GC-resident cell
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populations, the signals required for their survival. At the clonal level, the expansion and
contraction of clonal populations based on their relative fitness follows a dynamics of its
own, much akin to Darwinian selection. In the present review, we provide an overview of
our current understanding of cellular and clonal dynamics in the GC, with greater emphasis
on findings arising since our last review of the field (Victora and Nussenzweig, 2012). While
we briefly touch upon molecular aspects when appropriate, more thorough reviews of these
topics are available elsewhere (Basso and Dalla-Favera, 2015; De Silva and Klein, 2015).
Likewise, the vast amount of knowledge that has recently been generated on the
differentiation and regulation of the Tth cells that support GC selection has been extensively
reviewed in recent years (Crotty, 2014; Vinuesa et al., 2016), and is beyond our present
scope.

Functional anatomy of the GC

GCs form in the center of the B cell follicles of secondary lymphoid organs, interspersed
within a network of stromal cells known as follicular dendritic cells (FDCs) (Heesters et al.,
2014). In follicles that do not contain GCs (primary follicles), FDCs play an organizational
role, helping B cells to cluster into compact, well-defined follicles (Wang et al., 2011). In
secondary follicles (which contain GCs), FDCs are located within the GC itself, where they
perform two key roles. The best characterized of these is the long-term retention of intact
antigen within complement-coated immune complexes, in a form that can support affinity-
dependent “testing” of SHM-modified BCRs that occurs during GC selection (Heesters et
al., 2014). A recent study has shown that antigen in fact recycles between the FDC surface
and nondegradative endosomal compartments, suggesting a mechanism by which antigen
can be maintained on these cells for the extended periods required for efficient affinity
maturation (Heesters et al., 2013). A second role for FDCs is to support GC B cell survival
and the overall prolificacy of the GC reaction. This is supported by the finding that
preventing FDC activation through TLR4 results in smaller GCs and lower antibody titers in
response to immunization (Garin et al., 2010).

GC formation begins with acquisition of antigen by resting B cells (Cyster, 2010; Gonzalez
et al., 2011), followed by their migration to the follicle:T-zone (T:B) border, where they
receive co-stimulatory signals from CD4* T cells (Garside et al., 1998; Okada et al., 2005).
This interaction triggers a period of intense proliferation in which responding B cells are
located preferentially in the outer B cell follicle (Coffey et al., 2009). A fraction these cells
will then coalesce into tight clusters in the follicle center, in close apposition with the FDC
network, giving rise to the early GC. GC B cells are held together by modulations in the
expression of several G-protein coupled receptors (GPCRs). One of these is Ebi2—the
receptor for 7a,25-dihydroxycholesterol—which normally attracts naive B cells towards the
outer follicle but is strongly downregulated in GC B cells (Gatto et al., 2009; Gatto et al.,
2011; Hannedouche et al., 2011; Kelly et al., 2011; Pereira et al., 2009). A second GPCR
that contributes to GC B cell clustering is S1P,, one of five receptors for the signaling lipid
sphingosine-1-phosphate (S1P) (Cyster and Schwab, 2012; Green and Cyster, 2012). S1P,
acts through inhibitory G-protein subunits Ga12 and Ga.13 to prevent GC B cells—and T
follicular helper (Tfh) cells—from migrating towards S1P-rich areas in the outer follicle
(Green et al., 2011; Moriyama et al., 2014). In humans, S1P, acts in concert with the orphan
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GPCR P2YRS8, which also signals through Ga.13. Deletion of Gnal3or its downstream
effector Arhigefl in mice allows GC B cells to leave their tight clusters and disseminate into
lymph and blood (Muppidi et al., 2014). Interestingly, when GC B cells are made resistant to
apoptosis by expression of a Bc/2transgene, ablation of the FDC network itself causes GC B
cells to disperse, suggesting that FDCs may help maintain low concentrations of S1P, and
possibly of a putative P2YRS ligand, in the follicle center (Muppidi et al., 2015; Wang et al.,
2011).

A defining feature of the mature GC is its division into two compartments, or “zones” (Fig.
1). The pole of the GC closest to the T cell zone in lymph nodes and spleen, and from which
FDC are largely absent, is referred to as the dark zone (DZ). The pole distal to the T zone,
closest to the capsule in LN or marginal zone in spleen, and rich in FDCs, is referred to as
the light zone (LZ). The origin of these names is historical: the LZ appears “lighter” in
histology using traditional DNA stains due to the sparser distribution of lymphocyte nuclei
among a more abundant stromal network (Allen et al., 20073).

The DZ consists primarily of a tight cluster of highly proliferative B cells, known classically
as “centroblasts,” which strongly express the chemokine receptor CXCR4 (Allen et al.,
2004; Allen et al., 2007b; Victora et al., 2012; Victora et al., 2010). The DZ stroma consists
of a delicate meshwork of CXCL12-expressing Reticular Cells (CRCs) that are thought to be
the source of the CXCL12 chemokine (the ligand for CXCR4) that holds DZ B cells away
from the FDC network (Bannard et al., 2013; Rodda et al., 2015). DZ B cells have high
expression of AID and the error-prone DNA polymerase eta (Polm, which introduces point
mutations into DNA when repairing AID-induced lesions) (McHeyzer-Williams et al., 2015;
Victora et al., 2012; Victora et al., 2010). This expression pattern suggests that the DZ is the
site of 1Ig SHM, and therefore where clonal variants with different affinities for antigen are
generated (Victora et al., 2012; Victora et al., 2010).

The LZ is less compact and more diverse than the DZ. In addition to GC B cells and FDCs,
the LZ contains a large proportion of infiltrating naive B cells (Schwickert et al., 2007), and
a smaller but crucially important population of T follicular helper (Tfh) cells. As we will see
below, Tth cells play a fundamental role in the positive selection of higher-affinity B cells,
driving their proliferation and differentiation into the plasma cell fate (Allen et al., 2007b;
Meyer-Hermann et al., 2006; Victora et al., 2010). There has been a dramatic increase in our
knowledge of Tfh cell biology in recent years, and there are excellent reviews on the subject
(Crotty, 2014; Vinuesa et al., 2016). A recent development has been the discovery that a
subset of GC-resident CD4" T cells express the regulatory T (Treg) cell master regulator
Foxp3, while sharing many phenotypic characteristics of Tfh cells (Chung et al., 2011;
Linterman et al., 2011; Wollenberg et al., 2011). The precise origin, antigen specificity, and
the nature and mechanism of regulation by these “T follicular regulatory” (Tfr) cells is
currently under intense scrutiny (Ramiscal and Vinuesa, 2013; Sage and Sharpe, 2015). LZ
B cells themselves are traditionally referred to as “centrocytes.” These cells display an
activated phenotype, including higher expression of activation markers CD86 and CD83
(Victora et al., 2012; Victora et al., 2010). Other features such as the overexpression of gene
signatures associated with activation of the CD40 and BCR pathways and of Myc are also
indicative of an activated state (Dominguez-Sola et al., 2012; Victora et al., 2012; Victora et
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al., 2010). Together, the presence of antigen and Tfh cell help and the activated phenotype of
its resident B suggest that the LZ is the site of selection of high-affinity SHM variants.

The segregation of proliferation and hypermutation in the DZ from antigen-driven selection
in the LZ requires that cells migrate between these two zones for affinity maturation to
occur. Early mathematical modeling studies propose that iterative cycles of SHM followed
by selection (in DZ and LZ, respectively) would be required to achieve the degree of affinity
maturation observed in vivo, a framework known as cyclic re-entry (Kepler and Perelson,
1993; Oprea and Perelson, 1997). According to this model, now widely regarded as accurate,
a fraction of LZ B cells with improved affinity is allowed to re-enter the DZ for further
rounds of proliferation and SHM. Recent studies have provided ample experimental
evidence for the re-entry of selected B cells from LZ to DZ upon antigen-driven selection
(Allen et al., 2007b; Gitlin et al., 2014; Schwickert et al., 2007; Victora et al., 2010).

More recent work has focused on the molecular mechanisms that control the transition of B
cells between the GC zones and their associated phenotypes. The initial finding that many of
the genes upregulated in LZ B cells could be linked to B cell activation by antigen or T cells
(Victora et al., 2012; Victora et al., 2010) led us to speculate that, rather than being cell-
intrinsic, much of the LZ phenotype was a consequence of exposure to the signals present in
the LZ (Victora and Nussenzweig, 2012). However, forcing DZ B cells into the LZ by
deletion of the DZ-homing receptor CXCR4 is not sufficient to turn on a LZ program in DZ
cells, implying that DZ cells must have a cell-intrinsic “timer” that restricts the emergence of
a LZ phenotype even when these cells are physically located in the LZ (Bannard et al.,
2013). Later work showing that, upon arrival to the DZ, GC B cells execute a pre-
programmed number of divisions before being allowed to return to the LZ suggested that,
rather than (or in addition to) a timer, there may be a cell-intrinsic “division counter”
restricting the DZ to LZ transition (Gitlin et al., 2014). Further insight into these dynamics
comes from two parallel studies of the role in GC B cells of transcription factor Foxol
(Dominguez-Sola et al., 2015; Sander et al., 2015). Deletion of a loxP-flanked allele of
Foxolin GC B cells using an /ghghl-cre (also known as y1-cre) driver results in “DZ-less
GCs, in which all B cells reside in the LZ and display the LZ surface phenotype
(CXCR4!owCD86M), although certain essential features of DZ B cells—such as rapid
proliferation and SHM—are maintained to different extents. Interestingly, gene expression
profiling and ChIP-seq experiments show that part of the role of Foxol in the DZ is to
suppress activation-related genes, including genes involved in BCR signaling and T cell-
mediated activation. Therefore, one possibility is that Foxol may help maintain a non-
activated phenotype in DZ B cells, even when these are physically forced into the LZ by
deletion of CXCRA4.

Still unresolved is the role of the physical segregation of affinity-based selection from
proliferation and SHM. This segregation is conserved across species, and the gene
expression programs that distinguish LZ and DZ B cells in mice and humans are largely
overlapping (Victora et al., 2012). Surprisingly, however, disruption of LZ-DZ polarity by
deletion of CXCR4 has little if any effect on the efficiency of affinity maturation towards a
hapten antigen (Nie et al., 2004), and leads only to a moderate decrease in the number of
mutations accrued by B cells in influenza-induced and Peyer’s patch GCs (Bannard et al.,
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2013). Whether LZ-DZ segregation plays a role in preventing potentially deleterious
outcomes of GC selection, such as autoimmunity and B cell transformation, has not been
investigated.

Positive selection of high-affinity clones in the GC

Affinity maturation relies on the ability of the GC to select B cells based on the affinity of
their BCRs for antigen. The dynamics of this selection were initially quantified in intravital
photoactivation experiments, revealing that while the LZ is constantly being repopulated by
massive immigration from the DZ (at a rate of 50% of DZ cells transitioning to the LZ over
a period of ~4 hours), less than 10% of LZ cells return to the DZ over a period of 6 hours.
Simple mathematical analysis of these rates based on a cyclic re-entry framework (Victora et
al., 2010), later refined using more sophisticated models (Meyer-Hermann et al., 2012),
estimates that in the order of 10-30% of B cells that arrive to the LZ are selected to re-enter
the DZ (the remainder either dying by apoptosis or exiting the GC). The question of how
GCs select for high-affinity B cells can thus be rephrased as how the best cells are selected
to re-enter from LZ to DZ.

Two candidate antigen-based signals are available to B cells in the LZ, arising from the dual
role of the BCR as a signaling and an endocytic receptor (Allen et al., 2007a; Victora and
Nussenzweig, 2012). The first signal is from antigen itself, which is held on FDCs in a form
that can bind to and signal through the BCR. Although signaling through the BCR is
required during the initiation of the B cell response, the role of such signaling in GC B cells
is less clear. A surprising finding is that most GC B cells appear unresponsive to BCR
stimulation by antigens in solution, with the exception of a brief period of Syk
phosphorylation that coincides with the G2/M phase of the cell cycle in the DZ (Khalil et al.,
2012). (Victora et al., 2010) This unresponsiveness has been confirmed by experiments
using a Mur77-GFP transgenic mouse, which in B cells is specifically activated by BCR
engagement (Mueller et al., 2015; Zikherman et al., 2012). Despite an overall low signal, a
small fraction of GC B cells, mostly located in the LZ, strongly express GFP. These cells
upregulate certain genes related to positive selection (such as Myc, CcndZ, and /rf4),
suggesting that these may indeed represent cells undergoing antigen-driven selection
(Mueller et al., 2015). However, a recent study in which GC B cells are exposed to antigen
displayed on immobilized plasma membrane sheets (PMSs) shows that, differently from
antigens in solution, PMS-bound antigen can efficiently activate signaling downstream of
the BCR in GC B cells, with the notable exception of nuclear translocation of NF-xB p50,
which required CD40 ligation (Nowosad et al., 2016). Thus, while antigen stimulation can
under certain circumstances trigger signaling in GC B cells, the key step of NF-xB
activation appears to require additional input from T cells.

Further insight into the role of BCR signaling in GC selection comes from studies of the fate
of cells that have undergone CSR, which have different signaling capabilities due to the
extended cytoplasmic tails of switched isotypes. A recent report in which CSR to 1gGy is
induced by cre recombination in the absence of SHM shows that, although 1gG;* GC B cells
display lower expression of Mur77-GFP than their IgM™* counterparts, neither isotype
appears to be favored (or disfavored) during GC selection (Gitlin et al., 2016). Thus the
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different signaling capabilities of IgG1 do not strongly affect GC B cell competitiveness.
However, switching to IgE strongly disfavors permanence in the GC, such that IgE cells
correspond to at best a minor population within GCs, even when a strong serum IgE
response is induced (Erazo et al., 2007; He et al., 2013; Talay et al., 2012; Xiong et al.,
2012; Yang et al., 2012). A detailed study of the dynamics of IgE* GC B cells show that
these cells are mostly restricted to the DZ, are more likely to be apoptotic, express markedly
lower amounts of slg, and are impaired in their ability to phosphorylate downstream
mediators in response to soluble antigen (He et al., 2013). Thus, a possibility is that IgE-
expressing B cells may fail a BCR-dependent checkpoint required for DZ to LZ transition
(He et al., 2015), possibly related to the G2/M BCR signal described by Khalil et al. (Khalil
etal., 2012).

The second antigen-dependent signal available to GC B cells is delivered by cognate
interaction with Tfh cells. B cells use the BCR to retrieve antigen deposited on the
membranes of other cells (FDCs in the case of the GC) in an affinity-dependent manner
(Batista and Neuberger, 2000). By applying tensile force to the antigen-antibody bond, B
cells can readily discriminate between ligands with different affinities (Natkanski et al.,
2013), and this process appears to be especially efficient in GC B cells due to their
distinctive synapse configuration (Nowosad et al., 2016). Antigen retrieved in this fashion
can be presented to helper T cells, providing a mechanism whereby T cells can sense B cell
affinity indirectly. Competition between GC B cells displaying different surface densities of
peptide-MHCII for a limited number of Tfh cells would then drive GC selection. This Tth
cell-centric model was conceived through a combination of mathematical modeling (Meyer-
Hermann et al., 2006; Radmacher et al., 1998), /n vitro studies (Batista and Neuberger,
2000), and intravital imaging (Allen et al., 2007b), and later confirmed experimentally /in
vivo (Gitlin et al., 2015; Gitlin et al., 2014; Shulman et al., 2013; Victora et al., 2010). A
useful experimental system in this sense has been the targeted loading of T cell antigen onto
class Il MHC on GC B cells by fusing it to an antibody to the surface lectin DEC-205
(Victora et al., 2010). Acutely increasing pMHC concentration in a subset of DEC-205-
expressing GC B cells [within a majority DEC-205~ (Ly757/") population] forces these cells
to interact strongly with Tfh cells, triggering them to migrate from LZ to DZ, proliferate
extensively, and differentiate into PC. Thus, T cell help is sufficient to drive cyclic re-entry
and GC selection. Further /n vivo studies have shown that T cell help not only triggers cyclic
re-entry, but also increases the number of divisions and the cell cycle speed of selected B
cells in a manner proportional to the intensity of the B cell-Tfh cell interaction (Gitlin et al.,
2015; Gitlin et al., 2014). Under steady-state, B cells divide on average twice per LZ-DZ
cycle: the “typical” selected B cell will initiate one cell cycle while still in the LZ, then
migrate to the DZ during S-phase. There it will divide into two daughters, each of which will
undergo another full cell cycle before returning to the LZ (Fig. 2). The number of
consecutive DZ cycles, and therefore DZ dwell time, is increased dramatically by DEC-205
antigen targeting (Gitlin et al., 2014). The strength of the T cell signal thus controls not only
the odds of a GC B cell surviving in the LZ, but also the number of divisions this cell will
undergo upon transitioning to the DZ. Therefore, a simple model where T cell signals rescue
GC B cells from apoptosis (Liu et al., 1989) cannot fully explain the process of GC
selection. These findings also implicate Tfh cell help as being responsible for setting the
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“timer” or “counter” (Bannard et al., 2013) that determines the length of residency of a GC
B cell in the DZ.

Some mechanistic insight has also been gained into how Tth cells drive B cell selection. At
the cellular level, Tfh cells can be readily observed to engage in cell-cell contacts with GC B
cells in GCs, although these are generally of short duration (Allen et al., 2007b). An
interesting finding is that GC T:B interactions are prone to feed-forward loops: ICOSL on B
cells promotes upregulation of CD40L on T cells, which in turn further upregulates ICOSL
on the B cell, and so forth. Such loops promote a mode of intimate contact in which a large
area of the B and T cell surfaces are juxtaposed, which was described as “entanglement”
(Liu et al., 2015). Entanglement and contact duration are greatly increased by antigen
delivery to B cells through DEC-205 (Shulman et al., 2014), which also enhances T cell
production of B cell-helper cytokines IL-4 and IL-21. In addition, Tth cells are the major
source of the pro-survival cytokine BAFF (also known as BLyS) in the GC, and BAFF
produced by Tfh cells was shown to promote the survival of B cells that have acquired high-
affinity mutations (Goenka et al., 2014). Thus, small differences in pMHC density between
B cells of different affinities can be nonlinearly amplified into large gains in signaling that
would allow for more efficient selection of higher B affinity cells, and possibly trigger the
multiple rounds of DZ proliferation seen after DEC-205 targeting (Gitlin et al., 2014).
Interestingly, class 11 MHC molecules are rapidly turned over on DZ B cells by ubiquitin-
mediated degradation, ensuring that peptide-MHCII density is “reset” after every LZ-DZ
cycle (Bannard et al., 2016). Such resetting may prevent carryover of peptide-MHC
molecules from previous selection rounds from interfering with a T cell’s sensing of the
affinity of a B cell’s current BCR.

At the molecular level, the proto-oncogene Myc—previously thought to be silenced in GC B
cells—has been shown to be briefly but strongly induced in LZ B that are undergoing
positive selection (Calado et al., 2012; Dominguez-Sola et al., 2012). Antigen targeting to
GC B cells through DEC-205 induces strong upregulation of c-Myc in targeted cells,
implicating Tth cell signals in the induction of c-Myc under physiological conditions.
Interestingly, c-Myc is shut down in the DZ, where most B cell proliferation takes place
(Calado et al., 2012; Dominguez-Sola et al., 2012). A recent study shows that the
transcription factor AP4 is induced by c-Myc in a delayed fashion in positively-selected GC
B cells, so that its expression is sustained in the DZ. Ablation of AP4 decreases the ability of
B cells to undergo additional rounds of proliferation in the DZ, suggesting that AP4 may
perform a similar role in the DZ as Myc does in the LZ. Thus, AP4 could be an essential
component of the DZ “timer” or “counter” (Chou et al., 2016).

A final mechanism that may contribute to GC selection is antibody-mediated feedback,
whereby soluble antibody “masks” antigen held on FDCs, effectively competing with B cells
bearing BCRs of overlapping specificities (Zhang et al., 2013). This mechanism could
explain how clones of widely different affinities can coexist within the same reaction
[(Kuraoka et al., 2016; Tas et al., 2016), see discussion below], since low-affinity clones
would be expected to survive if they are specific for epitopes against which little secreted
antibody exists. Importantly, such a mechanism would be compatible with both a BCR and T
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cell-driven selection models, given that greater antigen availability would allow for stronger
BCR signaling as well as for more antigen retrieval for presentation to T cells.

Negative selection of self-reactive clones in the GC

A risk associated with random SHM is the introduction of mutations that lead to recognition
of self-antigens, which can generate autoreactive antibodies and potentially lead to
autoimmune disease (Shlomchik et al., 1987; Tiller et al., 2010). Thus, in addition to
selecting for cells with the highest affinity for the immunizing antigen, GCs are thought to
rely on autoreactivity “checkpoints” to eliminate B cells that acquire the ability to bind self.
Recently, Brink and colleagues have introduced a sophisticated genetic system in which
adoptively transferred monoclonal B cells specific for hen egg lysozyme (SWhygL) are
allowed to affinity-mature in GCs elicited by immunization with an HEL triple mutant
(HEL3X), to which SWhg_ cells bind with low affinity (Chan et al., 2012). Affinity
maturation selects for SHM variants with increased affinity for HEL3X but which now also
bind a quadruple mutant HEL4X. When this experiment is performed in hosts that express
HEL4X as a pseudo-self antigen in different tissues, appearance of these highest-affinity
variants (and thus, the failure of GC autoreactivity checkpoints) can be precisely monitored.
These studies show that self-antigens can censor GC output only when expressed within or
near the GC, but not when expressed as tissue-specific antigens in the liver or kidneys (Chan
et al., 2012). A follow-up study has shown that the pro-apoptotic receptor FAS, highly
expressed in GC B cells, is not necessary for negative selection of HEL4X-binding cells.
Rather, FAS is required to prevent the generation of “rogue” GC B cells that escape normal
antigen-driven selection and differentiate into plasma cells that secrete copious amounts of
autoreactive (HEL4X-binding) IgG and IgE (Butt et al., 2015). Additionally, under certain
conditions, GCs are able to use SHM to eliminate pre-existing self-reactivity to ubiquitous
antigens, essentially “redeeming” formerly autoreactive clones to promote their participation
in immune responses to foreign antigens, even if this means selecting for B cells with lower
rather than higher affinity (Sabouri et al., 2014). Likewise, unusual human antibodies with
broad reactivity against Plasmodium falciparum-infected erythrocytes and that carry a gene
insertion between the /GHV and DJ segments derived from the gene encoding collagen
binding protein LAIR1 show somatic mutations that decrease binding to collagen, again
suggesting selection for loss of autoreactivity in GCs (Tan et al., 2016). Thus, multiple
checkpoints appear to prevent the emergence of autoreactivity to widely available antigens;
however, checkpoints against reactivity to tissue-specific self-antigens appear to be absent.
Nonetheless, polyreactivity (reactivity to several unrelated antigens, which can be self or
nonself) is a common consequence of SHM, in that polyreactive B cells are frequent within
the memory B cell population in mice and humans (Gitlin et al., 2016; Tiller et al., 2007).
Interestingly, polyreactive memory B cells appear to be shorter-lived than their non-
polyreactive counterparts, suggesting that autoreactive B cells generated by SHM may be
held at bay by a post-GC control mechanism that eliminates such cells from the memory
pool (Gitlin et al., 2016).
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Clonal diversity and evolution in the GC

In order to enter a GC, antigen-binding B cells must first receive cognate signals from T
helper cells activated by the same or a linked antigen, delivered at the follicle:T-zone (T:B)
border (Garside et al., 1998; Okada et al., 2005). Access to the GC is competitive, in that
even B cell clones with very low affinity for antigen are allowed to colonize GCs in the
absence of competition from other clones that bind the same antigen (Dal Porto et al., 1998;
Schwickert et al., 2011). A commonly held view is that such pre-GC competition is highly
restrictive, so that only a handful of “founder” clones seed each individual GC. This view
stems from a series of reports that inferred total clonal diversity from the prevalence of
homogeneous GCs in responses containing two distinguishable populations of B cells (Jacob
et al., 1991a; Kroese et al., 1987; Liu et al., 1991), but was questioned by a study that
directly measured clonal diversity by sequencing /g genes from single human GC B cells
picked from histological sections (Kuppers et al., 1993).

More recently, we have used /n situ photoactivation followed by flow cytometry (Shulman et
al., 2013; Victora et al., 2010) to obtain large numbers of single cells from GCs at around the
peak of clonal diversity (6 days after immunization with antigen in alum) (Tas et al., 2016).
This approach shows that clonal diversity in individual GCs can be quite high—reaching
over 100 clones per GC for immunization with chicken gamma globulin (CGG, a model
antigen consisting of a mixture of chicken immunoglobulins of different isotypes)—but can
also vary substantially depending on the antigen used. Thus, while no strict bottleneck limits
the number of founder cells in a GCs, the full extent of early GC clonal diversity appears to
be determined by antigen-related properties, possibly including frequency of specific naive
precursors or the immunodominance relationships between the antigen’s epitopes. A further
possibility is that polyclonal recruitment of B cells that have no specificity towards the
immunizing antigen—presumably through direct adjuvant effects on B cells or through
noncognate T cell help—could add to the initial diversity of GCs. Indeed, several studies
have reported that antibodies cloned from GC (or other activated) B cells do not always bind
the immunizing antigen by ELISA or other assays (Di Niro et al., 2015; Kuraoka et al.,
2016; Tas et al., 2016). However, transgenic B cells with monoclonal specificity for antigens
other than those used for infection or immunization fail to participate in the antibody
response, indicating that BCR sequence—and, presumably, antigen specificity—is a
determining factor in GC recruitment (Di Niro et al., 2015; Tas et al., 2016). Accordingly,
analysis of the unmutated ancestor of a potent broadly-neutralizing antibody (bNAb) to
influenza shows limited or no antigen binding by ELISA, although this same antibody could
trigger a calcium flux when expressed on the surface of a B cell exposed to antigen
(Lingwood et al., 2012). Thus, it is likely that many GC B cells bind antigen with affinities
that are not detectable by standard binding assays, but which are nonetheless biologically
relevant.

Once the GC structure is formed, bona fide GC competition begins to take place. This
consists of a combination of /nterclonal competition (between clones bearing different
V(D)J rearrangements, and therefore including a variety of epitope specificities and starting
affinities) and intraclonal competition (between SHM variants of the same clone, and thus
for the same epitope). Early studies show that hapten-driven GCs tend to become more
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clonally homogeneous over time (Jacob et al., 1993), and can contain variable-sized
expansions of particular SHM variants (Ziegner et al., 1994), thus providing evidence of
both interclonal and intraclonal competition. A caveat of these studies is that hapten-protein
conjugates generate antibody responses that are strongly focused on the hapten, and heavily
dominated by stereotypical V genes. Therefore, even though many clones with distinct
V(D)J rearrangements may participate in the response, competition occurs mostly between
B cells that bind a single epitope, and is thus perhaps better described as being /ntraclonal
(Kuraoka et al., 2016).

Two recent studies (Kuraoka et al., 2016; Tas et al., 2016) have attempted to circumvent
hapten-related issues by using technologies that allow examination of the more diverse GC
responses to unhaptenated protein antigens. In one of these studies, we applied multicolor
fate-mapping using a “Brainbow” allele to estimate the rate at which individual GCs became
clonally homogeneous over time (Tas et al., 2016). Our findings show that most GCs retain
substantial clonal diversity within the 3-week lifetime of the GC response to CGG in alum.
However, rapid and massive expansion of higher-affinity SHM variants (which we refer to as
“clonal bursts”) leads to substantial loss of diversity in a subset of GCs. Affinity maturation
was observed regardless of the presence of clonal bursts. Thus, while bursts allow for rapid
diversification of single SHM mutants at the expense of clonal diversity, affinity maturation
of several clones in parallel can occur within more diverse GCs, at least over a period of a
few weeks. An independent study by Kelsoe and colleagues also provides evidence that
affinity can increase without narrowing the diversity of the responding repertoire in GCs
arising in response to immunization with influenza hemagglutinin (HA) or anthrax
protective antigen (rPA) (Kuraoka et al., 2016). Using “Nojima” cultures (Nojima et al.,
2011), to obtain workable amounts of antibody from single-sorted GC B cells, this study has
measured the affinities of a large number of cells from the same responding LN. While
affinity maturation within GCs is readily observable, there was no evidence of constriction
of repertoire diversity as the GC reaction progressed. Thus, affinity maturation does not
necessarily involve radical loss of diversity (Fig. 3A), which is teleologically satisfying for a
system that must generate antibodies that are protective not only against re-challenge with
the exact same strain of pathogen, but also with other variant strains.

Both studies also provide evidence that B cells of widely disparate affinities can co-exist
within the same GC, suggesting that GC selection is much less strict than generally
appreciated (Kuraoka et al., 2016; Tas et al., 2016). Mechanistically, the factors underlying
this permissiveness are unclear, but may include a strong component of stochastic “noise”
(defined as any parameter unrelated to BCR affinity) that is superimposed upon affinity-
based selection. The finding that Brainbow GCs can deviate substantially from baseline
color distribution even when all cells have identical affinity (Tas et al., 2016) provides
experimental evidence of the degree of noise involved in GC selection. The prominent role
of Tfh cells in driving GC selection within a framework that is highly dynamic and prone to
strong feed-forward loops (Gitlin et al., 2015; Gitlin et al., 2014; Liu et al., 2015; Shulman
et al., 2014): and see Fig. 2) suggests a cellular mechanism for this noise. We propose a
speculative model (Fig. 3B) in which stochasticity cooperates with changes in affinity in
determining the fate of a mutant GC B cell: while a lower affinity cell can be rescued from
death by stochastic factors (such as finding a large portion of antigen on a FDC, or engaging
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an available, high-affinity T cell), a higher-affinity B cell favored by these same factors may
become the source of a clonal burst. This stochastic component would ensure the
maintenance of some degree of polyclonality while still allowing for strong SHM of a subset
selected clones through clonal bursts (Tas et al., 2016).

Post-GC B cell fates

In order to exert their effector or memory functions, B cells must differentiate into plasma
cells (PC) or memory B cells (Bmem), respectively. The choice between these fates can
happen at two distinct stages of the antibody response: at the T:B border, recently activated
B cells choose between entering the GC or differentiating into PC or Bmem; later, within the
GC itself, positively-selected GC B cells interrupt the LZ-DZ re-entry cycle to exit the GC,
again differentiating into PC or Bmem. Due to technical constraints, differentiation from
naive progenitors at the T:B border has been more widely studied than differentiation from
within the GC. How similar or different the rules of differentiation are at these two stages is
not clear. A number of studies have shown that acquisition of a PC phenotype is facilitated
by higher affinity, both in the early (T:B border) response and within ongoing GCs (Paus et
al., 2006; Phan et al., 2006; Smith et al., 1997), whereas a recent study suggests that lower-
affinity B cells are preferentially recruited into the Bmem pool (Shinnakasu et al., 2016).
The mechanism by which affinity may promote PC or Bmem differentiation is not fully
understood and, as with selection for cyclic re-entry, could depend on signals from both
BCR and T cell help. Whereas the T-independent response to repetitive antigens argues that,
at least in some cases, PC differentiation can be triggered by strong BCR signaling alone
(Shih et al., 2002), acutely inducing strong BCR signals triggers apoptosis in GC B cells
(Han et al., 1995; Pulendran et al., 1995; Shokat and Goodnow, 1995). Alternatively,
targeting antigen to B cells through DEC-205 simultaneously triggers massive differentiation
of plasmablasts and GC entry or re-entry, both at the T:B border and from within ongoing
GCs (Schwickert et al., 2011; Victora et al., 2010). Thus, enhanced T cell help alone is
sufficient to trigger PC differentiation, at least under manipulated experimental settings.

An interesting question is whether B cell fate decision occurs prior to or after proliferation
(i.e., at the level of the B cell that received the proliferative signal or independently for each
daughter cell). In the pre-GC response, the answer is most likely the latter. Early studies
show that B cells in extrafollicular foci (predominantly PC or plasmablasts) and GCs share a
common clonal origin (Jacob et al., 1991a; Jacab et al., 1991b); thus, in agreement with
Burnet’s original predictions (Burnet, 1957), a single naive lymphocyte can generate distinct
progenies. More recently, an elegant study tracing the ability of single antigen-specific B
cells to differentiate into the PC, GC, Bmem, or “activated precursor” fates after T:B border
interactions reported that, whereas just under half of the clones analyzed contained cells of
only one type, clones choosing multiple fates were common, with about 10% of clones
including members of all four cell types (Taylor et al., 2015). Multiplicity of fates correlate
strongly with clonal size (which is associated with ability to resist apoptosis rather than with
proliferation), so that clones that included all 4 fates comprise over thirty-fold more cells on
average than clones that followed only one fate. This is consistent with a previous study
showing that increased propensity to generate PC is likely secondary to increased survival
and proliferation of B cells that previously chose the PC fate (Chan et al., 2009). Thus, at
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least in early stages, B cell differentiation appears to be acting subsequently to proliferation
and at the level of each daughter cell. In the GC, this question can be rephrased as an
anatomical one: does differentiation occur in the LZ (prior to proliferation, since selected B
cells move from LZ to DZ during S phase) or in the DZ (during or after one or more rounds
of proliferation)? Only DZ differentiation would be compatible with models that require
asymmetric cell division (see below) or re-setting of cell state by proliferation (Duffy et al.,
2012), and a theoretical problem would be the chance of an effector cell acquiring a
deleterious or self-reactive mutation which would remain untested (since the mutated cell
does not go through a LZ phase prior to exit). The available data on the site of GC B cell fate
choice is ambiguous. While most studies suggest that this process initiates in the LZ—for
example, Blimp1l and Irf4 are found to be expressed by a minority of cells in this zone
(Angelin-Duclos et al., 2000; Falini et al., 2000)—other studies have proposed a DZ origin
for PCs based on cell migration dynamics (Meyer-Hermann et al., 2012).

In addition to affinity, other factors have been found to contribute to B cell fate choice. The
propensity of B cells to differentiate into Bmem or PC has been shown to change over the
course of the antibody response, so that Bmem are generated mostly in the pre-GC and early
GC periods, after which long-lived PC differentiation becomes more pronounced (Weisel et
al., 2016). Because the affinity of GC B cells for antigen also increases over time, the
temporal hypothesis is not incompatible with a role for affinity in promoting the PC fate.
Asymmetric cell division, in which one daughter B cell retains most of the endocytosed
antigen (Thaunat et al., 2012) or a higher concentration of key molecules for the GC
phenotype such as Bcl-6 and the 1L-21 receptor (Barnett et al., 2012) may also be involved
in post-GC fate choices. Additionally, BCR isotype may play a role in B cell fate choice.
Enhancement of PC differentiation by IgG expression in memory B cells has been widely
documented [reviewed in (Xu et al., 2014)]. However, the distinction between the role of
isotype-specific signaling capabilities and other factors such as changes in cell state due to
prior antigen experience (Kometani et al., 2013) or affinity for antigen (which may be higher
in switched cells) is not always clear. A recent study separating the effects of SHM and class
switching demonstrated that switching to 1gG strongly biased B cells towards the PC and
against the Bmem fates, independently of any other cell-intrinsic factors, suggesting an
instructive role for the 1gG, signaling tail (Gitlin et al., 2016). Likewise, activated B cells
that switch to IgE during the early B cell response preferentially adopt the PC over the GC
fate (Erazo et al., 2007). This appears to be related to the expression of IgE itself, since /n
vitro-activated B cells that have switched to IgE are more likely to differentiate into PC or
plasmablasts than those that switched to 1gG, even in the absence of antigen (Yang et al.,
2012). Finally, B cells from a mouse in which the human sIgA constant region was inserted
upstream of the Cp gene preferentially develop into PCs both /n vitro and in vivo (Duchez et
al., 2010). Thus, the skewing of fate decisions noted in cells expressing non-IgM receptors is
most likely the direct result of differences in the signaling capability of IgM and non-IgM
BCRs.

The molecular mechanism underlying GC B cell differentiation into Bmem cells of distinct
phenotypes remain unclear (Kurosaki et al., 2015; Tarlinton and Good-Jacobson, 2013).
Whereas no single deterministic transcription factor acting as a “master regulator” of the
Bmem fate has yet been identified, higher expression of Bach2 in lower-affinity GC B cells
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can favor Bmem differentiation (Shinnakasu et al., 2016). The molecular drivers of B cell
differentiation into the PC fate are better understood, and have been recently reviewed
(Kometani et al., 2013; Nutt et al., 2015). Key in this process is the activation of the PC
master-regulator Blimpl (PrdmI) (Turner et al., 1994), which, among many other functions
(Minnich et al., 2016; Tellier et al., 2016) helps shut down expression of transcription factors
such as Pax5 and Bcl6, responsible for maintenance of B cell and GC identity, respectively
[reviewed in (Nutt et al., 2015)]. What signals underlie the decision of activated or GC B
cells to switch on Blimp1 is an active area of investigation. Dialing up expression of Irf4
(which at high concentrations represses Bcl-6) and shutting down expression of Bach2
(which can act as a repressor of Blimp1) appear to be crucial to establish the PC program
(Muto et al., 2010; Sciammas et al., 2006). Interestingly, the NF-xB subunit RelA is
specifically required for differentiation of GC B cells into the PC fate, likely by directly
promoting Blimpl expression independently of Irf4 (Heise et al., 2014). Understanding what
signals induce activation of RelA /n vivo may provide valuable clues to the cellular
processes involved in PC differentiation. Other recent developments have included the
notions that epigenetic modifiers such as EZH2 and MOZ may influence the balance
between PC and Bmem differentiation (Beguelin et al., 2013; Caganova et al., 2013; Good-
Jacobson et al., 2014) and that mitochondrial function may provide instructive signals that
can skew activation-induced B-cell fates (Jang et al., 2015).

Long-lived and chronic GCs

GC life span can vary greatly depending on the nature of the immune stimulus. Whereas
protein model antigens adsorbed in alum usually induce short-lived GCs that collapse within
the first month after immunization, certain synthetic vaccines, viral infections or the gut
microbiota can induce GCs that remain active for much longer periods, if not indefinitely
(Adachi et al., 2015; Bachmann et al., 1996; Kasturi et al., 2011; Sutherland et al., 2016).
Prolonged GC reactions may allow B cells to reach a higher degree of affinity maturation
(Klein et al., 2013; Pappas et al., 2014) and may represent a means to cope with the
antigenic drift associated with chronic viral infection (Bonsignori et al., 2016; Liao et al.,
2013). Alternatively, extended SHM in chronic GCs may cause the appearance of self-
reactive variants that eventually escape negative selection, leading to autoimmunity (Vinuesa
et al., 2005), and may also promote genomic instability and the emergence of AID-
dependent B cell lymphomas (Robbiani et al., 2015). Despite the importance of chronic GC
reactions, specific requirements for long-term GC maintenance and the rules governing the
dynamics of B cell selection under such conditions are poorly defined. Persistence of antigen
on FDCs is likely to be necessary, since axiomatically GC selection cannot proceed in its
absence. However, whether antigen depletion from FDCs is the cause of GC involution /in
vivo has not been established, and FDCs can retain antigen for periods much longer than the
duration of most immunization-induced GCs (Tew and Mandel, 1979). In addition to
antigen, innate immune signals seem to play a pivotal role in sustaining the GC reaction. For
example, immunization of mice and non-human primates with influenza HA nanoparticles
in combination with TLR4 and TLR7 agonists generates GCs that persist for several months
(Kasturi et al., 2011). Whether the activity of TLRs is required in GC B cells themselves or
in other cell types remains to be determined.
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An interesting question is whether a long-lived GC response consists predominantly of GCs
that are themselves long-lived, or of a multiplicity of short-lived GCs that wax and wane
with unsynchronized kinetics, generating an apparently long-lived steady state. An
intermediate scenario is the constant reseeding of ongoing GC reactions by invasion of
recently primed B and T cells (Schwickert et al., 2009; Schwickert et al., 2007; Shulman et
al., 2013), which seems to be especially prevalent in PP GCs (Bergqvist et al., 2013). The
presence of apparently monoclonal GCs in mesenteric LN and even PPs (Tas et al., 2016)
suggests that such invasion is not constantly ongoing, but may occur only sporadically.
Sporadic re-seeding raises the possibility that GC longevity could correlate with the extent
to which new B cells are recruited. Importantly, it has been shown that memory B cells can
re-enter GCs and further diversify their BCRs (Dogan et al., 2009; McHeyzer-Williams et
al., 2015). Therefore, it is reasonable to speculate that the chronic responses necessary for
the generation of highly mutated B cell variants such as those that produce HIVV bNAbs may
involve sequential “hopping” of B cells between long-lived GCs, likely through a Bmem
intermediate.

Conclusions

In the past decade, we have learned great deal about the basic cellular and molecular
dynamics of B cell selection in the GC, in large part thanks to technical innovations in
intravital imaging and antibody cloning. We are now in a position to re-visit aspects of GC
selection related to clonal dynamics, which were placed on hold since the late 1990’s
awaiting the development of appropriate technologies. The realization that bNAbs to
influenza, plasmodium and, more strikingly, HIV require extensive and unconventional
histories of SHM and selection, and the puzzling finding that highly mutated (and
presumably extensively selected) bNAbs often arise from very low-affinity precursors,
exemplify how little is known regarding the pace and stringency of GC selection, especially
during long-lived responses (Klein et al., 2013; Liao et al., 2013; Lingwood et al., 2012;
Pappas et al., 2014; Tan et al., 2016). The contribution of GC selection to phenomena such
as immunodominance and original antigenic sin has also not been established, and is likely
to be of considerable interest. Answering these questions will be crucial to our quest to
produce broadly protective vaccines against influenza and HIV (Burton et al., 2012; Victora
and Wilson, 2015), and will undoubtedly bring novel insights into the general functioning of
GC, as well as of the immune system in general.
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Figure 1. Overview of the GC reaction
The GC is divided into two anatomical compartments, LZ and DZ, which are the sites of

antigen-driven selection, and B cell proliferation and hypermutation, respectively. Affinity
maturation happens in cycles of proliferation and SHM in the DZ followed by antigen-
driven selection in the LZ. See text for further details. TBM, tingible body macrophage.
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Figure 2. Dynamic control of B cell proliferation
The intensity of T cell help received in the LZ determines the number of division cycles a B

cell will undergo in the DZ. On average, there are 2 S-phase initiation events in the LZ for
each one in the DZ, indicating a ratio of 2 cell cycles per LZ-DZ cycle [(Gitlin et al., 2015),
center panel]. A B cell that receives the minimum amount of help necessary for survival (left
panel) would undergo only one cell cycle per LZ/DZ cycle, whereas a B cell that receives a
strong Tth cell-signal [either due to DEC-205 targeting or prior to a “clonal burst” (Tas et
al., 2016); right panel] can undergo multiple cell cycles in the DZ without returning to the
LZ.
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Figure 3. Clonal dynamics in GCs
(A) Evolution of clonal diversity in GCs. Each color corresponds to a different clone (a

distinct VV(D)J rearrangement). Many potentially responsive cells are present in the pre-
immune repertoire. Priming involves a competitive bottleneck, which prevents many lower-
affinity B cells from entering the GC reaction. Despite this bottleneck, early GCs can still
contain tens to hundreds of distinct clones, depending on the antigen used for immunization.
Clonal diversity is lost at different rates of in different GCs, so that, by the end of the
response to a protein antigen in alum, GCs are distributed across a wide range of clonal
diversity. It is not yet known if all GCs would eventually become monoclonal were the
response to last indefinitely. (B) Speculative model for the influence of stochastic “noise”
(i.e., any factor not directly related to BCR affinity) on GC selection. B cells that fail to gain
affinity upon SHM can still be rescued by stochastic factors (e.g., fortuitous encounters with
antigen-rich FDC patches or with high-avidity Tfh cells). If the same positive stochastic
factors act on a B cell whose affinity increased by SHM, a clonal burst may ensue.
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