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Abstract

We comprehensively review memory B cells (MBCs), covering the defini-
tion of MBCs and their identities and subsets, how MBCs are generated,
where they are localized, how they are maintained, and how they are reacti-
vated. Whereas naive B cells adopt multiple fates upon stimulation, MBCs
are more restricted in their responses. Evolving work reveals that the MBC
compartment in mice and humans consists of distinct subpopulations with
differing effector functions. We discuss the various approaches to define
subsets and subset-specific roles. A major theme is the need to both deliver
faster effector function upon reexposure and readapt to antigenically variant
pathogens while avoiding burnout, which would be the result if all MBCs
generated only terminal effector function. We discuss cell-intrinsic differ-
ences in gene expression and signaling that underlie differences in function
between MBCs and naive B cells and among MBC subsets and how this leads
to memory responses.
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INTRODUCTION

Immunological memory is a hallmark of the vertebrate immune system. Although nonclonal forms
of innate immune memory have recently been elucidated (1), the mainstay of immune memory is
adaptive and antigen-specific, among both T and B cell lineages. The roles and mechanisms of
memory in immune protection are variable and depend on the specific pathogen or antigen.

Memory emerges from a range of changes that evolve over time in the whole body of the
host after and even during an infection or artificial challenge. Among T cells, multiple types of
long-lived memory cells are generated, including those that circulate centrally, those that reside
within tissues, and those that are poised more for effector function than for proliferation (2, 3). In
addition, polarization toward secretion of certain cytokine programs and other effector functions
is overlaid on this framework, particularly for CD4 T cells. Moreover, the frequency of antigen-
specific cells of all these types is increased in the immune animal. The situation in the B cell
compartment is to some degree parallel, yet in certain areas it is much less understood.

As for T cells, long-lived memory B cells (MBCs) are generated during and following challenge.
It is clear that many of those B cells recirculate and in both mice and humans are found in
blood and in secondary lymphoid tissues (SLTs). There is also some evidence for tissue-resident
MBCs, though this is much less well defined. Like T cells, antigen-experienced MBCs can secrete
cytokines and in some cases can be polarized (4–6). Both human and murine MBCs show both
phenotypic and functional heterogeneity in other dimensions, as well, as discussed below. These
cell-intrinsic changes, along with the diversification of the MBC compartment, are the primary
subject of this review.

A major difference between T and B cells is that the B cell compartment generates antibodies,
some of which remain for long periods, being secreted by long-lived plasma cells that mainly reside
in the bone marrow of immune animals (7, 8). These antibodies can act at long range to prevent
reinfection and can even protect external spaces at barrier sites. Importantly, it can further affect
secondary responses by opsonizing antigen and redirecting its cellular processing via Fc receptors
and complement receptors, as well as by changing its valency or receptor cross-linking ability.
This effect influences subsequent T and B cell responses.

Unique to the B cell compartment, and affecting both long-lived MBCs and plasma cells,
is the process of somatic hypermutation (SHM) and its effect on attendant affinity maturation.
This impinges on both the quality and potency of subsequent circulating antibody, as well as
on the sensitivity of the B cell receptors (BCRs) expressed on MBCs. In addition, SHM leads
to diversification of the response and also provides the substrate for affinity-based selection.
As such, SHM and selection endow the B cell response an anticipatory element in the con-
text of pathogens that themselves undergo rapid mutation, such as in the case of retroviruses or
influenza.

All of these features working together lead to an immune host. Because of their interdependency
and also because the response depends on the type, route, and dose of infection or challenge, it
is difficult to predict how individual components will behave and will contribute to overall host
protection. It is in this sense that memory emerges from a series of changes in multiple aspects
of the immune system. Research aims to dissect the individual changes and the roles that these
changes play in context.

In this review we first discuss the identification of MBC subsets in both mice and humans.
We next cover the generation of MBCs by various stimuli, at various sites, and at different time
points during the response. We also discuss data on the residence and maintenance of MBCs. We
then go on to discuss functional differences inherent in MBCs versus naive B cells (NBCs) and in
different types of MBCs. Finally, we consider how MBCs can be reactivated to generate protective
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function. Though MBCs can be made in a T-independent response (9, 10), this review focuses on
T-dependent memory.

WHAT ARE MEMORY B CELLS?

Notions of the MBC

It is important to begin by defining the concept of a MBC. In the past, this concept may have been
skewed by preconceived notions about the origins, characteristics, and functional capabilities that
a MBC should have. For example in mice and for a long time in humans, MBCs were assumed
to have a switched (i.e., non-IgM) isotype (11), a notion that persists (12). Similarly, MBCs were
expected to carry V region mutations and to be of higher affinity than their NBC counterparts
(11). Since memory responses per se (that emerge from a multiplicity of changes as described
above) are faster, it has also been assumed that MBCs themselves must respond faster. All of
the above are distinctive properties overall of the memory response but not necessarily of every
MBC.

An Agnostic Definition of a MBC

A more agnostic definition of a MBC is possible and desirable: a cell that has encountered and
responded to antigen and that has returned to a quiescent state and remains present in the animal
at a given later time point (13). This cell should remain responsive to a second challenge with
antigen. (This rules out nondividing plasma cells from consideration as MBCs. Hence, we would
reject as confusing the term memory plasma cell; plasma cell alone should be used.) By this
definition, MBCs can be found and studied at any interval after immunization, their longevity
being defined by the chosen time point after initial stimulation. Of note, at the population level,
MBCs are expected to remain at higher precursor frequency than their naive counterparts, which
operationally seems to be usually or always the case.

How MBCs Have Been Generated and Defined in Mice

Though this definition of MBCs is very attractive, it is much more easily implemented in mice
than in humans (though it can be applied in humans under certain conditions, as discussed below).
Using this definition, our lab has performed cell transfer experiments and dye-dilution studies in
mice and found that after several weeks the only residual cells were those that divided in response
to antigen (14, 15). We have also used BrdU labeling to mark cells undergoing division after
immunization in either intact mice or transfer recipients (13, 16, 17). We then identified the
antigen-specific B cells using labeled antigen or other surrogate markers. The cell transfer system
we have used in most of our studies is illustrated in Figure 1; controls show how bona fide memory
cells are easily identifiable using labeled antigen, appearing only in recipients that received both
cells and immunization more than eight weeks prior.

Other groups have identified antigen-specific B cells in intact animals as well. In one set
of studies, tamoxifen-inducible Cre action under the control of the activation-induced cytidine
deaminase (AID) promoter, which is turned on after most types of B cell activation including but
not limited to germinal centers (GCs), was used to mark cells that had responded to antigen in
intact animals (18). Some type of labeling approach can be useful in distinguishing true MBCs
from residual NBCs that exist in intact animals, albeit at lower precursor frequencies than their
MBC counterparts.
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Figure 1
Adoptive transfer system to generate MBCs. B1-8i+/− genetically targeted BALB/cJ mice carry a germ
line–encoded, unmutated Vh186.2 site–directed transgene that, when paired with λ1 light chains, encodes a
BCR with moderate affinity for the hapten nitrophenyl (NP). To generate MBCs, an equivalent of 2 × 105

naive, NP-reactive B cells from B1-8i+/− genetically targeted BALB/cJ mice were adoptively transferred
into AM14 transgenic × Vk8R (AM14 Tg Vk8R KI) BALB/cJ mice. FACS plots are gated on live singlets.
Numbers adjacent to outlined areas indicate percentages of live cells in the gated population.
(a) Immunization with NP-CGG resulted in robust splenic NP-reactive MBC generation as determined by
flow cytometric analysis eight weeks later. (b) No expansion of adoptively transferred naive B1-8i+/− B cells
was observed in the absence of NP-CGG immunization, indicating that MBC generation is antigen
dependent. (c) NP-CGG immunization of AM14 Tg Vk8R KI mice in the absence of adoptive B1-8i+/− B
cell transfer did not result in NP-specific MBC formation because these mice harbor an irrelevant
monoclonal B cell population but otherwise display normal lymphoid architecture.

In some cases in humans there is a known exposure to antigen, such as a vaccination or a
diagnosis of infection such that the evolution of a specific immune response can be tracked. This in
turn requires a way to identify antigen-specific B cells, which usually is accomplished via a labeled
antigen “bait.” This approach can be used in both mice and humans. For example this has been
done with tetanus toxoid, influenza, haptens such as nitrophenyl (NP), virus-like particles, and
fluorescent proteins (19–27). An alternative approach used by many, mainly in humans but also in
mice, has been to enumerate MBCs in limiting dilution cultures with polyclonal activators (with or
without nominal antigen; 28) that generate antibody-secreting cells and then assay supernatants by
ELISA for antigen-binding activity (29–32). One important caveat to this approach is that it may
detect only the higher-affinity B cells and could exclude a substantial proportion of lower-affinity
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responsive clones. Affinity thresholds for detection in general are difficult to quantify, and it
has become clear that many responding B cells have extremely low affinities that would be
undetectable in such assays. This has likely led to a substantial underestimation of antigen-specific
B cell frequencies among both MBCs (which, though affinity-selected in part, include many B cells
that express unmutated V regions and hence could be low affinity) and especially NBCs (33–35).
Nonetheless, these approaches have been revealing in tracking MBCs at known time points after
antigen exposure and in some cases at steady state after more distant or less defined immune
encounters.

A complementary approach has been used to identify presumptively antigen-specific respond-
ing B cells during an acute immune response, again either to vaccination or infection. This response
can elicit a sharp increase in plasmablasts in peripheral blood, which in turn are identified by sur-
face marker expression in flow cytometry (36, 37). Because of the markedly increased frequencies,
even without a specific antigen probe, the peripheral blood will be highly enriched for cells that
in fact do recognize or were stimulated by the antigen(s) in question. This has been established
in some cases by sorting and cloning BCRs from single plasmablasts, followed by expression as
secreted IgG (36, 37). The binding of this reconstructed IgG can show that the originating cell
was antigen specific.

MBC Markers in Humans

A most useful alternative approach to the identification of antigen-specific cells in the context of
known antigen exposures is to use the expression of unique memory-specific surface markers that
can be identified by flow cytometry. CD27 was identified as one marker of MBCs and indeed
shows many properties that correlate with MBC identity, such as isotype switch and presence of
V region mutations (38, 39). Further, extensive in vitro functional analysis has shown that the
CD27+ pool of cells en masse behaves differently than the CD27− counterparts (40–45). CD27
has also been used to separate human B cells for subsequent gene expression analysis, showing
interesting and consistent differences between the CD27+ and CD27− cells (42).

Nonetheless, it is difficult to prove that MBCs belong exclusively to the CD27+ pool and that,
conversely, all CD27+ cells are true MBCs. In fact, over the last decade it has become apparent
that there are indeed minor, but unique and bona fide, subsets of CD27− MBCs, as discussed
below (46–48). Further, it is likely that CD27 in fact defines a postactivation B cell, perhaps one
that has been in a GC, but does not necessarily mark long-lived cells. This concern is based in
part on data from model systems in mice, where the kinetics of MBCs can be accurately tracked
after immunization. In the mouse, we found that populations of B cells with memory phenotypes
after activation decreased rather dramatically between 4 and 12 weeks after immunization, before
reaching plateaus in cell numbers that were presumably populated with long-lived MBCs (16).
Similar kinetics have been observed for CD8 T cells (49). Hence, expression of a memory marker
does not distinguish cells fated to carry true long-term memory in the host. If one considers that
humans are much “dirtier” than mice (50, 51), then postactivation B cells may be generated at a
substantially higher rate in humans. This would lead to, at any given time, a higher percentage of
CD27+ cells being “young” postactivation cells rather than long-lived MBCs. Indeed, deuterium
labeling experiments in humans produced the seemingly paradoxical result that CD27+ cells had a
faster labeling (turnover) rate, even though they were thought to comprise long-lived MBCs (52),
a finding confirmed using additional markers and Ki67 staining (53). This result, however, would
be compatible with the compartment containing a relatively high fraction of cells that recently
experienced antigen stimulation.
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MEMORY B CELL SUBSETS

Subsets of Murine MBCs

In mice it has been possible to identify antigen-specific and antigen-experienced cells at known time
points after immunization and to assess their surface marker expression as a first step in identifying
heterogeneity among MBCs. Initially our lab used BrdU labeling in intact immunoglobulin (Ig)-
transgenic mice that carried a transgene encoding a heavy chain (B1-8) that, together with a λ1
light chain, encoded an anti-NP BCR (16). Mice given BrdU at the peak of the GC response
retained an elevated frequency of λ1-expressing B cells that retained BrdU, an indicator that they
had divided in response to antigen during the GC response, thus marking them as MBCs. By trial
and error, we then defined surface markers that identified some, but not all MBCs, including CD80
and CD21 (interestingly, both were also differentially expressed among CD27+ B cells in humans;
see below) (54). We then used these markers to sort the cells for V region sequencing, identifying
both mutated and unmutated MBCs and their subsets. We provisionally identified a number of
other markers at this time. Seeking a more comprehensive approach, we next developed a transfer
system in which essentially all antigen-specific cells, at eight or more weeks after immunization,
were resting MBCs, as the host recipients lacked antigen-specific B cells and could not respond
because of the expression of a transgene-encoded, irrelevant BCR on host B cells. This set the stage
for sorting highly purified MBCs and their naive counterparts, and the subsequent analysis of their
transcriptome with Affymetrix microarrays (15). We identified a host of additional differentially
expressed genes; among them we selected the surface markers PD-L2 and CD73 as our focus for
further study. These, along with CD80, defined at least five subsets of MBCs as revealed with
multicolor flow cytometry and, combined with Ig isotype (as the transfer system could utilize BCR
knock-in or site-directed transgenes that could undergo normal isotype switch), defined a total of
at least ten populations (14).

We then concentrated further on the three major populations of NP-specific MBCs defined by
expression of the B7 family members CD80 and PD-L2: double negatives (DN), single positives
(SP) for PD-L2, and double positives (DP). Based on several lines of evidence, these populations
appeared to be stable and not interchanging, leading to the notion that they were MBC subsets,
as opposed to transient differentiation states. There was a hierarchy of SHM content, with DN
MBCs mostly carrying no mutations, DP carrying the most, and SP an intermediate number.
Similarly, most DN were IgM, and the DP were about 50% IgG, with SP again in between. Since
both V region mutation and isotype switch are indelible marks in the DNA that are introduced
during the proliferative phase of the response, the fact that the frequencies of these events differ
between individual populations of nonproliferating MBCs (which are not undergoing further
SHM and switching) indicates that the populations are not undergoing substantial mixing during
the resting phase (14). This also suggests that the populations were formed at different times during
the response, particularly given that SHM accumulates as a function of time and cell division.
Indeed, we recently showed that DN, SP, and DP MBCs are formed in three overlapping periods
(55).

Identification of Murine MBC Subset Markers in a Variety of Immune Settings

The markers for murine MBCs that we identified were initially characterized in the antihapten
response to protein antigen given in alum. Subsequently, other groups have found similar MBC
subsets in a variety of conditions and locations. Takahashi and colleagues found lung-resident
MBCs after influenza infection that variably expressed CD80, PD-L2, and/or CD73, though

260 Weisel · Shlomchik



IY35CH10-Shlomchik ARI 6 April 2017 14:34

because of very low cell numbers they did not resolve subsets with multicolor staining (56). Bemark
et al. (57) found that mucosal immunization led to the development of CD80+ IgM, IgG, and
IgA MBCs in the gut. Lindner et al. (58) used CD80 and CD73 as MBC markers to retrieve
spontaneously formed IgM and IgA MBCs from murine Peyer’s patches (PPs), showing that both
IgM and IgA MBCs carried V region mutations and that IgA MBCs shared clonotypes with gut IgA
plasma cells in the same animals. Recently, Pepper and colleagues reported that malaria infection
promotes the development of IgM and IgG MBC subsets that express CD80 and CD73 (59). They
also found that among IgM MBCs, those that expressed lower levels of IgD tended to lack CD80
expression and carried V regions that mainly lacked mutations, in agreement with data from the
anti-NP response, showing that CD80− MBCs had substantially fewer SHMs (14, 17). Together
these data suggest that while the presence or absence of CD73, CD80, or PD-L2 expression
correlates with memory status on some or even most MBCs, specific aspects of immunization
and/or detection control differences in the extent and pattern of expression of these markers. This
bears substantial further examination to understand the functional meaning and ontogeny of these
various subsets of MBCs and the surface markers that they express.

Distinct IgM and IgG Subsets of MBCs

Initially, and not surprisingly, several labs focused great attention on isotype differences among
MBCs, with the theory in mind that isotype would not just mark cells of differential fate and
function but would actually control, via differential function of the IgM versus IgG BCR, functional
outcome. This concept and line of research were applied to both mouse and human studies [with
the caveat that in humans bulk CD27+ cells among spleen or peripheral blood lymphocytes (PBLs)
were taken as MBCs and then divided by isotype].

Dogan et al. (18) used a novel approach to mark B cells that had been activated by antigen and
hence expressed the activation marker AID, which is required for both SHM and isotype switch.
They constructed a mouse that expressed tamoxifen-inducible Cre from the aicda locus. AID is
prominently expressed in GC B cells but is also expressed in non-GC B cells, which needs to be
kept in mind for interpretation. By administering tamoxifen to mice that carried this gene along
with a rosa26-flox-STOP-YFP allele irreversibly modified to express YFP upon Cre action, they
could permanently mark cells that were transcribing the aicda locus at any chosen time during
the response. Using this clever approach they were able to unequivocally mark both IgM and
IgG MBCs and determine their characteristics without using cell transfers or Ig transgenic–type
systems and without specific identification of antigen-specific cells, which can be problematic in
immune mice (60–62). The identification of IgM MBCs in mice confirmed work of others who
measured functional secondary IgM responses and/or identified antigen-experienced IgM cells
engaging in secondary responses (63, 64).

Pape and colleagues used a bead-based method to enrich antigen-specific MBCs, thereby
identifying populations of cells that remained in immune mice at expanded frequencies (22, 23).
Like Dogan et al. (18) they divided MBCs by isotype only. They concluded that IgM MBCs are
not functional in the presence of higher-affinity IgG MBCs but that IgG MBCs have a much
shorter half-life, implying that once these cells decayed, the IgM MBCs might regain functional
relevance. This finding remains controversial. Multiple groups, including our own, have not found
a shorter half-life for IgG MBCs (55, 65). Classic studies by Schittek & Rajewsky (25), who used
phycoerythrin as an immunogen and BrdU labeling to identify MBCs, also did not find a fall-off
in MBC numbers up to 200 days after immunization, and they focused on IgM/IgD-negative (i.e.,
IgG) cells. However, Gitlin et al. (66) recently reported a somewhat similar finding to that of Pape
et al. using a very elegant system to separate isotype switch from AID expression. They concluded
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that the expression of AID per se, rather than IgG isotype expression, leads to a shorter MBC
half-life.

These differences in half-life were quite striking, with an up to tenfold loss from peak levels
in one year. It is hard to reconcile these differences among the studies. Those that did not detect
a shorter half-life for IgG MBCs used direct enumeration of cells by flow cytometry. The two
that showed a shorter half-life for IgG MBCs used a bead-based technique to preenrich B cells
before enumerating them by flow cytometry. It is hard to argue that an artifact would have led
to more IgG MBCs being detected than were actually present, suggesting that the finding of
IgG MBC stability is valid. However, depending on detection methods it is possible that some
IgG MBCs could have been missed: It could be that the bead-capture approach did not detect
all IgG MBCs as time went on; it is extremely difficult to assess the efficiency of such bead capture,
and neither study documented this. With time, there is accumulation of abundant and high-affinity
serum antibodies, which can coat cells (cytophilic antibodies); speculatively, this may have led to an
under-recovery of IgG MBCs from bead-based preisolation procedures. On the other hand, this
could have affected the studies of NP responses, thus leading to artifactual overcounting. However,
the transfer studies used by Weisel et al. (55) generate minimal serum antibodies and would not
have been so affected, making this explanation less likely. Another possible explanation for the
Gitlin finding in particular is the slow rejection of YFP+ cells, likely due to lack of complete
tolerance to the foreign protein. While it could be argued that the differences between YFP+

cells that expressed AID and those that did not would control for this, it is notable that YFP+

cells from either type of mouse decay with approximately the same slope from day 120 to nearly
600 days. These decayed by four to seven times over this span, whereas YFP− cells from either
mouse did not decay detectably. If YFP expression per se were irrelevant and only AID were
relevant, then YFP+ and YFP− cells from mice that never expressed AID should have had the
same decay curves, but they did not. As there are many variables that have yet to be explored and
controlled for, the half-life of IgG MBCs remains an open question.

The notion that AID expression could result in reduced half-life is nonetheless intriguing and
worthy of further investigation. Gitlin et al. (66) further showed that very-long-lived IgG MBCs
had less polyreactivity than did MBCs isolated earlier (a population that includes many cells
destined to die, based on other experiments in their study). It also appeared that late MBCs may
have had improved binding to antigen, though this was not specifically quantitated. In any case,
these studies raise the notion that the MBC compartment is curated, perhaps by both negative
and positive selection, after it is initially formed. Another implication is that DN MBCs, which
have few mutations, might be particularly long-lived.

Human MBC Subsets

As noted, CD27 was identified some time ago as a marker of MBCs, or, as we now understand,
a marker of postactivation B cells, including MBCs. Numerous flow cytometry and functional
studies have uncovered several levels of additional complexity and heterogeneity among human
MBCs or MBC-like cells. First, among CD27+ classical cells, surface markers such as CD80 (67)
and IL-18 (68) were found to be expressed on some but not all cells. Nonetheless, the functional
significance of surface markers that may divide human CD27+ cells into subpopulations has been
studied little. Second, multiple groups noted that among CD27− cells there were IgG+ and even
IgA+ B cells that lacked CD27 expression, implying that there do exist additional populations
of antigen-experienced cells that are not captured by the CD27 marker (46–48). These were
initially dubbed atypical MBCs, an appropriate term that we will use here. Notably, these cells
express a variety of inhibitory cell receptors that are homologous to Fc receptors and are called
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Fc-receptor-like, or FCRL, molecules. These include FCRL2, 3, 4, and 5 and CD300a (69–73).
These cells were also noted to be CD21− (69).

Though CD27−/CD21− atypical MBCs were found in subepithelial locations in lymphoid
tissues such as tonsil (46) as well as in peripheral blood of healthy individuals, several groups noted
their relative expansion in blood of patients with a variety of conditions. Sanz and colleagues identi-
fied them in patients with systemic lupus erythematosus (48) and rheumatoid arthritis (74). Patients
with common variable immunodeficiency also have elevated frequencies of CD27− MBCs (75).
Several chronic or recurrent infections—such as malaria, HIV, and hepatitis C—are all associated
with an increase in the frequencies of various types of atypical MBCs in PBLs (70, 76, 77). A study
of pregnant women who underwent primary cytomegalovirus (CMV) infection also observed ex-
pansion of both activated (CD27+CD20+CD21low) and atypical (CD27−CD20+CD21low) MBCs
(78).

These atypical MBCs, notable for their expression of inhibitory receptors (73), were found
by several groups to be less functional in a variety of assays and hence were dubbed anergic and
exhausted (73, 74, 79). Their functional significance in disease and whether they play effective roles
in containing infection or autoimmunity, or the reverse, are far less clear. There is some evidence
that these subsets [or related ones (80)] are enriched in self-reactivity, or pathogen reactivity in
the case of infection (76, 77).

Relationship of Human and Mouse MBC Subsets

There is at present little information about the homology between mouse and human MBC
subsets, because the murine subsets were identified recently and are relatively unexplored and
perhaps in part because human tissue (including spleen) B cells have been studied much less, with
most information coming from PBLs. Clearly, both of these issues require intensive investigation,
which will likely bear much fruit in terms of our understanding of immune memory.

Nonetheless, there are some data regarding marker overlap, focusing on those that define
heterogeneity. CD80 is expressed on a substantial fraction of MBCs, but there are notable CD80−

populations (14, 67). Whether the function of these (see below) matches between humans and mice
is yet to be determined. PD-L2, another marker in mice, is evidently not expressed among human
CD27+ B cells among PBL (our unpublished data). Similarly, a screen did not pick up CD73,
which is expressed on subsets of murine MBCs with as yet undefined functional correlation, on
human CD27+ B cells (our unpublished data).

It is well known that homologous populations of hematolymphoid cells in human and mice
often share some but not all markers. For this reason functional similarities and—most decisively—
gene expression similarities should be used in lieu of markers to align the two systems. A substantial
amount of work will be required to reach this stage but if accomplished could help in the translation
of mouse findings to human studies.

DIFFERENTIAL FUNCTIONS OF MEMORY B CELL SUBSETS

Murine Functional Studies

The in vivo and in vitro functions of various types of MBCs have been investigated in the mouse.
Seminal studies by Dogan et al. (18) and Pape et al. (22) delineated differences between separated
IgM and IgG MBCs. They found that IgG MBCs were prone to make rapid antibody-forming
cell (AFC) responses and not reenter GCs, whereas IgM MBCs could generate second rounds
of GCs but were not enhanced in AFC generation. These data also addressed a long-standing
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controversy generated by two papers with conflicting results about whether MBCs can undergo a
second round of SHM, by showing that some MBCs can and others cannot. They also harmonized
with observations that IgG and IgM could transmit unique signals owing to differences in their
cytoplasmic tails (81–85).

Our group investigated MBC subsets defined by PD-L2 and CD80 (14, 86). To account for the
findings concerning IgM and IgG MBCs, we controlled for this by sorting and comparing subsets
of B cells that all shared the same isotype. As DN MBCs are predominantly IgM, we compared
DN, SP, and DP MBCs of this isotype and found that the DN, and to a lesser extent the SP,
MBCs could reenter the GC reaction, but there was no detectable GC seeding by DP IgM MBCs.
Conversely, the DP MBCs were much more potent in generating rapid, IgG AFC responses,
with the SP again being intermediate. We also compared IgG-expressing subsets, though in this
case we could not study DN, as there were too few of these cells expressing IgG (<5%). Again,
the subset markers and not the isotype were decisive, with the DP making only AFCs, whereas
the SP could give rise to both AFC and GC reactions. Indeed, cell for cell, the IgM and IgG SP
were equally efficient at making GC B cells, again showing that isotype was not a determining
factor.

These seemingly conflicting data could be reconciled by realizing that IgM MBCs are enriched
for DN, so that an IgM population should yield detectable GCs based on its B7 family–based subset
composition, whereas an IgG MBC population will be enriched for DP and hence will make a
more notable AFC reaction. The two models are compared side-by-side in Figure 2, which
helps to illustrate how they are in some ways compatible, but the subset model provides more
precision.
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Figure 2
Comparison of the isotype and subset models to explain heterogeneity of MBC function upon
reimmunization. (Top) Isotype model proposed by Dogan et al. (18), in which IgM isotype MBCs (blue) all
differentiate into germinal center (GC) B cells, whereas IgG MBCs (orange) spawn plasmablasts as indicated
by arrows. (Bottom) Subset model proposed by Zuccarino-Catania et al. (86), in which the expression of the
B7-family members’ surface molecules CD80 and PD-L2 better predict the function of MBC subsets upon
restimulation. These molecules are heterogeneously expressed by MBCs; those MBCs lacking both (double
negative, DN) predominantly generate new GC B cells, whereas those expressing both markers (double
positive, DP), mainly generate plasmablasts and those expressing only PD-L2 (single positive, SP) can do
both, as indicated by arrows. The isotype composition of each subset is indicated by the pie charts, showing
how the two independent models would generally correlate with each other.
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What would be missed in the IgM/IgG subset schema is that IgM DP are not capable of making
that GC reaction. Interestingly, Kometani et al. (87) produced mice that expressed IgG1 on NBCs
and found that their responses correlated not with isotype, but rather with stimulation history,
in agreement with our findings. Nonetheless, work showing that IgG has distinct functional
signaling is also not inconsistent with any of our results. On top of other layers of differentiation,
IgG could still deliver distinctive signals and outcomes. Others and we are now searching for the
mechanisms that underlie different functional capabilities of MBC subsets defined by CD80 and
PD-L2.

We found that Zbtb32, a member of the large transcriptional repressor family that also includes
Bcl6, was highly overexpressed in DP MBCs (86). Recently the Bhattacharya lab in collaboration
with ours demonstrated that Zbtb32 expression in MBCs actually restrains the secondary AFC
response, such that in its absence many more antibodies are produced upon secondary challenge
(88). This is an initial clue into how differential gene expression between MBCs and NBCs, and
possibly between MBC subsets, can in turn control different functional outcomes.

Human Functional Studies

Studies in humans have largely used CD27 to separate memory (i.e., in our view, inclusive of both
memory and, more recently, antigen-experienced cells) from NBCs and then compared their
responses to various stimuli in vitro. In some cases, IgM and IgG expression were used to further
subdivide the CD27+ population. Several studies noted intrinsic differences in proliferation,
particularly the propensity of MBCs to enter cell cycle earlier than NBCs (40, 42, 89). This was
related to higher expression of quiescence factors, including members of the Kruppel-like factor
(Klf ) family of transcription factors (42, 89). Gene expression profiling and flow cytometry have
suggested some salient differences between IgM and IgG human CD27+ cells (90). In addition,
Davey & Pierce (91) demonstrated key signaling differences between IgG BCRs of CD27+ cells
versus IgM BCRs of CD27− NBCs. Limited studies in that report also suggested that both CD27
and BCR identity contributed to the tempo and strength of very early BCR signaling as read out
by phospho-Syk and BCR accumulation in B cell immune synapses at planar lipid bilayers.

Implications of Subsets for Design of the Memory Response

In the last decade and especially in the last several years, a great deal of heterogeneity has been
appreciated in both mouse and human MBC compartments. Naive B cells in general, and follicular-
type B cells in particular, seem to have multiple potentials upon initial stimulation—notably,
they can both make short-lived AFCs and seed GC reactions. Memory responses are known for
delivering stronger and faster effector functions; so presumably, MBCs differentiate more quickly
into AFCs. However, MBC subsets that lack expression of some of the typical MBC markers
(i.e., DN MBCs), are mainly IgM, and carry relatively few V region mutations appear to be
dedicated not to making immediate effector function but rather to reseeding GCs, which they do
almost as efficiently as NBCs. On the other hand, more “memory-like” MBC subsets, all of which
express markers like CD80 and some of which are IgG, seem committed to making immediate
effector function. Such IgM MBCs have been found in antihapten, antiprotein, antibacterial, and
antimalaria responses (14, 22, 59, 63) and can rapidly make both IgM and IgG AFCs.

This division of labor in the MBC compartment could permit both rapid and effective responses
upon rechallenge while avoiding burnout, whereas if all MBCs were to differentiate to a terminal
effector stage immediately, strong secondary responses would deplete or even extinguish MBC
pools in an antigen-specific fashion. In contrast, the follicular B cells of the naive compartment
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can give rise both to early AFC reactions (albeit not as quickly as MBCs do) and to GCs; in other
words, NBCs have a broader potential than either MBC compartment, but taken together, by
division of labor, the MBC compartment can deliver both a faster and a stronger response and
still regenerate a new crop of MBCs.

GENERATION OF MEMORY B CELLS

Germinal Centers and Other Sources of MBCs

Historically it was thought that MBCs derived specifically and solely (or at least primarily) from
GCs, in keeping with the view that MBCs were isotype switched and harbored V region mutations.
Indeed, evidence shows that many MBCs do emanate from GC reactions. However, commensurate
with the emerging recognition that the normal MBC repertoire includes cells that both are IgM
and contain few mutations, data from multiple sources indicate that MBCs do also arise from extra-
GC sources. Indeed, even IgG1 MBCs can have few or even no mutations, as first demonstrated
by Takahashi et al. (92).

Inamine et al. (93) observed antigen-specific expanded populations of B cells with a memory
phenotype as early as 10 days after immunization and found that ICOS-blocking antibodies had
little effect on even IgG1 MBCs for as long as 70 days into the response; however, the GC responses
were markedly attenuated though not eliminated (a limitation that reduced the conclusiveness
of these studies at the time). Mice lacking Bcl6 specifically in B cells in a mixed bone marrow
chimera setting completely lacked GCs but could generate unmated IgM and IgG1 MBCs, again
dissociating GC formation from MBC formation (94); these data were confirmed and extended
using conditional Bcl6 deletion (95). Taylor et al. carried out similar chimera experiments that
further confirmed that B cells lacking this molecule could make MBCs (23). However, these studies
could have revealed or exaggerated alternative pathways that emerged when normal interactions
or gene expression was blocked. Taylor et al. (23) used CD73 as a marker of GC-derived MBCs to
reach the conclusion; however, it was later shown that CD73 was expressed by MBCs that formed
prior to the GC reaction as well as during the reaction (55). Hence, though the conclusions of
Taylor et al. agree with prior work, they do not provide definitive proof, because the marker they
relied on was not validated.

Weisel et al. (55) performed a comprehensive BrdU-labeling time course experiment to label
cells in the proliferative precursor phase of MBC and plasma cell development over the first
42 days of the immune response and then assayed MBCs and bone marrow long-lived plasma
cells 8 weeks after immunization. Cells that remained labeled after the pulse would have been
dividing when BrdU was given but then quickly stopped dividing and differentiated to long-lived
nonproliferating products (i.e., splenic MBCs and bone marrow plasma cells), whereas cells that
continued to proliferate and thus did not differentiate would have diluted out the BrdU and
appeared nonlabeled. They showed that approximately 25% of IgM MBCs that are detectable at
8 weeks were formed during the first 2 days of the immune response, prior to any detectable GC
reaction. Around 3–5% of IgG1 MBCs were also formed at this time point, and overall, IgG1
MBCs were formed with more delayed kinetics compared to IgM MBCs.

Remarkably, nearly all of the MBC formation was complete before the peak of the GC response.
They also found that DN MBCs were on average formed earlier than SP, which in turn preceded
DP MBCs, and that most of the MBCs that were produced at later time points were of the DP
subset. In contrast, long-lived bone marrow plasma cells were formed at much later time points,
with relatively little overlap between MBC formation. The overall results of these studies are
depicted in Figure 3.
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Figure 3
Formation of long-lived humoral memory compartments is separated in time. BrdU pulse-chase in vivo
labeling experiments of adoptive transfer recipients (as described in Figure 1) during the process of memory
generation revealed that unswitched MBCs are generated in two main waves very early during the immune
response—even before the onset of germinal centers ( pink). The y-axis on the left represents the percentage
of the total compartment that was formed during each time window indicated on the x-axis. MBCs of
switched isotype were found to be stably formed later than their unswitched counterparts with peak MBC
generation at about one week after immunization (blue). Bone marrow–resident, antigen-specific, long-lived
plasma cells of IgG1 isotype were found to originate much later during the immune response ( yellow).
Modified from Reference 55 with permission.

Hence, as originally put forth by Inamine et al. (93), MBCs are generated in two waves, with
one occurring prior to GC formation. Interestingly, histologic detection of EdU-labeled cells at
key time points showed that the very early MBCs are likely being formed in T cell zones and to
a lesser extent B cell follicles that do not contain GCs (55). At later time points there is strongly
detectable EdU uptake in the GCs, as expected, indicating that these would be generative sites;
but, notably, there is continued proliferation at the same sites as early proliferation occurred. This
suggests that the extrafollicular “wave” may actually continue on, though it becomes overshadowed
by the larger GC-derived source of MBC formation.

Questions Remaining on Extra-GC Versus GC-Derived MBC
Origins and Functions

The last several years have brought major progress in understanding the origins of MBCs and
how different ontogenies generate different types of MBCs. These data have mostly come from
the murine system, where the required types of experiments are more readily conducted, although
analysis of V region mutations, Ig isotype, and CD27 expression as well as origins in CD40L-
deficient patients has led some to postulate GC-independent pathways in humans as well (96,
97). These advances highlight the formation of MBCs outside of GCs at early time points, and
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possibly in an ongoing fashion. Some salient questions remain. The longevity of early-appearing
(DN) IgM MBCs is not entirely clear, though several groups including our own have found that
IgM MBCs can have very long half-lives. This suggests an important adaptive purpose for such
unmutated and relatively lower-affinity B cells. It is also unclear whether such MBCs have unique
trafficking patterns and/or residence sites within the immune organism. Given that some MBCs
are formed very early and presumably before antigen and pathogens are eliminated, it is interesting
to consider that they could potentially rejoin the immune reaction at a later time during the same
response cycle. These cells will be mostly DN and hence capable of seeding GC reactions. One
could imagine that if an infecting pathogen were to escape control and antigen levels were to
increase, then newly formed early MBCs could be recruited into new GC reactions or even to join
nascent ones, as it is likely that their affinity will be similar to B cells in early GCs (98). Further,
if these MBCs begin to recirculate, they might join or initiate GC reactions in distant sites in the
event of disseminated infection.

Cellular Precursors for MBCs

There are several types of NBCs, and an important question is whether they all have the potential
to generate MBCs, or at least all types of MBCs. It is widely accepted that follicular B cells are
precursors to GC B cells, which in turn are clearly precursors for MBCs. Song & Cerny (99)
reported that, whereas follicular B cells do indeed seed GCs and generate memory as expected,
marginal zone (MZ) B cells can seed both AFC and GC reactions, and they suggested that this
may reflect heterogeneity among MZ B cells. MBCs derived from MZ B cells mounted a much
higher IgM secondary response upon rechallenge after transfer, suggesting that MZ B cells may
more efficiently make early, DN, IgM and potentially GC-independent MBCs. This remains to
be tested.

Mice have prominent populations of so-called B1 B cells, which in turn are often divided into
B1a and B1b subsets based on expression of CD5. These cells are important for protection from,
and do respond to, various types of pathogen, though in differential fashion (reviewed in Reference
100). While a detailed discussion is beyond the scope of this review, data from several systems
do suggest that B1b B cells can generate antigen-specific, antigen-driven memory to pathogen-
derived epitopes. These examples include responses to bacterial dextrans among peritoneal B1b
B cells (101) or Borrelia hermsii after infection (102); in the latter case, only B1b phenotype B cells
were seen to stably expand.

LOCATION OF MEMORY B CELLS

Secondary Lymphoid Tissue Versus Organ Localization of MBCs

It has long been known that once MBCs are formed they can be found in all SLTs. Classical
and recent experiments show that memory responses can be transferred by passaging cells from
either spleen or lymph node to naive recipients. More recently, surface markers that identify
MBCs in both mice and humans have been used to enumerate MBCs in multiple tissues. At steady
state, CD27+ cells can be found in the gut, tonsillar epithelium (103), and PPs of humans (104),
as well as in the healthy gingiva (105). MBCs expressing CD80 and/or CD73 of either IgM or
IgA isotype can be found in PPs of mice (58). Oral immunization of mice with proteins and
cholera toxin adjuvant generates functionally detectable MBCs eight months after immunization
in spleen, mesenteric lymph nodes, PPs, and intestinal lamina propria (106). We have also found
MBCs in lamina propria of mice that had been immunized intraperitoneally with nitrophenyl
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chicken gamma globulin (NP-CGG) in alum (unpublished observations). Recently Bemark and
colleagues (107) found that oral immunization with NP conjugated to cholera toxin generates
MBCs that populate spleen, PPs, lamina propria, and mesenteric lymph nodes. Most of these
express CD73 and PD-L2, and many but not all express CD80. Notably, many of these MBCs
elicited by oral immunization are IgA+, whereas intraperitoneal immunization did not generate this
isotype. Aging mice accumulate a population of CD80+ B cells that contain V region mutations,
and the frequency of such mutations also increases with time (57). Similarly, murine MBCs that
express CD80, PD-L2, CD73 or some combination of these can be found in lung after influenza
infection. This confirms pioneering work by Sangster and colleagues, who reached a similar
conclusion using functional assays for MBCs and showed that MBCs can disseminate even after a
focused infection such as influenza in the lung (32). These flu-specific MBCs in lung may reside
in inducible bronchus-associated lymphoid tissue (iBALT) and/or be scattered in the interstitial
spaces (108).

It was recently shown that commensal colonization can lead to long-term IgA production in
mouse small intestine (58, 109). However, it is less clear whether this is due to generation of long-
lived MBCs (110, 111). Indeed, it could be that in many cases, intestinal colonization that does
not result in frank mucosal border breach and more central immune responses (i.e., in draining
lymph nodes) generates relatively short-lived AFC responses instead (112). It is not clear that
attenuated Salmonella given orally, for example, generates true long-lived memory as it does not
readily generate a GC response (113), although GC formation is a desirable and sought-after
outcome. Reports of protection could readily be attributed to persistent antibody responses when
no cell transfer and/or rechallenge occurred relatively quickly after initial infection (114).

The specific properties of tissue-resident MBCs are thus incompletely understood. As noted,
in the mouse they do express at least some of the markers found among splenic MBCs, but whether
these patterns of expression differ, whether there are additional subsets or markers, and whether
there are unique functions largely remain to be determined. The same can be said of human MBCs
in tissues. This is an area for further investigation that may help us to understand why and how
MBCs function to protect mucosal surfaces.

Microanatomic Localization of MBCs Within Secondary Lymphoid Tissues

Where do MBCs reside in SLTs? Based on studies in rats two weeks after immunization it was
originally thought that MBCs colonized mainly the splenic MZ (115). Subsequent studies in mice
carried out at later time points identified MBCs in both splenic follicles and MZs, at frequencies
approximately proportional to the sizes of the zones (17). MBCs are also heterogeneous for ex-
pression of CD35, a marker of MZ B cells. However, preliminary experiments suggested that at
least some of the follicular MBCs were expressing high levels of CD35 (17). In humans, most of the
MZ B cells of human spleen are CD27+, although CD27+ cells are also seen scattered in follicles.
Whereas MZ B cells at least in rodents are thought to be relatively sessile, in humans MBCs are
known to recirculate, given that they are abundant in blood, PPs, tonsils, and gut lamina propria.
The relationship of the CD27+ B cells in MZs and follicles of humans and true “marginal zone”
B cells that are antigenically naive is not clear. This parallel is further clouded by the significant
functional differences between rodent and primate splenic architecture, and specifically the MZ
(116).

The mechanisms and signals that localize MBCs within SLTs are poorly characterized. How-
ever, MBCs do express CXCR5, a primary receptor for follicular localization, and so it stands
to reason that MBCs should at the least circulate in follicles. They also express EBI2, which is
needed for outer follicular localization, at levels similar to or possibly even higher than naive
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follicular B cells (117). Further research of the locations of MBCs and how they are maintained is
needed, especially in light of newly uncovered heterogeneity. In parallel, greater understanding
is needed of how MBCs are located in specific niches within tissues, such as lamina propria and
lung parenchyma.

MAINTENANCE OF MEMORY B CELLS

MBCs live a long time, almost by definition. What are the signals and intrinsic changes that
keep them alive? Is there heterogeneity of MBC lifespan and maintenance requirements? A major
advance was the discovery that the TNF family cytokine BAFF/BLyS is not essential to the survival
of MBCs, unlike the situation with NBCs, which require BAFF-R signals mediated by BAFF (118,
119). This was first found in mice and was later confirmed when anti-BAFF or TACI-Ig treatments
were tested in humans in connection with developing treatments for autoimmune diseases. In
addition, MBCs require Syk for their continued survival (120); this may relate to a consistent need
for Syk-mediated tonic BCR signaling (121). In this regard they may even differ from NBCs,
which were originally thought to require Syk for survival based on constitutive signaling (122,
123), but which may also survive at least in part via BAFF-R signals (which presumably are not
important for MBCs) if Syk is deleted once cells have matured (124).

Since MBCs and NBCs differ in their requirements for BAFF-R signaling, this leaves open the
question of what if any cytokine or contact-dependent signals in fact are required to keep MBCs
alive. MBCs could have switched to a different cytokine system, much like how CD8 memory
T cells rely on IL-7 and IL-15 for survival. However, we are unaware of any reports that MBCs
depend on IL-7, IL-15, or any other cytokine. One report claimed that nerve growth factor is
an autocrine survival factor for MBCs (125); however, we have found no recent confirmatory
reports. MBCs also upregulate bone morphogenetic protein receptor 1a, as well as a stem cell–
like program; hence, they could rely on cytokines important for regulating stemness, such as bone
morphogenetic proteins or leukemia inhibitory factor (15, 126, 127).

T cells are not required for MBC survival: T cell depletion had no effect on recall responses
in intact mice (128). Although it was previously (129), and more recently (130), suggested that
antigen (131), most likely trapped on follicular dendritic cells in the form of immune complexes, is
a reservoir that maintains MBCs by providing intermittent or low-level exposure to antigen, two
pivotal studies suggest that this mechanism is in fact dispensable for MBC maintenance. Rajewsky
and colleagues devised a clever system in which mouse BCRs could be switched to irrelevant
ones in already established MBCs (132). This would render any retained antigen irrelevant. The
half-life of such MBCs was not reduced. In a separate approach, Hannum et al. (133) generated
a mouse that had B cells that could not secrete any Ig and hence were unable to deposit antigen
on follicular dendritic cells in the form of immune complexes. Again, MBCs in these mice had
a normal and very long half-life. These issues are reviewed more comprehensively elsewhere
(134).

Apart from external signals for MBC survival, which notably have not yet been identified,
differential expression of either prosurvival or proapoptotic genes could explain the longer life span
of MBCs. Based on higher numbers of MBCs found in Puma-deficient mice after immunization,
Clybouw et al. (135) suggested that Puma regulates MBC survival. However, Puma was absent
throughout B cell differentiation in these experiments, and Puma could plausibly control the
survival and/or differentiation of MBC precursors either exclusively or in addition. More precise
experiments would be required to gather better support for this idea. Mcl-1, a prosurvival member
of the Bcl-2 family of genes, was required for GC survival, and substantially fewer MBCs were
formed in its absence; but again it was unclear if Mcl-1 was required for persistence of MBCs

270 Weisel · Shlomchik



IY35CH10-Shlomchik ARI 6 April 2017 14:34

once they would have formed normally (136). In contrast, ABT-737—an inhibitor of three other
members of the Bcl-2 family of proteins that does not affect Mcl-1—did have an effect on the
established MBC compartment (137).

MEMORY B CELL FUNCTION UPON REEXPOSURE

Recall Responses

The main function of immunological memory is to protect the individual from recurrent infection.
This can be achieved at multiple levels: standing antibody titers to opsonize or neutralize invading
pathogens, accelerated recall responses to form immediate effector cells for antibody or cytokine
production (138), and initiation of second rounds of GC reactions (86). Given that—across many
immunizing or infectious antigens in mice (e.g., NP-CGG, PE, NP-KLH, LCMV, HSV, in-
fluenza, VSV, TT, DT)—50 to 3,000 MBCs are generated for every million splenic B cells, the
finding that adoptive transfer of 25 virus-specific IgG MBCs can generate a strong antibody titer
in recipients upon T cell–independent antigen recall (27) highlights the immense immunological
power and redundancy of humoral immunity (11, 24, 139–145). Estimating an antibody synthesis
rate of 5 × 107 molecules per hour (146) and a serum half-life of about a week (147), it could be cal-
culated that indeed reactivation of 10–100 MBCs could result in the generation and maintenance
of biologically relevant serum antibody titers.

MBCs in both mice and humans respond faster in a number of respects. They are known to
enter the cell cycle faster, to differentiate into AFCs faster, and possibly to reseed GCs faster (42,
89, 148). Undoubtedly, much of this is encoded in cell-intrinsic differences in gene expression,
likely due to as yet uncharacterized epigenetic alterations (149), as discussed above. However,
reactivation differences may also be seen at the level of signaling from the BCR and other initial
activation receptors, such as CD40 and innate immune receptors. Part of this could be due to
the cell-intrinsic differences in gene expression just mentioned; nonetheless, it would be of great
interest to understand how signaling networks are remodeled in MBCs versus NBCs. As already
noted, signal reprogramming is a subject of ongoing study (12, 83).

Differences in MBC Signaling

One area of recent progress is the differences in signaling between IgM and IgG BCRs (150).
An emerging body of work has shown that all IgG BCRs allow for inducible phosphorylation
on a tyrosine residue in a motif termed the immunoglobulin tail tyrosine (ITT) motif. This
allows for amplification and costimulation of the standard Igα/ Igβ ITAM-based signaling system
(summarized in 85). The adaptor protein growth factor–bound protein 2 (Grb2) binds to the
phosphorylated ITT of IgG and IgE BCRs (151) and recruits Bruton’s tyrosine kinase (Btk), which
is the activator of PLCγ2 (152). This ITT-based costimulation lowers the activation threshold
of IgG BCRs and therefore might explain why IgG MBCs (which are in general also of higher
affinity) are preferentially activated compared to their IgM counterparts, as B cell–specific Grb2-
deficient mice mount strongly reduced memory IgG responses (153). Inducible loss of PLCγ2 in
the established MBC compartment leads to its decrease over time, which points to the fact that
BCR signaling is important for IgG MBCs (154).

Another mechanism for discriminating IgM and IgG signaling may stem from the inhibitory
coreceptor CD22. It was originally reported to downmodulate signaling through IgM and IgD
BCRs, whereas the cytoplasmic tail of IgG was thought to prevent CD22-mediated signal inhi-
bition (155). However, more recent data have challenged this notion (156). IgD is expressed at
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least at some level on a fraction of—perhaps most—IgM MBCs in both mice and humans (157).
The coexpression of this receptor might also dampen the reactivation of these MBCs (158, 159).
Hence, multiple mechanisms might mediate the relatively more brisk and qualitatively distinct
signaling inherent in IgG MBCs.

Effects of Preexisting Antibodies

In many circumstances reactivation of MBCs happens under different serologic conditions com-
pared to initial antigen encounter of NBCs, since antigen-specific antibody titers (serological
memory) are present during recall responses. Therefore, antigen-IgG immune complexes add an-
other layer in directing and enhancing antigen presentation during secondary immune responses,
compared to initial antigen encounter. Another potential difference between primary responses
by NBCs and secondary responses by MBCs is antigenic load. During primary responses low
antigen-specific serum antibody titers allow for unchecked pathogen multiplication, thus increas-
ing antigenic load, whereas high antibody titers of generally higher affinity can capture, opsonize,
and neutralize recurring antigens during recall responses. Together these two effects can both
redirect antigen and reduce its availability during a MBC response. The net effect could be to
restrict MBC activation to only a subset of the highest-affinity MBCs, which may have led to an
overestimation of the repertoire affinity of the MBC compartment (160). This is because in most
cases the MBC compartment has been interrogated by reimmunization in intact animals. This has
led to the suggestion that IgM MBCs (which tend to be of lower affinity) per se do not participate
in secondary responses as long as antibody titers are present (22). However, these B cells may be
just as functional as IgG MBCs (86) save for their affinity, which would render them inferior if,
and only if, antigen dose were low and relevant preexisting antibody were present.

While it would at first blush seem to be the norm that MBC responses occur only in the
presence of preexisting serum antibody titers, there are exceptions to consider. The exceptions
would include two scenarios: if long-term AFCs were not made while MBCs were made or if
the pathogen mutated such that the highly selected and focused long-lived plasma cell (LLPC)
repertoire and hence serum antibodies were rendered irrelevant. In each case, the result upon
rechallenge or the next season of infection would be MBC exposure in the absence of relevant serum
antibodies. Interestingly, though in experimental systems this is rarely modeled, in reality it could
often be the case. Multiple pathways are known that when mutated or inhibited lead to only partial
or interrupted GC development. In these cases, the result is that LLPC production and hence
serum antibodies are abrogated while MBC development is preserved. These pathways notably
include signals mediated by complement receptor, PD-1 or IL-21R (161–163). If pathogens can
block or if immunization conditions minimize such signals, then MBCs will form without long-
lived antibody titers and hence reimmunization will expose MBCs to antigen in the absence of
such antibody, even in an intact host. In fact, multiple pathogens are known to elicit strong B cell
responses in the absence of much, if any, GC response (113, 164). Yet, in the case of Ehrlichia
infection, there is still T cell–dependent but GC-independent MBC formation, and these IgM
MBCs will be recalled to generate secondary IgG responses (165). As detailed in this review,
it is abundantly clear that a wave of IgM MBCs is indeed formed independent of and prior to
GC reactions (55, 93, 94). In another equally relevant scenario, pathogens evolve over time to
generate escape mutants that are no longer recognized by the dominant antibodies produced in a
prior infection. The most notorious example is influenza. Here, studies have shown that whereas
an antigenically drifted strain in a subsequent year has avoided relevant serum antibodies and
can infect, the host will mount a response drawn largely from last year’s MBC compartment,
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which undergoes a new round of SHM to adapt to the antigenically drifted influenza HA (36).
Thus, situations in which MBCs are exposed in the absence of serum antibodies may be relatively
common in nature, and not just an artifact of B cell transfer experiments that have been used to
interrogate MBC potential in the absence of preexisting serum antibodies. The latter (e.g., 14,
86) have been critiqued as unphysiological (22) but in fact are informative with respect to not only
native MBC biology but also physiological situations that arise constantly in natural infection
scenarios.

REQUIREMENTS FOR REACTIVATION

Upon reexposure to antigen, the immune system has to accomplish two seemingly disparate
functions that need to be carefully balanced: immediate effector function to ensure maximum
protection via differentiation into AFCs and avoiding burnout to ensure subsequent protection
upon further reexposure to antigen. At another level, secondary immune responses also need to be
able to adapt to drifted antigens and therefore optimize existing immunity by adapting to changes
within the original immunogen. How this is accomplished in detail is not clear at the moment, but
it would be reasonable to assume that particular immune-effector functions are segregated among
different subsets of MBCs. Quantity and quality of MBC formation as well as recall responses
depend critically on the immunizing as well as challenging antigens, as IgG1 MBCs generated
after immunization with the T cell–dependent antigen NP-CGG cannot be reactivated with the
T cell–independent type II antigen NP-Ficoll (166). In contrast, murine IgG MBCs generated
in response to immunization with human CMV–like particles could readily be reactivated after
adoptive transfer in T cell– and B cell–deficient Rag1−/− mice when challenged with virus-like
particles again (167). However, challenge with monomeric, soluble viral protein did not result in
T cell–independent reactivation of MBCs (167), whereas particularization and multimerization
of the same viral protein on microbeads were sufficient to induce T cell–independent IgG MBC
responses, indicating that the valency of the antigen plays a pivotal role in MBC reactivation (27).

Location of reactivation may also be a factor, though studies show a fair amount of flexibility in
where MBCs can be reactivated. Weisel et al. (27) observed T cell–independent MBC reactivation
in TNF/LTα−/− mice that had been reconstituted with normal bone marrow. Such mice lack most
lymphoid structures but have normally functioning hematopoietic systems. This indicates that
reactivation can occur independently of lymph nodes and PPs, since these tissues are not generated
de novo after bone marrow reconstitution (27). In this study MBCs were hardly detectable in bone
marrow, peritoneal cavity, and peripheral blood. In line with these findings, at least three other
studies failed to detect MBC activation in the bone marrow (168–170), whereas vesicular stomatitis
virus–specific MBCs were reported to be activated in the bone marrow (171). MBCs could be
reactivated in the absence of follicular dendritic cells and in the absence of clodronate-sensitive cell
populations like dendritic cells and macrophages (172). Interestingly, reactivation of virus-specific
MBCs was not restricted to the splenic MZ, given that FTY720-mediated relocation of MZ-
resident B cells into the follicle did not alter the memory response (172), whereas anti-CXCL13-
mediated impairment of MBC homing to lymphoid follicles (173) resulted in significantly impaired
MBC responses (27). Taken together, these data highlight that MBC recall responses can occur
in settings of immunosuppression, without T cells, and at least in some settings in the absence of
SLT. Moreover, even in a situation where helper T cells are potentially available, they may be
limiting or not in the proper location at least initially. In this vein, it is particularly interesting
that there may be both early T cell–independent and later T cell–dependent memory responses
to infectious challenge (174).

www.annualreviews.org • Memory B Cells of Mice and Humans 273



IY35CH10-Shlomchik ARI 6 April 2017 14:34

MEMORY B CELLS AND PROTECTION FROM PATHOGENS

How do MBCs afford protection from pathogens in various contexts? Context does matter. In
fact the possibilities of how and when and where MBCs could contribute to both resistance
to reinfection and clearance or suppression of ongoing infection could be quite broad. These
possibilities cannot all be covered here; indeed, this is an area that requires substantially more
research in the context of specific pathogen infections. Here we briefly touch on three pathogens—
CMV, influenza, and HIV.

CMV

CMV infection is a major problem after immunosuppression (175). Therefore, MBCs may be
called on to respond to infection in the absence of optimal T cell help. To investigate this, the
protective capacity of adoptive MBC transfer in a murine CMV (mCMV) infectious model was
analyzed (175). Adoptive transfer of mCMV-specific MBCs into T cell– and B cell–deficient mice
resulted in the generation of strong mCMV-specific serum titers and significant reduction of
viral titers following active mCMV infection. Furthermore, this approach provided long-term
protection from lethality. Adoptive transfer of mCMV-specific MBCs into immunocompromised
mice after infection also resulted in protection of the animals, indicating therapeutic potential of
adoptive MBC transfer (176). Together these data showed that, at least for certain viral infections,
the protective and functional effects of MBCs can occur independently of T cells.

Influenza

Despite vaccination programs, influenza still causes approximately 20,000 deaths annually in the
United States, with elderly people being affected most (177). Antibodies alone can prevent in-
fluenza infection (summarized in 178). Moreover, naturally arising anti-influenza antibodies are
long-lasting: Survivors of the 1918 influenza pandemic had IgG MBCs specific for this strain
90 years later (179). During primary infection IgA+ B cells are a major component of the re-
sponse. During the course of infection inducible tertiary lymphoid aggregates may form (iBALT),
that contain follicles and T cell areas. iBALT can be the site of GC reactions (180), which persist
longer in iBALT than in SLT (181). In murine models there are persistent GCs in the lung with
higher rates of SHM and more cross-reactive B cells that are able to neutralize escape variants
(182). In rhesus monkeys MBCs distribute mainly to mediastinal lymph nodes (183). The im-
mune response in vaccinated or exposed adults is characterized by activation of preexisting MBCs
(36, 184), which are the predominant precursors to the influenza-specific plasmablast response
(185). Furthermore, previous exposures to certain influenza strains shape subsequent responses,
suggesting that they are drawn from MBCs against cross-reactive strains (186).

These observations also have implications for influenza vaccination. Seasonal influenza vac-
cines have to be reformulated every year to allow for the generation of neutralizing antibodies to
antigenic drift virus variants, since the majority of generated antibodies are strain-specific. There-
fore the field has endeavored to design vaccines that elicit broadly neutralizing antibodies [e.g.,
directed against the conserved stalk domain instead of the highly variable head domain to enable
targeting a wide spectrum of influenza strains (summarized in 187)]. However, since MBCs also
offer protection to cross-reactive strains, the nature of the MBC compartment should probably be
considered further. In particular, based on animal models, infection in the lung generates local re-
sponses that may be of higher or different protective quality, in a way that would not be replicated
by killed vaccines administered intramuscularly.
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HIV

Vaccine approaches are being developed to effect both cure and prevention of HIV infection.
Owing to the immune evasion mechanisms and the complexity of the infection, particularly its
attendant severe immunological dysfunction (188), there are as yet no effective strategies for either
goal. B cells have been underestimated for many years in combating HIV. Viral diversification
is a major hurdle to finding effective vaccines, and as with influenza the emphasis has been on
strategies to find broadly neutralizing antibodies. These generally only arise in a subset of infected
patients and typically only after years of infection (189). The antibodies themselves have very
large numbers of V region mutations (190, 191), which points to a prolonged affinity maturation
process. The pathways for generating such antibodies naturally and via vaccination are far from
clear, despite a great deal of work and theory development (192, 193). Whether these cells spend
extended periods of time within GC reactions or whether MBCs are generated that are constantly
reactivated is not clear. Mutational load increases during the course of the GC reaction (55), while
late-appearing murine MBCs are mostly of CD80+ and PD-L2+ phenotype (55) and therefore
prone to generate plasmablasts rather than reenter GC reactions upon antigen reencounter (86).
For these reasons, it seems possible that antibodies with high V region mutational load would
emanate from constantly reactivated MBCs that are more of a DN or memory stem cell type.
If so, then immunization strategies should be developed to forestall switching to IgG and/or
promote generation of DN-type MBCs from early GC reactions (86). As mentioned above, HIV
is one of several chronic infections associated with atypical CD27− MBCs, which are relatively less
responsive to stimuli. These have been termed exhausted, but in fact their function in controlling
disease remains uncertain. Whether these would be precursors for eventual generation of broadly
neutralizing antibodies is an interesting question.

Thus, with respect to immunization, more emphasis might be placed on understanding the
MBC compartments as well as the AFC compartments, because these can diverge considerably in
repertoire, as has been noted in both people and mice. While there may be hypermutated V regions
among AFCs, it is less clear what the antigen-specific MBC compartment looks like and whether
these two compartments are truly connected. Hence, further study is required to understand
how MBCs could control ongoing HIV infection and how they contribute to generating broadly
neutralizing or other antibodies either naturally or upon vaccination.
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