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Summary: A hallmark of adaptive immune responses is the generation
of long-lived protection after primary exposure to a pathogen. In
humoral responses, this protection stems from a combination of sus-
tained antibody titers and long-lived memory B cells (MBCs), with the
former deriving from long-lived plasma cells (PCs). Both types of cell are
thought to primarily derive from the germinal center (GC), a unique
structure that forms during the immune response to many types of anti-
genic stimuli. GCs are seeded by antigen-specific B and T cells that were
previously activated in the early stages of the response. The GC does not
directly or immediately generate effector function; rather, it is a site of
intense B-cell proliferation and cell death. GC B cells undergo both
somatic hypermutation and isotype switch, and a Darwinian process very
efficiently selects B cells with higher fitness for survival and expansion.
GC B cells adopt a unique activation and transcriptional state, and the cells
become poised to differentiate to either MBCs or PCs. Despite this general
understanding of the events in the GC, the mechanisms that control both
affinity selection as well as differentiation have not been well worked
out. In this review, we address what is known about what determines
whether GC B cells become MBCs or PCs. This is discussed in the broader
context of the origins of both cell types, whether from the GC or poten-
tially other sources. We present a model encompassing recent data from
several laboratories including our own that suggests that the GC under-
goes a temporal switch that alters the nature of its output from MBCs to
PC as the response progresses. We will discuss B-cell receptor signaling in
the GC as it relates to potential mechanisms for affinity-based selection
during the reaction.

Keywords: B cells, cell surface molecules, cell activation, cell differentiation, memory,
signal transdution

Introduction

B-cell immune responses, though demonstrating flexibility

based on the context of the immunogen and the host, have a

stereotypical set of phases (1). Shortly after BCR engagement,

partially activated B cells in murine spleen migrate to the T

zone–B zone border (2, 3). During the ensuing few days, B

cells proliferate there and, in the case of T-dependent anti-

gens, undergo productive interactions with T cells (1, 4, 5).

Some of these cells migrate to the T zone-red pulp border,

marginal sinus bridging channels, and into the red pulp (6).

They continue to proliferate and differentiate there, creating
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clusters of proliferating B cell and plasma blasts, some of

which undergo isotype switching but are generally of low

affinity (7, 8). Individually, these cells are short-lived, though

depending upon the stimulus, this extrafollicular (EF)

response can persist for a few days up to several weeks, or in

the case of persistent self-antigens, the lifetime of an animal

(9, 10).

Concurrently, some T cells and B cells continue to interact

at the T-B border of the spleen or the interfollicular region of

the lymph node (LN), where cells of both types begin to

express the transcriptional repressor Bcl-6 (B-cell lymphoma-

6) (4, 11). Some of these cells, evidently by altering expres-

sion of G-protein-coupled receptors for small molecule

chemoattractants and chemokines, migrate into the follicle

where they continue to proliferate, forming a nascent germi-

nal center (GC).

GCs are specialized microenvironments within secondary

lymphoid tissues in which B cells undergo extensive rounds

of proliferation, somatic hypermutation, and antigen-affinity

driven selection (1, 12, 13). B cells participating in this reac-

tion that gain affinity for the cognate antigen preferentially

expand compared with less avid siblings. Eventually the GC is

oligoclonally populated with the progeny of more fit cells

(14). During the reaction, via mechanisms that remain

unclear, some cells undergo differentiation to either plasma

cells (PCs) or memory B cells (MBCs), each of which is long-

lived and can serve to protect the host against re-exposure or

to help clear persistent primary infections.

Given the dynamism and plasticity of the GC, its intricate

microanatomy, as well as the multiple potential fates of GC B

cells, it is no surprise that despite much recent progress there

are still many unsolved mysteries. In this review, we focus on

three related issues that remain controversial. First, though

dogma holds that both memory and long-lived PCs (LLPCs)

derive exclusively from the GC, we reexamine the experimen-

tal support for this and the biological relevance of possible

exceptions to this notion. Second, what are the mechanisms

that drive selection of higher affinity cells in the GC? And

finally, how is the differentiation of GC B cells into either

memory or LLPCs controlled?

What are the sources of memory cells and PCs?

It has become well-accepted that the GC is the source of both

MBCs and LLPC. How do we actually know this? In fact, it is

almost certain that the GC is a source of such cells and the real

question may be is it the only source? To address this question

first requires a definition of a MBC.

Although over the years MBCs have been characterized as is-

otype switched or mutated cells, or as expressing certain

markers such as CD27 in the human, a more general defini-

tion is preferred to avoid biasing results towards one or

another type of cells. We define a ‘memory B cell’ as a mem-

ber of a clone that has responded to antigen by proliferation

and remains in the animal in a resting state and at expanded

frequency long after the initial stimulus. Their survival is inde-

pendent of persisting T-cell help and continuous contact to

cognate antigen (15–17). MBCs have a lower threshold for

antigenic stimulation and can enter cell cycle more rapidly

compared with naive B cells (18–20). MBCs differ from their

naive precursors also in their dependence on B-lymphocyte

stimulator (BLyS) (also called BAFF) as a survival factor (21)

and in their reactivation requirements (19, 22–24).

MBCs can derive from the GC

The idea that memory cells derived from the GC was first

demonstrated by Thorbecke et al (25), who used peanut

agglutinin (PNA) to purify GC B cells by ‘panning’ and then

demonstrated that most of the secondary response in recipient

animals derived from the PNApos cells. However, even in this

experiment, the PNAneg cells were a source of some degree of

memory response, as carefully noted by the authors. It seems

likely that this experiment has never been repeated with more

sophisticated cell purification technology. The remaining sup-

port for the linkage of the GC with memory cells comes from

experiments in which GCs are blocked or inhibited with anti-

bodies (e.g. anti-CD40L) or genetically, with a correlative loss

of MBCs (26). Limitations in most of these studies include

that the blockage was not specific for GCs; for example,

CD40L is required for early T-B interactions prior to the GC as

well as optimal T-cell priming (27, 28). Surgical removal of

GC B cells (or precise lineage marking, see below), a prerequi-

site for absolute proof of this idea, has not been achieved. The

second type of evidence is even more correlative: that both

GC B cells and memory cells tend to have mutations and tend

to have switched isotypes (29). Again, this supports but does

not prove the linkage, and in particular does not exclude an

extra-GC origin for IgM MBCs that have been long known to

exist (30–33) as well as un-mutated MBCs, for which there is

also considerable evidence (34, 35).

Evidence for extra-GC memory

It may come as a surprise to most modern readers that as early

as the 1970s and 1980s, multiple groups provided direct evi-

dence that T-independent type 2 (TI-2) antigens, presumably
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in the absence of GCs, could promote development of MBC

(36, 37). They also demonstrated that lack of a secondary

response by these B cells was mediated by persistent antigen-

specific immunoglobulin (Ig), as responses were revealed

upon transfer of the B cells to antibody-negative environments

(38). These data were more recently confirmed by

Obukhanych and Nussenzweig (39), who also measured the

half-life of these cells, which was not different from that of

naive B cells.

Adding to this story are data from Alugupalli et al. (40) that

B. hermsii1 stimulates B1b cells to generate protective TI mem-

ory. Similarly, mice with B cells lacking Bcl6 do not make GCs

but do make a form of unmutated, long-lasting memory in

response to hapten immunization (41). Hence, it does appear

that when GCs are bypassed, B-cell memory can form (41,

42). However, in many respects, this memory is of a different

quality than that formed in a GC reaction. In general, TI mem-

ory populations harbor fewer isotype switched cells, which

have less somatic mutation and affinity maturation. Impor-

tantly, these cells do not live indefinitely, as it seems at least

many GC-derived MBCs do (43, 44). Further, there may be

differences in cell surface phenotype (39), though this bears

further investigation.

TI responses seem to represent a relatively clear instance in

which GC-independent memory can form. One caveat is that

under strong stimulation and with a high frequency of anti-

gen-specific cells, there can be transient TI GCs (45); the bio-

logical significance of these GCs is unclear. Nonetheless, the

above results raise the question of whether GC-independent

memory can form even in a TD response. MBCs have been

observed at early time points (days 7–10), prior to the peak

of the GC response, suggesting a possible extra-GC origin

(41, 42, 46, 47) (Weisel and Shlomchik, manuscript in

preparation). In pioneering work, Inamine et al. (47) inhib-

ited GC formation early in the response using anti-inducible

costimulator (ICOS) and then measured the numbers of

memory phenotype cells at later time points. Surprisingly,

the numbers of such cells were little affected, though the

affinity and mutation content of the resultant memory popu-

lation was reduced. These data suggested that memory could

form in the absence of GC B cells, though it was possible that

cells formed and expanded to fill the compartment before

antibody-mediated inhibition of the GC response was com-

plete. The fact that the number of memory cells remained

the same suggests that memory cells of higher affinity and ⁄or

that formed later in the response would normally replace

cohorts of cells formed earlier. This subject also needs to be

explored more fully.

Implications

The above considerations have several implications. First, it

would be ideal to have a method to indelibly mark cells that

had been in the GC or to mark cells that were activated and

not in the GC. Jacob et al (48) were perhaps the first to recog-

nize this need and devised a system based on expression of

Cre via the truncated I-Ed promoter, which had shown speci-

ficity for the GC. This system was revealing in many respects,

but did experience some lack of specificity of cell marking,

based on immunohistology, as well as some inefficiency.

Hence, it was not suitable for making hard conclusions as to

the GC or extra-GC origin of cells at later time points, though

in general the data of Jacob’s group provided good evidence

that GC B cells are precursors of MBCs. A cell marking experi-

ment was also undertaken by Dogan et al., using an AID-Cre

mouse (31). Unfortunately, as class-switch and hence AID

expression occurs in many contexts outside the GC, such as in

early EF reactions and at the T-B border (2, 49–51), this

method—while surely marking many cells in the GC—is not

specific for the GC. Thus, though the concept is a good one,

better systems are yet needed for marking as well as inducibly

deleting genes in GC B cells.

Second, these considerations suggest that within a single

response there could be multiple sources of MBCs and that

these could differ in qualities. Data from Takahashi et al. (34)

revealed that the IgG1+ memory compartment of mice immu-

nized with NP-CG in alum contained substantial numbers of

unmutated B cells, an observation confirmed by several other

groups (31, 32, 54, Weisel and Shlomchik, manuscript in

preparation). These cells could have emigrated from early

GCs, whose B cells have few or no mutations (52 2), or derived

from an extra-GC source. It is also possible that extra-GC-

derived memory cells are mostly IgM and less frequently IgG.

IgM and IgG memory cells have long been recognized in

humans and mice. In mice, depending upon the immuniza-

tion and system, IgM memory cells may even predominate

over IgG, in keeping with the large fraction of GC B cells still

expressing IgM even late in the response (53). Emerging data

suggest that IgM memory cells are more prone to regenerate

GCs, while IgG memory cells tend to generate AFC upon resti-

mulation. These data led to the proposal that IgM and IgG

mark distinct subsets of memory cells (31). Our group has

defined subsets of memory cells based on phenotypic markers

independent of isotype, including CD21 ⁄23, CD73, CD80 and

PD-L2 (CD283) (35, 54). Although the functional significance

of these subsets of memory cells remains unclear, these sub-

sets do differ in mutational content as well as dependence on
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BLyS for survival. The relationship between subsets defined by

such surface markers versus by Ig isotype has also yet to be

resolved.

Given that subsets of MBCs differ in numbers of mutations

and requirements for survival factors, it could be that the

memory compartment evolves in terms of function and affin-

ity with time after the initial exposure to antigen. Supporting

this idea, we found that the fraction of B cells with mutations

in the mutated CD80+ subset increased over time, suggesting

selective survival (54). Notably, it seems that the number of

MBCs overall declines from a peak at 8 weeks post-immuniza-

tion with NP-CGG to about 1 ⁄3 this number at 16 weeks

(43). Thus, at a minimum, 2 ⁄3 of ‘early’ MBCs are not des-

tined to be very long-lived. Intriguingly, Pape et al. (32)

recently suggested that IgG but not IgM memory cells are rela-

tively short-lived, a finding that seems at odds with some

other data including that on recall IgG responses. Further

investigation of this area is clearly needed, but it can already

be concluded that not all MBCs are mutated or isotype

switched nor are all mutated cells long-lived memory cells.

These studies in mice suggest some caution in the interpre-

tation of memory studies in humans and the conventional

understanding of phenotypic designations for memory cells.

Although subsets of MBCs exist in humans (55), including

cells that lack CD27 (56), most workers simply refer to

CD27+ cells in human as memory cells. It seems more likely

that this protein marks a cell that has been activated, without

respect to its actual longevity. Since more than 2 ⁄3 of murine

memory phenotype cells do not last 8 weeks, it could be that

many or even most CD27+ cells in a person at any given time

are relatively recently generated memory cells and not long-

lived. This view could explain why human MBCs appear more

‘activated’ by phenotype of gene expression analysis com-

pared with murine B cells induced by a defined antigen (57–

61). In humans, exposed constantly to a more stimulatory

environment than laboratory mice, there is a higher fraction

of such cells (i.e. as many as 20% of human peripheral blood

B cells are CD27+) (62, 63). This would also be consistent

with a short half-life for most CD27+ cells, a notion that is

supported by in vivo heavy water labeling studies (55, 64).

Origins of LLPCs

The notion that LLPCs derive from the GC is well established.

Antibody titers from GC-independent responses wane rela-

tively quickly, while LLPCs may last a lifetime (15, 65). Block-

ing GCs with anti-CD40L results in a dramatic loss of LLPCs

and standing antibody titers (27, 66, 67). Care is needed in

interpreting phenotypes of animals that lack certain mole-

cules, such as CD40 or ICOS ⁄ ICOSL, and in which GCs and

LLPCs do not form [these mutant mice are summarized in

Good-Jacobson and Shlomchik (26)]; such mutations block

many steps in the B-cell and T-cell immune response and can-

not be thought of as specific for the GC. However, a number

of mutations—many recently characterized—lead to defects

in GC maturation or progression and are also associated with

loss of LLPCs. These mutations include defects in CR1 ⁄2,

IL21R on B cells, PD-1 and PD-L1 ⁄2 (68–70), and CD80

(Good et al., unpublished data 3). As the early stages of the

immune response are all relatively normal in these mutants

but LLPCs are still lacking, they more convincingly link the

normal GC reaction with LLPC generation. Again, gene mark-

ing studies or GC-specific inducible deletion would more

firmly establish the GC as the exclusive site for LLPC develop-

ment.

While GCs are a major source for LLPCs, controversy has

arisen recently over whether EF non-GC responses can under

some circumstances generate LLPCs. Early studies using model

TI antigens, such as NP-Ficoll, had not found evidence for

substantial LLPC generation (6, 39, 71). The protective effi-

cacy of some carbohydrate-based vaccines, which presumably

elicit only TI response without GCs, has suggested that they

may elicit LLPCs. Taillardet et al (72) have investigated this

further in animal models, reaching the conclusion that LLPCs

are indeed generated independent of the GC in response to a

Streptococcus pneumoniae capsular polysaccharide vaccine. CpG

DNA was a critical and potent adjuvant for this effect; though

not directly demonstrated, such an immunization would be

expected to generate a very vigorous EF plasmablast (PB)

response—in spleen (73), with some AFCs migrating to

BM—and ⁄or possibly even directly in BM. Although the

response was indeed detectable for many months, it remains

possible that this was due to persistent antigen stimulating

new rounds of PB development, much as persistent auto-anti-

gens lead to lifelong generation of short-lived PBs in lupus-

prone mice. The turnover of AFCs was not directly examined

in these studies, and the authors did conclude that the amount

of antibody secreted per AFC generated by the TI antigen was

much less than that elicited by a TD form (72); this would be

consistent with PBs being the AFCs in the former case and

LLPC being the AFCs in the latter.

Short-lived AFC generation

Short-lived AFCs definitely derive from EF responses and can

be visualized forming and dividing there as PBs (9, 71, 74).
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They can clearly form in TI responses but can be augmented

in the presence of T cells, which interact with B-cell blasts and

PBs at the EF site. Some (2) but not all (75) TD responses to

inert antigens have an EF PB phase that precedes the GC reac-

tion in onset. Although acute EF PBs generally have little

mutation in their V regions, they readily undergo class switch

(2, 49, 51, 76, 77), which can occur independent of T cells.

As expected from the expression of AID that would be

required for class switch (49), EF PB responses do undergo V

region mutation, provided the response is persistent, as it

would be in response to self-antigens or possibly persistent

pathogens. It could also be that to initiate somatic mutation,

the B-cell stimulus might need to include both BCR and TLR

ligation (74, 78); however, this requires further investigation.

In any case, properties conventionally associated with

GC-derived cells can certainly be observed in EF AFC

responses, again emphasizing the need for more direct experi-

ments to establish precursor-product relationships in vivo. It is

no longer reasonable to infer that a cell must have derived

from a GC simply based on the presence of mutations or

isotype switch.

Upon maturation, GCs probably begin to produce a wave of

GC-derived AFCs that seed the spleen in addition to the BM.

These may be of intermediate or variable duration. Several

publications (67, 79, 80) including some from our laboratory

(71, Weisel and Shlomchik, manuscript in preparation), have

consistently noted a biphasic profile in the numbers of splenic

AFCs, which would be consistent with a GC origin of a second

wave of AFCs. Nonetheless, AFC numbers monotonically

decline in the spleen post-immunization with NP-CGG,

whereas they stabilize in the BM, possibly indicating that even

GC-derived AFC are not necessarily long-lived, particularly if

they remain in the spleen (69, 80).

How does selection in the GC work?

Although some long-lived cells likely derive from outside the

GC, iterative mutation with selection of high affinity mutants

mainly occurs in the GC in many contexts (81). How does this

process actually work? This can be analyzed at several levels:

(i) migration and cell interaction patterns that underlie selec-

tion; (ii) consequences of selection—reduced proliferation,

increased cell death, or differentiation; and (iii) signals that

differentially affect the fate of higher affinity cells. Migration

patterns have been extensively reviewed elsewhere (82). Suf-

fice it to say that there is not yet agreement or compelling data

on a uniform model for how cells migrate in the GC (83–86),

and there is no specific location that has been proven for

either selection, mutation, or division, despite the commonly

repeated notion that proliferation occurs in the DZ and selec-

tion in the LZ. We focus below on the other aspects.

Proliferation versus survival in driving selection

A major open question has been whether differential survival,

proliferation, or both would drive selection. GC B cells both

die and proliferate rapidly, making either process a good sub-

ject for selective modulation. Selection on mutants in the GC

had been computer-modeled by a number of groups, most of

which had assumed that higher affinity cells would proliferate

faster rather than die more slowly (87–90). However, the lit-

erature has been mixed in terms of whether workers have

assumed more fit cells would proliferate more or die less

(91). Prior work had shown that overexpression of bcl-2 fam-

ily members in B cells could lead to exaggerated GC responses

with less evidence of selection (92, 93); however, such stud-

ies only show the effects of artificial expression not whether

protection from death, via bcl-2 family member expression or

otherwise, is the actual mechanism of selection.

Our laboratory assessed the fate of low and high affinity

GC B cells using transgenic mice with fixed affinities. We

examined whether when interclonal competition was mark-

edly reduced in mice expressing a uniformly higher or lower

affinity BCR, there were intrinsic differences in GC B-cell

proliferation or survival (94). Indeed, low affinity cells had

almost three times as many GC B cells undergoing cell death

compared with medium affinity cells. Interestingly, the low

affinity cells if anything were proliferating faster than the

medium affinity cells, possibly because GCs in this strain

remained small and did not fill up the available niche (95).

Hence, in the absence of robust competition, low affinity GC

B cells have an inherent propensity to die. Shih et al. (96)

extended these findings to a competitive situation, demon-

strating a very strong effect of high affinity cells in suppress-

ing the clonal expansion of low affinity ones. This may

involve additional or separate mechanisms that have yet to be

elucidated.

How does the B cell ‘know’ it is higher affinity?

Apart from the consequences for the lower affinity B cell in a

GC is the question of how affinity is sensed by the B cell. For

selection to operate, the BCR affinity must play a central role,

with a different biological outcome for a B cell harboring a

higher versus lower affinity. In principle, differences in BCR

signaling based on affinity or differences in the ability to elicit

T-cell help signals based on ability to capture and present
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antigen to T cells could each result in affinity-based selection;

these two are not mutually exclusive.

Liu and Maclennan (97) showed that GC B cells could be

rescued from death most efficiently by a combination of BCR

and CD40 signals, suggesting that both pathways might be

important, albeit in an in vitro culture. Much emphasis has been

placed on differential BCR signaling based on affinity (98,

99); again, these studies have been in vitro using naive B cells.

B-cell lymphomas have also been shown to respond differen-

tially to BCR signals based on their affinity (100). The effects

of affinity on BCR signaling and function could depend not

only on the starting cell (GC B cell vs. naive vs. lymphoma cell

line) but also on the antigen recognition system used. Some

investigations of BCR recognition of antigen have used a

highly idealized system involving B cells recognizing antigen

on planar membranes (101, 102). Although it is sometimes

stated that in vivo antigen recognition only or usually occurs on

surfaces (103–105), this is actually difficult to prove even if

one can set up a system in which it appears that such recogni-

tion is taking place in vitro (106) or in vivo (107). As a counter-

point, several investigators have convincingly demonstrated

that soluble antigens rapidly find essentially all antigen-

specific B cells in follicles and in the marginal zone (50, 108,

109). Moreover, whether B cells encounter intact pathogens

or just fragments or soluble proteins shed from them is not

clear, and probably both do occur. Thus, balance is needed in

discussion of how B cells in GCs recognize antigen, and while

the planar membrane system is elegant and informative, it

likely does not reflect a number of in vivo settings.

The role of T cells in selection

In addition to direct affinity-based effects on B cells via BCR

signaling, T-cell signals have been implicated in GC survival,

if not precisely affinity-based selection. As noted, interrupt-

ing CD40 signals results in GC decay (67). IL21, another key

signal coming from T-follicular helper cells, is also required

to sustain GC reactions beyond a certain point (70). Based

on the failure to observe B-cell arrest on FDCs and the tran-

sient nature of T-B interactions in the GC, Cyster et al (82)

speculated that T-cell help might be a limiting factor in B-cell

selection. Recent fascinating studies by Schwickert et al.

(110) on the pre-GC and early GC response demonstrate that

providing B cells with the ability to present more antigen

results in increased proliferation and GC seeding. This sug-

gests that at least in part extra T-cell help can compensate for

lower affinity. Surprisingly, these studies also showed that

competition does not reduce the ability of a cell to acquire

and present antigen in vivo; thus, how high affinity cells

markedly suppress coexisting low affinity cells in the GC

remains a mystery. This same group, in separate studies, con-

cluded that in mature GCs at steady state, DZ B cells migrate

to the LZ with a half-time of �2 h (86). They suggested

such migration was a requirement for iterative selection.

However, they also obtained another intriguing and puzzling

result which is not easily reconciled: when they provided

strong exogenous T-cell help to ongoing GC B cells, all B

cells migrated to the DZ, where they stayed for over 48 h.

While this was thought to reflect the response of the GC B

cells to T-cell help and was interpreted as evidence that T

cells are normally the limiting factor in GC selection, it is

unclear why these DZ B cells did not move to the LZ with a

half-time of 2 h, as would have occurred in steady state.

Hence, this experiment shows that GC B cells can indeed

respond in a dramatic way to delivered T-cell help, but it

does not formally prove that this is how selection occurs in

the steady state. For as yet unclear reasons, in analogous

experiments, Heiser et al. (111) paradoxically found that

upon presenting excess T-cell help to GC B cells, the GC

response was inhibited, raising further questions about how

T-cell help influences GC B-cell fate. As some T-follicular

helper cells have recently been shown to also have a T-regu-

latory cell phenotype (112–114), the situation could be

more complex than previously appreciated. Nonetheless,

naive B cells in vitro were shown by Batista and Neuberger

(100, 115) to differentially present antigen to T cells over an

almost 10 000-fold range of kinetic off-rates, providing a

basis for T cell-mediated selection. Thus, while recent work

has provided some new insights and systems into selection,

there is need for further studies in vivo and in vitro using GC B

cells rather than naive cells.

We have been studying spontaneous and inducible BCR sig-

naling in direct ex vivo GC B cells and recently found that such

cells are greatly impaired in their engage canonical BCR sig-

naling pathways (A. Khalil, J.C. Cambier, and M.J. Shlomchik,

manuscript in preparation). One explanation is that the rela-

tive unresponsiveness of the BCR to signals is a means to raise

the affinity threshold, thus promoting affinity-based selection.

Another is that T cells are in fact the primary selecting force

and that BCR signaling is not required. In this context, bio-

chemical studies have shown that at the level of individual

BCRs, there is an exclusive fate in promoting downstream

canonical signaling versus directing antigen for degradation

and presentation (116, 117). Thus, it is possible that GC B

cells are specialized for presenting antigen to T cells to the

exclusion of classical BCR signal transduction.
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How is the differentiation fate of a GC B cell

determined?

Apart from multiple rounds of selection that occur while clo-

nal progeny retain a GC B-cell phenotype, differentiation to

long-lived memory and AFCs must also occur. Considering

the number of long-lived cells generated in a typical response

compared with the peak number of GC cells, such events must

be relatively rare. Thus, it is no surprise that the mechanisms

that control the fate of GC B cells have not yet been eluci-

dated.

Differentiation of GC B cells into either MBCs or LLPCs

could be controlled in a number of ways: (i) extrinsic signals

from other cells, including cytokines and contact-dependent

signals; (ii) affinity-based instructive signals via the BCR; (iii)

temporal differences that could reflect the accumulation of

signals over multiple divisions or over time; or (iv) stochastic

effects that are either random or reflect the details of local sig-

nals and positions of GC B cells at critical times (‘right place,

right time’ model). This latter model is particularly difficult to

test and would be considered a default explanation in the

absence of a more specific one; it will not be further discussed

here.

Instructive signals that could determine GC B-cell

differentiation

There have been a number of publications suggesting that spe-

cific signals to B cells promote one or another fate (51, 118–

121). In many cases, the cells subjected to various stimuli

were studied in vitro and in some cases were naive B cells rather

than GC cells (122, 123); as GC B cells differ greatly in gene

expression from naı̈ve or even other types of activated B cells

(57, 124), the same signals could generate very different

outcomes. In one study using human GC B cells, CD40 signals

derived only from activated T cells could induce a MBC phe-

notype in culture (125). Analogous studies in mice support

the notion that GC B cells have unique responses to CD40 liga-

tion, including adoption of a memory phenotype (126).

Cytokines could also instruct fate. It has been proposed that

IL-10 promotes GC B cells to become PCs (127), whereas

IL-24 has the opposite effect (128). On the other hand, IL-2,

IL-10, and CD40L were observed to drive murine GC B cells

to a memory phenotype, a process partially inhibited by IL-4

(129), which is itself a cytokine made by at least some

T-follicular helper cells (130).

GCs formed with IL-21R-deficient B cells generate few

LLPCs and a somewhat larger number of MBCs. This observa-

tion led to the suggestion that IL-21 could control centrocyte

differentiation and by extension PC generation, though other

explanations were also put forth (70). This idea is concordant

with the PC-inducing effects of IL-21 on human naive B cells

in vitro (131). We have found the PD-1 signaling to T-follicular

helpher cells, via B cell-derived PD-L1 ⁄2, promotes GC B-cell

maintenance and LLPC formation; we proposed this was due

to induction of IL-21 secretion by T-follicular helper cells, but

the possibility exists that reverse signaling via PD-L1 ⁄2 on B

cells could play a role (69). Hamel et al. (132)made similar

observations in an anti-proteoglycan model of arthritis.

The potential role of affinity in directing GC B-cell fate

Another idea that has gained credence is that affinity of BCR

interactions is the mechanism by which PCs are selected.

Originally, the Brink group (120) reported that higher affinity

correlated with a larger AFC response in the early phase of the

B-cell immune response and concluded that affinity was an

instructive signal. This was followed by a similar report on the

GC to PC transition (121). To their credit, this group persisted

in a more detailed study of this phenomenon and eventually

reached the conclusion in a third paper that affinity was pro-

moting overall cell expansion rather than directing PC differ-

entiation (118). They found that when B cells were higher

affinity, there were more PCs because there was an overall

greatly expanded responding population and that this

expanded population underwent PC differentiation in a simi-

lar fashion as less-expanded lower affinity responders. Thus,

at least for the early response, affinity controls expansion but

is not an instructive differentiation signal for PCs. It seems

very likely that the same caveat holds true for the GC experi-

ments, and thus, the same explanation is likely to hold for the

apparent increase in PCs in the higher affinity case. This is a

very important point, as it seems to us that the field has not

universally recognized this caveat.

A temporal switch in GC output?

Another possible explanation for how MBC versus LLPC gen-

eration is controlled in the GC is via a developmental switch

in GC output over time. We would propose that the early GC

reaction is largely dedicated to the production of MBCs,

whereas the late GC reaction preferentially generates LLPCs.

This model is depicted in Fig. 1. Although the cellular compo-

sition of an established GC (d8–21) seems to be stable in

terms of quantitative relationships (133), there is much cir-

cumstantial evidence to support this hypothesis. There are a

number of mutants in which early failure of the GC corre-

lates with a lack of LLPCs with minimal impact on MBC
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development. These include deficiencies in or blocking of:

CD21 ⁄35, IL21R, PD-1 signals, ICOS (47), CD80 (Good-Jac-

obson et al., unpublished data), and CD19 (134, reviewed in

26). Consistent with this hypothesis, MBCs have fewer V

region mutations than LLPCs and tend to be of lower affinity

(135). Also consistent with this proposal is the early appear-

ance of memory phenotype B cells, whereas LLPCs accumulate

later and continues to increase in number until 4–5 weeks or

more post-immunization with NP-CGG in alum (67, 69). Per-

haps the best existing evidence in favor of this explanation

comes from Takahashi et al. (34), who showed that at various

time points MBCs harbored fewer V region mutations than

did concurrent GC B cells, suggesting that at late time points

the GC was not contributing to the MBC compartment and

implying that perhaps the GC was instead devoted to LLPC

generation. They did not analyze PCs however.

Despite the attractiveness of this hypothesis in explaining a

number of disparate observations, it has not been directly

tested. To do would require labeling of proliferating GC B

cells under differing circumstances (e.g. at given time points

or in mice with key mutations) to establish precursor-product

relationships. Our results from such experiments strongly sup-

port this hypothesis (Weisel and Shlomchik, unpublished

data).

Even if it turns out that the GC shifts its output over time,

this would only be a partial answer to this longstanding prob-

lem in B-cell biology. It raises the question of how and why

the GC does this. Are certain signals accumulated? Is this

change B-cell intrinsic, or does it reflect a different composi-

tion or function of T-follicular helper cell in the GC? Nonethe-

less, if it can be proved that the GC does switch its output

upon maturation, this will be an important insight that could

Fig. 1. Stages of a T-cell-dependent immune response. After antigen encounter B cells migrate to the T-B border to interact with cognate T cells
(A). Successful B-T interaction leads to an early extrafollicular response (EF) (B), which is characterized by strong proliferation and generation of
short-lived plasmablasts at the marginal sinus and in the red pulp. This serves as the source of an initial wave of mainly germline-encoded, unswitched
antibodies (left panel). Alternatively, B cells that upregulate Bcl6 re-enter B-cell follicles and establish germinal center (GC) reactions (C). ‘Early’ ger-
minal center reactions mainly give raise to memory B cells of either switched or un-switched isotype (middle panel). Various proteins, including
CR1 ⁄ 2, CD19, PD-1, IL21R, have been identified playing a role in sustaining the GC reaction. With time the output of the GC reaction switches from
initially mainly memory B cells to predominantly long-lived plasma cells (PCs) at later time points (D, right panel). Immunoglobulin genes of PCs
generated during ‘late’ GC reaction are almost exclusively somatically mutated and isotype-switched. These long-lived PCs preferentially migrate into
the bone marrow (E) where they survive for long periods, secreting large amounts of antibody.
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ultimately lead to a detailed mechanistic explanation of this

elusive issue.

Concluding remarks

The origin of many MBCs and perhaps all LLPCs is the GC

reaction. Selection for higher affinity mutants is quite efficient

in the GC, a process that affects the quality of both the MBC

and LLPC compartments. Yet, despite great new insights into

the migration of cells in GCs as well as the effects of T-cell

help on GC B cells in vivo, exactly how selection is mediated

has not been solved. Similarly, the signals that control differ-

entiation fate towards these cellular outcomes remain unclear.

We have proposed the hypothesis that the GC tends to switch

its output over time, with the early GC making mainly mem-

ory cells and the late GC mainly LLPCs. Whether this is a sto-

chastic or strictly time-dependent event or whether it reflects

the time-dependent availability of key instructive signals

remains to be determined. On the other hand, where and why

MBC are formed outside of the GC is poorly understood. It

seems clear that additional immunization contexts should be

studied to understand the full breadth of the long-lived prog-

eny of antigen-activated B cells that can be generated. Recent

studies have revealed that the resultant MBC and PC compart-

ments are more complex than originally thought. In the case

of MBCs, subsets exists that differ in cell surface marked

expression, dependence on BLyS for survival, somatic hyper-

mutation content, isotype switch, and gene expression. This

heterogeneity could be a consequence of contributions from

both GC-dependent and -independent sources; it could also

reflect time-dependent differential output from the GC. Most

importantly, the functional roles of these subsets of MBCs in

protection of the host along with the LLPC compartments

remain to be determined. This is an exciting avenue for future

research, with implications for pathogen resistance, vaccine

design, and even autoimmune disease.

References

1. MacLennan I. Germinal centers. Annu Rev
Immunol 1994;12:117–139.

2. Jacob J, Kassir R, Kelsoe G. In situ studies of
the primary immune response to (4-
hydroxy-3-nitrophenyl)acetyl. I. The archi-
tecture and dynamics of responding cell
populations. J Exp Med 1991;173:1165–
1175.

3. Liu YJ, Zhang J, Lane PJ, Chan EY, MacLen-
nan IC. Sites of specific B cell activation in
primary and secondary responses to T cell-
dependent and T cell-independent antigens.
Eur J Immunol 1991;21:2951–2962.

4. Kerfoot SM, et al. Germinal center B cell and
T follicular helper cell development initiates
in the interfollicular zone. Immunity
2011;34:947–960.

5. Coffey F, Alabyev B, Manser T. Initial clonal
expansion of germinal center B cells takes
place at the perimeter of follicles. Immunity
2009;30:599–609.

6. MacLennan ICM, et al. Extrafollicular anti-
body responses. Immunol Rev 2003;194:8–
18.

7. Dal Porto JM, Haberman AM, Shlomchik
MJ, Kelsoe G. Antigen drives very low affin-
ity B cells to become plasmacytes and enter
germinal centers. J Immunol
1998;161:5373–5381.

8. Jacob J, Miller C, Kelsoe G. In situ studies of
the antigen-driven somatic hypermutation
of immunoglobulin genes. Immunol Cell
Biol 1992;70:145–152.

9. William J, Euler C, Shlomchik MJ. Short-
lived plasmablasts dominate the early spon-

taneous rheumatoid factor response: differ-
entiation pathways, hypermutating cell
types, and affinity maturation outside the
germinal center. J Immunol
2005;174:6879–6887.4

10. William J, Euler C, Leadbetter E, Marshak-
Rothstein A, Shlomchik MJ. Visualizing
the onset and evolution of an
autoantibody response in systemic
autoimmunity. J Immunol 2005;174:
6872–6878.

11. Kitano M, et al. Bcl6 protein expression
shapes pre-germinal center B cell dynamics
and follicular helper T cell heterogeneity.
Immunity 2011;34:961–972.

12. Honjo T, Kinoshita K, Muramatsu M.
Molecular mechanism of class switch
recombination: linkage with somatic hyper-
mutation. Annu Rev Immunol
2002;20:165–196.

13. Liu YJ, Joshua DE, Williams GT, Smith CA,
Gordon J, MacLennan IC. Mechanism of
antigen-driven selection in germinal cen-
tres. Nature 1989;342:929–931.

14. Kroese FGM, Wubbena AS, Seijen H,
Nieuwenhuis P. Germinal centers develop
oligoclonally. Eur J Immunol 1987;17:
1069–1072.

15. Crotty S, Felgner P, Davies H, Glidewell J,
Villarreal L, Ahmed R. Cutting edge: long-
term B cell memory in humans after small-
pox vaccination. J Immunol 2003;171:
4969–4973.

16. Maruyama M, Lam KP, Rajewsky K.
Memory B-cell persistence is independent of

persisting immunizing antigen. Nature
2000;407:636–642.

17. Vieira P, Rajewsky K. Persistence of memory
B cells in mice deprived of T cell help. Int
Immunol 1990;2:487–494.

18. Gagro A, et al. Naive and memory B cells
respond differentially to T-dependent sig-
naling but display an equal potential for dif-
ferentiation toward the centroblast-
restricted CD77 ⁄ globotriaosylceramide phe-
notype. Eur J Immunol 2003;33:1889–
1898.

19. Good KL, Avery DT, Tangye SG. Resting
human memory B cells are intrinsically pro-
grammed for enhanced survival and respon-
siveness to diverse stimuli compared to
naive B cells. J Immunol 2009;182:890–
901.

20. Yefenof E, Sanders VM, Uhr JW, Vitetta ES.
In vitro activation of murine antigen-spe-
cific memory B cells by a T-dependent anti-
gen. J Immunol 1986;137:85–90.

21. Scholz JL, et al. BLyS inhibition eliminates
primary B cells but leaves natural and
acquired humoral immunity intact. Proc Nat
Acad Sci USA 2008;105:15517–15522.

22. Hebeis BJ, et al. Activation of virus-specific
memory B cells in the absence of T cell help.
J Exp Med 2004;199:593–602.

23. Klinman NR, Doughty RA. Hapten-specific
stimulation of secondary B cells indepen-
dent of T cells. J Exp Med 1973;138:473–
478.

24. Weisel FJ, et al. Unique requirements for
reactivation of virus-specific memory B

Shlomchik & Weisel Æ Germinal center differentiation and selection

� 2012 John Wiley & Sons A/S
Immunological Reviews 247/2012 9

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

florianweisel
Eingefügter Text
s



lymphocytes. J Immunol 2010;185:4011–
4021.

25. Coico R, Bhogal B, Thorbecke G. Relation-
ship of germinal centers in lymphoid tissue
to immunologic memory. VI. Transfer of B
cell memory with lymph node cells frac-
tionated according to their receptors for
peanut agglutinin. J Immunol
1983;131:2254–2257.

26. Good-Jacobson KL, Shlomchik MJ. Plasticity
and heterogeneity in the generation of
memory B cells and long-lived plasma cells:
the influence of germinal center interactions
and dynamics. J Immunol 2010;185:3117–
3125.

27. Foy TM, Shepherd DM, Durie FH, Aruffo A,
Ledbetter JA, Noelle RJ. In vivo CD40-gp39
interactions are essential for thymus-depen-
dent humoral immunity. II. Prolonged sup-
pression of the humoral immune response
by an antibody to the ligand for CD40,
gp39. J Exp Med 1993;178:1567–1575.

28. Grewal IS, Flavell RA. The role of CD40
ligand in costimulation and T-cell activa-
tion. Immunol Rev 1996;153:85–106.

29. McHeyzer-Williams LJ, McHeyzer-Williams
MG. Antigen-specific memory B cell devel-
opment. Annu Rev Immunol 2005;23:487–
513.

30. Dell CL, Lu Y, Claflin JL. Molecular analysis
of clonal stability and longevity in B cell
memory. J Immunol 1989;143:3364–
3370.

31. Dogan I, et al. Multiple layers of B cell
memory with different effector functions.
Nat Immunol 2009;10:1292–1299.

32. Pape KA, Taylor JJ, Maul RW, Gearhart PJ,
Jenkins MK. Different B cell populations
mediate early and late memory during an
endogenous immune response. Science
2011;331:1203–1207.

33. White H, Gray D. Analysis of immunoglob-
ulin (Ig) isotype diversity and IgM ⁄D mem-
ory in the response to phenyl-oxazolone. J
Exp Med 2000;191:2209–2220.

34. Takahashi Y, Ohta H, Takemori T. Fas is
required for clonal selection in germinal
centers and the subsequent establishment of
the memory B cell repertoire. Immunity
2001;14:181–192.

35. Tomayko MM, Steinel NC, Anderson SM,
Shlomchik MJ. Cutting edge: hierarchy of
maturity of murine memory B cell subsets. J
Immunol 2010;185:7146–7150.

36. Defrance T, Taillardet M, Genestier L. T cell-
independent B cell memory. Curr Opin
Immunol 2011;23:330–336.

37. Hosokawa T. Studies on B-cell memory. II.
T-cell independent antigen can induce B-cell
memory. Immunology 1979;38:291–299.

38. Brodeur PH, Wortis HH. Regulation of thy-
mus-independent responses: unresponsive-
ness to a second challenge of TNP-Ficoll is

mediated by hapten-specific antibodies. J
Immunol 1980;125:1499–1505.

39. Obukhanych T, Nussenzweig M. T-indepen-
dent type II immune responses generate
memory B cells. J Exp Med 2006;203:305–
310.5

40. Alugupalli KR, Leong JM, Woodland RT,
Muramatsu M, Honjo T, Gerstein RM. B1b
lymphocytes confer T cell-independent
long-lasting immunity. Immunity
2004;21:379–390.

41. Toyama H, et al. Memory B cells without
somatic hypermutation are generated from
Bcl6-deficient B cells. Immunity
2002;17:329–339.6

42. Linterman MA, et al. IL-21 acts directly on B
cells to regulate Bcl-6 expression and germi-
nal center responses. J Exp Med
2010;207:353–363.7

43. Anderson SM, Hannum LG, Shlomchik MJ.
Memory B cell survival and function in the
absence of secreted antibody and immune
complexes on follicular dendritic cells. J
Immunol 2006;176:4515–4519.

44. Anderson SM, Tomayko MM, Shlomchik
MJ. Intrinsic properties of human and mur-
ine memory B cells. Immunol Rev
2006;211:280–294.

45. De Vinuesa CG, et al. Germinal centers with-
out T cells. J Exp Med 2000;191:485–494.

46. Blink EJ, Light A, Kallies A, Nutt SL, Hodg-
kin PD, Tarlinton DM. Early appearance of
germinal center-derived memory B cells and
plasma cells in blood after primary immuni-
zation. J Exp Med 2005;201:545–554.

47. Inamine A, et al. Two waves of memory B-
cell generation in the primary immune
response. Int Immunol 2005;17:581–589.

48. Chappell CP, Jacob J. Germinal-center-
derived B-cell memory. Adv Exp Med Biol
2007;590:139–148.

49. Marshall JL, et al. Early B blasts acquire a
capacity for Ig class switch recombination
that is lost as they become plasmablasts. Eur
J Immunol 2011;41:3506–3512.

50. Pape K, Catron D, Itano A, Jenkins M. The
humoral immune response is initiated in
lymph nodes by B cells that acquire soluble
antigen directly in the follicles. Immunity
2007;26:491–502.8

51. Fink K, et al. B cell activation state-governed
formation of germinal centers following
viral infection. J Immunol 2007;179:5877–
5885.

52. Jacob J, Przylepa J, Miller C, Kelsoe G. In
situ studies of the primary immune
response to (4-hydroxy-3-nitrophenyl)ace-
tyl. III. The kinetics of V region mutation
and selection in germinal center B cells. J
Exp Med 1993;178:1293–1307.

53. Wolniak KL, Noelle RJ, Waldschmidt TJ.
Characterization of (4-hydroxy-3-nitrophe-
nyl)acetyl (NP)-specific germinal center B

cells and antigen-binding B220- cells after
primary NP challenge in mice. J Immunol
2006;177:2072–2079.

54. Anderson SM, Tomayko MM, Ahuja A, Ha-
berman AM, Shlomchik MJ. New markers
for murine memory B cells that define
mutated and unmutated subsets. J Exp Med
2007;204:2103–2114.

55. Sanz I, Wei C, Lee FE, Anolik J. Phenotypic
and functional heterogeneity of human
memory B cells. Semin Immunol
2008;20:67–82.
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