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A shift in understand the memory B cell response
Vaccines that induce neutralizing antibodies have led to the eradication of small pox and
severely reduced the prevalence of many other infections. However, even the most
successful vaccines do not induce protective antibodies in all individuals and can fail to
induce lifelong immunity. A key to remedying these shortcomings may lie in a better
understanding of long-lived memory B cells.

Studying memory B cells has been challenging because they are present at very low
frequencies in immune individuals. Classically, memory B cells were defined as expressing
an isotype-switched BCR that underwent affinity maturation in the GC (1, 2). However,
recent advances in tracking rare memory B cells have led to the appreciation that T-
dependent immune responses can generate both IgM+ and isotype switched memory B cell
subsets and it is clear that IgM+ memory B cells exist in both humans and mice (3–8). In
addition, some memory B cells do not contain somatic mutations and can be generated in a
GC-independent fashion (5, 9, 10). Recent studies have compared memory B cells
expressing different Ig isotypes and found differences in the generation, affinity maturation,
function, and longevity of these subsets. Here we review these studies and their implications
for humoral immunity.

Initiation of a memory B cell response
Infection with an invading pathogen or immunization with pathogen products results in the
generation of antigen-specific memory B cells and plasma cells (1, 2, 11–13). Plasma cells
create a first level of protection through the constitutive secretion of antibody specific for
the pathogen (14, 15). These terminally differentiated cells express low amounts of surface
immunoglobulin (B cell receptor, BCR) on their cell surface and cannot respond to a
secondary exposure to antigen. Memory B cells, on the other hand, maintain BCR
expression and respond robustly to antigen by quickly differentiating into plasma cells,
thereby increasing the level of circulating antibody (6, 16). Vaccine strategies that require
more than one injection increase the level of circulating antibody by stimulating memory B
cells with booster immunizations. Further, in situations where the level of antibody falls
below the amount known to protect against infection, the memory B cell response is often
robust enough to maintain protection. Thus, memory B cells are a source of inducible
antibody that provides further protection against infection.

Corresponding Author: Kathryn A. Pape, 2101 6th St SE, MBB 3-280, Minneapolis, MN 55455, (Tel) 612 626 1188, (Fax) 612 625
2199, papex001@umn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Trends Immunol. Author manuscript; available in PMC 2013 December 01.

Published in final edited form as:
Trends Immunol. 2012 December ; 33(12): 590–597. doi:10.1016/j.it.2012.07.005.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Memory B cells are the progeny of naïve B cells that have undergone antigen-and helper T
cell-dependent activation (Fig. 1) (1, 2, 11–13). Each naïve B cell displays a unique
membrane-bound antibody that serves as the cell’s BCR. Naïve B cells circulate through the
follicles of secondary lymphoid organs where they encounter foreign proteins brought there
by lymphatic drainage (17). A few naïve B cells in the secondary lymphoid organs will
express BCRs capable of binding the foreign protein and this binding will transduce signals
that cause the B cell to migrate to the edge of follicle bordering the T cell area (18). This
binding will also result in the foreign protein being internalized and degraded into peptides
(17), some of which will bind to major histocompatibility complex class II molecules
(MHCII). At the follicular border CD4+ T cells expressing T cell antigen receptors (TCR)
specific for this peptide-MHCII ligand will bind to the peptide-MHCII ligand on the
activated B cell and express CD154 and secrete cytokines such as IL-4 and IFN-γ
Stimulation of CD40 by CD154 together with cytokine receptor stimulation induces the B
cells to proliferate and causes some of them to undergo class switch recombination, which
involves an activation-induced cytidine deaminase (AID)-dependent DNA deletion between
the μ switch region and one of the regions upstream of the γ, α or ε H chain constant exons
(19, 20). The B cells then differentiate into one of 3 fates: short-lived plasma cells (21, 22),
germinal center (GC) B cells (23, 24), or as will be discussed in more detail shortly, memory
B cells.

The decision to become a short-lived plasma cell or GC B cell is governed by the Bcl-6 and
Blimp-1 transcription factors (1). If a B cell turns on Bcl-6 it will become a germinal center
cell (25), if it turns on Blimp-1 it will become a plasma cell (26, 27). B cells that upregulate
Bcl-6 migrate into the follicular core and interact with follicular helper T cells within the
germinal center, proliferate and acquire somatic mutations in their BCRs due to the action of
AID (28–32). Since germinal center B cells require BCR signaling to survive, those that
acquire mutations that improve antigen binding gain a competitive advantage over those that
fail to improve affinity (33–37). These winners emerge from the germinal center
competition as memory B cells or bone marrow-homing long-lived plasma cells (reviewed
recently in (12)).

IgM+ memory B cells are generated in humans and mice
Although memory B cells that express IgM on their surface have been described in humans
using CD27 as a marker (4, 28, 38, 39), the origin and function of these cells has not been
clearly determined since their antigen specificity is unknown (reviewed recently in (40, 41)).
In mice, there are several robust antigen-specific systems (42–48) but there is no marker to
differentiate memory IgM+ cells from naïve cells and thus IgM+ memory B cells were
difficult to study in mice until recently.

The first group to track murine IgM+ memory B cells created a mouse with a tamoxifen-
inducible version of Cre recombinase inserted in the gene coding for AID (6). This mouse
was then crossed to a Rosa26-loxP-STOP-loxP-eYFP reporter mouse, so that any B cells
that expressed AID, and presumably passed through a germinal center, became irreversibly
marked by eYFP expression in the presence of tamoxifen. Following immunization with
sheep red blood cells, IgM+ AIDeYFP+ B cells were detected along with IgG+ AIDeYFP+ B
cells, demonstrating that IgM+ memory B cells could be generated during a T-dependent
immune response (6). It is not clear why IgM+ AIDeYFP+memory cells did not switch
isotypes, but it may be that these cells did not upregulate the cofactors required for isotype
switching (49).

A more recent study (7) evaluated the relative contribution of all IgM+ cells, including those
that might not express AID, to the memory pool by utilizing an antigen-based enrichment
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strategy to comprehensively track the entire R-phycoerythrin (PE)-specific B cell population
in normal mice. Tracking endogenous polyclonal B cells specific for PE (16, 43, 44) has
given the field a wealth of information, but is limited in situations where the frequency of
cells is rare. Additionally, IgM+ B cells are often gated out and expression of a switched Ig
isotype is used to identify memory B cells. Antigen-based enrichment allows rare cells to be
more easily detected and even allows for the enumeration of the naïve antigen-specific B
cell population prior to immunization. Using antigen-based enrichment it was found that
~20,000 naïve PE-specific precursors gave rise to a stable population of ~100,000 PE-
specific IgM+ memory B cells, which outnumbered PE-specific switched memory B cells by
at least two-fold at all times during the response. These IgM+ memory B cells had fewer
mutations in their Ig heavy chains and bound lower amounts of PE than their switched Ig+

counterparts, showing less evidence of GC selection and affinity maturation. Importantly,
while PE-specific IgM+ memory B cells did not appear to undergo much affinity maturation,
T cell help was required for their generation. Thus, by tracking antigen-specific B cells in
mice, it has been clearly shown that an IgM+ memory B cell population forms in a T cell-
dependent fashion following immunization. However, this population underwent less
affinity maturation compared to switched Ig+ memory B cells.

GC-dependent and GC-independent memory B cell formation
It is known that the GC reaction is not required for memory generation since not all memory
B cells have Ig somatic mutations (5, 9) and memory B cells are found in mice that lack
Bcl-6 and cannot form GCs (10). Indeed, the majority of IgM+ memory B cells are produced
in a GC-independent fashion while the majority of switched Ig+ memory B cells are derived
from GCs (8). The GC-derived switched Ig+ memory cells express CD73 (8), which has
been reported as a marker of highly mutated memory B cells (5, 50). The small fraction of
GC-derived IgM+ memory B cells also express CD73, and are likely to correspond to the
CD73+ IgM+ AIDeYFP+ memory B cells generated in AID reporter mice (6).

The earliest memory B cells detected have been found in lymphoid organs only 3 days after
priming, well before the formation of GCs (8, 51). These early memory B cells differentiate
from a proliferating precursor that also gives rise to GC cells. The precursor cells express
CD38, Bcl-2, and CCR6, which are typically associated with memory B cells, along with
GL7 and FAS, which are typically associated with GC cells (8, 37). Despite GL7 and FAS
expression, these precursors are not simply early GC cells since they do not bind PNA and
lack Bcl-6 expression (8). Further, this precursor population is not found in germinal centers
but is instead located at the follicular border (8, 37). A study utilizing a transgenic mouse
that expresses a YFP:Bcl-6 fusion protein found that Bcl-6 upregulation occurred at the
follicular border and the Bcl-6+ cells migrated quickly into the follicle to seed the GC
reaction (52). This migration appears to be mediated through the downregulation of EBI2
(53, 54), which is a Bcl-6 target gene (55).

CD40 appears to play a role in directing the precursor cells to differentiate directly into
memory B cells versus entering the GC reaction. Treatment of mice with an agonistic anti-
CD40 antibody enhances the GC-independent memory cell pathway (8) and completely
blocks GC differentiation (8, 56). A likely explanation is that cells differentiate down the
memory pathway in response to very strong CD40 stimulation, while weaker CD40 signals
induce GC differentiation. Once GC differentiation has occurred, IL-21 appears to be
required to achieve maximal GC formation likely through the maintenance and/or
stabilization of Bcl-6 expression (57, 58).

Taylor et al. Page 3

Trends Immunol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Thus, most IgM+ memory B cells arise from the activated B cells that receive strong signals
from CD4+ T cells at the T/B border early in the response (Fig. 1). In contrast, most swIg+

memory B cells are GC-derived.

Functional differences between IgM+ and switched Ig+ memory B cells
Naïve and IgM+ memory B cells expand and differentiate with similar kinetics after antigen
challenge (6, 7). In contrast, switched Ig+ memory B cells do not form GC cells and instead
generate a large number of plasma cells more quickly than naïve or IgM+ memory B cells
(6, 7). This rapid plasma cell response requires T cell help, and it has been proposed that
preferential localization of switched Ig+ memory B cells near contracted GCs, which contain
CD4+ follicular-helper memory T cells, may contribute to the rapidity of the switched Ig+

memory B cell response (59). The enhanced ability of switched Ig+ memory B cells to
differentiate into plasma cells may be the result of differences in signaling through the
unique cytoplasmic tails of the IgM and IgG BCRs (60–63). In addition, the BCRs
expressed by switched Ig+ memory B cells have a higher affinity for antigen than BCRs
expressed by IgM+ memory or naïve B cells (7), which could further amplify signaling as a
result of increased antigen binding. Thus, switched Ig+ memory B cells likely receive unique
signals upon antigenic challenge that shunt them rapidly towards the plasma cell pathway
and away from the GC pathway. It is possible that switched Ig+ memory B cells retain some
GC potential, but the early burst of antibody produced by these cells may quickly neutralize
the antigen and inhibit GC formation.

While the rapid burst of plasma cells formed during the secondary response of switched Ig+

memory B cells functions to boost the levels of high affinity serum antibody, the role of
IgM+ memory cells during a secondary response is less obvious, since IgM+ memory cells
respond poorly in the presence of antigen-specific serum antibody (7). IgM+ memory B cells
could be important during reinfection with a mutated version of the original pathogen. In
this situation, serum antibody and memory B cells may bind to a mutated antigen but only
with low affinity. The activated switched Ig+ memory B cells would not be able to enter
GCs and produce progeny with increased affinity for antigen. However, activated IgM+

memory B cells could enter GC reactions and acquire mutations in their BCRs that would
result in a new high affinity response to the mutated pathogen.

When murine IgM+ and switched Ig+ memory cells were tracked 500 days post priming
using the antigen-enrichment technique, the number of IgM+ memory B cells remained
stable whereas switched Ig+ memory B cells declined with a half-life of about 50 days (7).
Thus, IgM+ memory B cells may function as an expanded population of antigen-specific B
cells in the case that both serum antibody and switched memory Ig+ B cells decline below
useful levels (Figure 2). An example of this in humans may be the hepatitis B vaccine,
where vaccine-specific antibodies can drop to low or undetectable levels a few years after
vaccination yet these individuals appear to remain protected from HBV infection (64).

Some vaccinations and infections may elicit stable populations of switched Ig+ memory B
cells. One study found switched Ig+ memory B cells specific for the 1918 pandemic strain of
influenza circulating in the blood of survivors 90 years after primary exposure to the virus
(65). Whether these switched Ig+ memory B cells were stably maintained or represented the
survivors of a contracted population is unknown. Additionally, boosting by antigenically
related viruses may have contributed to the longevity of these memory B cells. Another
study found that small pox-specific memory B cells were found for greater than 50 years
after vaccination, with a 10-fold reduction in number during the first 10 years and stable
numbers thereafter (64). In this study, the measurement of memory B cells was indirect
following an in vitro stimulation to induce the differentiation of memory B cells to antibody
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secreting plasma cells. In light of data showing that switched memory Ig+ cells had a shorter
half-life compared to IgM+ memory B cells in mice (7), it would be interesting to track the
relative contributions of vaccine-specific IgM+ and switched Ig+ memory B cells in humans.

Thus, switched Ig+ memory B cells differ from IgM memory B cells in their location,
persistence, and in the way they respond during a secondary response. A growing field of
research has indicated that B cells have other roles beyond antibody production including
the production of cytokines. B cell derived IL-2 and TNFα appears critical for protection
against infection with an intestinal helminth (66). In contrast, B cell derived IL-10 has been
shown to play an inhibitory role during salmonella infection in mice (67). Cytokine
production by memory B cells has not been studied in these situations, but it will be
interesting to see if IgM+ and switched Ig+ memory B cells will have the capacity to produce
different types of cytokines.

Class-specific differences in switched Ig+ memory B cells
The switched Ig+ memory B cell pool contains cells expressing different isotypes, with the
amount and variety of isotypes determined by the priming conditions. For example,
immunization with aluminum salts (Alum) or helminth infection preferentially induces IL-4
producing TH2 cells that direct B cells to class switch to the IgG1 and IgE isotypes (68, 69).
LPS associated with gram-negative bacteria preferentially induces IFN-γ secreting TH1
cells that direct B cells to class switch to the IgG2a isotype (70, 71). Considering the
differences between IgM+ and switched Ig+ memory cells, it seems likely that differences
exist between the individual class-switched subsets present in the switched memory B cell
pool.

It has been recently shown that production and maintenance of IgG2a+ and IgA+ memory B
cells is controlled by the separate central transcriptional regulators, T-bet and RORα,
respectively (72–74). The expression of different transcriptional regulators promoted
specialized immune functions, in that IgG2a+ memory B cells expressed higher levels of
CXCR3 (73), which promotes migration to sites of inflammation, whereas IgA+ memory
cells expressed higher levels of integrin α4β7 (75, 76), which promotes migration to
mucosal tissues. IgA+ memory B cells also had higher expression of IL-17 and IL-22
receptors than IgG2a+ memory B cells. Thus, these findings suggest that IgG2a+ and IgA+

memory B cells will have differences in both cell trafficking and growth factor
requirements. IgE+ memory B cells are enigmatic in that they have not been readily detected
in vivo, even though significant numbers of short-lived IgE+ plasma cells are generated after
injection of antigen with alum or infection with Nippostrongylus brasiliensis (69, 77). The
lack of IgE+ memory B cells is correlated with an inability of IgE+ B cells to participate in
the GC reaction. This was initially demonstrated in a model in which monoclonal antigen-
specific IgE+ B cells were found to differentiate quickly into plasma cells but could not be
found in GCs (77). More recently, fluorescent IgE reporter mice have been generated that
more sensitively detect rare IgE+ B cells (78, 79). These studies identified a population of
rare IgE+ B cells that had differentiated into GC B cells. However, the IgE+ GC B cells were
unusually short-lived, and IgE+ long-lived plasma cells did not accumulate in the bone
marrow (79). It is not clear why IgE+ GC B cells are so short lived, but IgE+ B cells were
found to express higher levels of Blimp-1 (79), which may predispose them to enter the
plasma cell pathway. The higher Blimp-1 levels may be related to IL-4 exposure, as IL-4 is
required for the generation of IgE (80), and has been found to directly increase Blimp-1
expression in T cells in vitro (81).

Considering the poor ability of IgE+ cells to participate in GC reactions, one might wonder
how high affinity IgE antibodies would ever be produced. Recent work has indicated that
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high affinity IgE can be generated by sequential class switching of affinity-matured IgG1+

cells (77, 82). The evidence supporting this idea is the presence of IgG1 remnants in the Ig
heavy chain DNA of cells expressing high affinity IgE. Furthermore, while IgG1-deficient
hMT mice produce low affinity IgE by direct switching from IgM to IgE, they cannot
produce high affinity IgE in response to repeated immunization (77, 82). Thus, IgE memory
does not appear to result from the generation of traditional IgE+ memory B cells, but instead
resides within affinity-matured IgG1+ memory B cells (Fig. 3). This may be a protective
mechanism aimed at limiting future IgE reactions, which can have pathological effects due
to basophil and mast cell degranulation.

These recent studies of cells expressing IgG2a, IgA and IgE isotypes have demonstrated
some of the differences in origin, function and longevity among memory B cells of different
switched isotypes, but many questions remain. For example, what transcriptional regulators
control the production and maintenance of isotypes other than IgG2a and IgA? Do memory
B cells of switched isotypes other than IgE differ in their longevity? What determines
whether a B cell undergoes a direct switch from IgM to IgE or makes a switch first to IgG1,
and later to IgE? It would also be interesting to know if all IgG1+ memory B cells are
competent to switch to IgE because IgG1+ memory cells can be generated both in an IL-4
dependent and IL-4 independent fashion (68).

Concluding Remarks
The work highlighted in this review shows that there is much greater heterogeneity in the
differentiation and function of memory B cells than previously appreciated. These recent
studies have shown us that GC-independent IgM+ memory B cells are longer-lived and can
out number switched Ig+ memory B cells specific for the same antigen. Switched Ig+

memory B cells respond robustly to secondary challenge with antigen while IgM+ memory
B cells only appear to respond in situations where the level of antigen-specific antibody is
low. Within the switched Ig+ memory B cell compartment, the expression of different
transcription factors by cells expressing different isotypes promotes specialized immune
functions. Further, IgE memory does not appear to result from the generation of traditional
IgE+ memory B cells, but instead occurs as a sequential isotype switch by IgG1+ memory B
cells upon secondary challenge with antigen.

For the future, the ability to track rare populations of antigen-specific memory B cells could
be useful in helping to improve vaccination strategies. For example, protective antibody
levels can vary 20,000-fold from person-to-person following immunization with Hepatitis B
vaccine, and it is not known whether this is due to variability in individual frequencies of
vaccine-specific B cells before vaccination or variability in the response of the vaccine-
specific B cells. Directly tracking rare populations of vaccine-specific B cells before and
after vaccination would differentiate between the two possibilities, providing clues where to
focus efforts to improve the vaccine. Another example is influenza. Yearly vaccinations are
required to protect against continuously evolving influenza virus strains, and do not protect
against the emergence of completely new strains of influenza. However, cross-reactive
antibodies have been found that can protect against infection with divergent strains of
influenza (83–85). These cross-reactive antibodies are very rare and may be derived from
recently activated memory B cells that have undergone several rounds of affinity maturation
(85). Tracking these rare memory B cells, along with their progenitors, may help us learn
how to generate a better immune response against broadly cross-reactive epitopes in rapidly
mutating viruses.
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Figure 1. T dependent B cell differentiation in response to antigen
After BCR stimulation by antigen, rare naive B cells located within the follicle migrate to
the border of the follicle and T cell area. Here, the activated B cells receive signals (CD40
via CD40L and various cytokines) from cognate CD4+ T cells, proliferate and adopt one of
3 fates: 1) Differentiate into memory B cells and migrate into the follicle; 2) Upregulate
Blimp-1, migrate out of the follicle and become short-lived plasma cells; or 3). Upregulate
Bcl-6, migrate deep into the follicle and establish germinal centers (GC). In the GC, B cells
proliferate robustly and undergo CD4+ T cell-dependent affinity-maturation. Failure to
receive signals from CD4+ T cells results in death while cells that receive signals can exit
the GC as long-lived plasma cells or memory B cells. Most GC-derived memory B cells
express isotype switched Ig (swIg) while most GC-independent memory B cells express
IgM.
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Figure 2. Early versus late memory B cells
The left box depicts a situation early after initial antigen exposure when both IgM+ and
swIg+ memory B cells are present along with high titers of antigen-specific serum antibody.
Upon secondary challenge, the serum antibody binds up much of the antigen and only the
high-affinity swIg+ memory B cells respond. They form a large burst of swIg+ short-lived
plasma cells, which boost the levels of serum antibody. They also form more swIg+ memory
B cells, but they do not form GC B cells. The right box depicts a situation long after antigen
exposure where antigen-specific serum antibody and swIg+ memory B cells have declined to
very low or undetectable levels. The long-lived IgM+ memory B cells can now respond to
the secondary challenge and form IgM+ and swIg+ plasma cells, GC B cells, and memory B
cells.
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Figure 3. High affinity IgE memory resides within affinity-matured IgG1+ memory B cells
Following antigen exposure and interaction with IL-4-producing CD4 helper T cells at the
follicular border, B cells proliferate, isotype switch to IgG1 or IgE, and follow one of 2
fates: 1). Upregulate Blimp-1, migrate out of the follicle and become short-lived plasma
cells; or 2). Upregulate Bcl-6, and migrate into the GC. IgE+ GC B cells appear to be rapidly
shunted into the short-lived plasma cell pathway before affinity maturation can occur. In
contrast, IgG1+ GC B cells undergo CD4+ T cell-dependent affinity-maturation and some
exit the GC as long-lived plasma cells or memory B cells. Upon a second encounter with
antigen, the GC-derived high-affinity IgG1+ memory cells form a rapid short-lived plasma
cell response, where some of the cells undergo isotype switching from IgG1 to IgE.
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