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B cells and the antibodies they produce have a deeply penetrating influence on human physiology.
Here, we review current understanding of how B cell responses are initiated; the different paths to
generate short- and long-lived plasma cells, germinal center cells, and memory cells; and how each
path impacts antibody diversity, selectivity, and affinity. We discuss how basic research is inform-
ing efforts to generate vaccines that induce broadly neutralizing antibodies against viral pathogens,
revealing the special features associated with allergen-reactive IgE responses and uncovering the

antibody-independent mechanisms by which B cells contribute to health and disease.

The importance of B cells to human health is hard to overstate.
Vaccines capable of eradicating disease activate B cells, cancer
checkpoint blockade therapies are produced using B cells, and
B cell deficiencies have devastating impacts (Figure 1). B cells
have been a subject of fascination since at least the 1800s,
when early microscopists observed foci of mitotic figures in
lymphoid tissues that they named germinal centers (Flemming,
1885). The notion of a humoral branch to immunity emerged
from the work of Ehrlich (1908) and contemporaries studying B
cells in the early 1900s. Efforts to understand how we could
make antibodies from B cells against almost any foreign surface
while usually avoiding making them against self, led to Burnet’s
clonal selection theory (Burnet, 1960). This was followed by the
molecular definition of how a diversity of immunoglobulins can
arise by gene rearrangement in developing B cells (Tonegawa,
1987). Recombination activating gene (RAG)-dependent pro-
cesses of V-(D)-J rearrangement of immunoglobulin (Ig) gene
segments in developing B cells are now known to be able to
generate an enormous amount of antibody diversity (theoreti-
cally at least 10'® possible variants) (Briney et al., 2019; Schatz
et al., 1989). With so much already known, B cell biology might
be considered “done” with only incremental advances still to
be made, but instead, there is great activity in the field today
with numerous major challenges that remain. For example,
efforts are underway to develop vaccines that induce broadly
neutralizing antibody responses, to understand how autoanti-
gen- and allergen-reactive antibodies arise, and to harness B
cell-depletion therapies to correct non-autoantibody-mediated
diseases, making it evident that there is still an enormous amount
we do not know about B cells and much work to be done. In this
review, we give an overview of how B cells travel throughout the
body surveying for antigen, how they respond upon antigen
encounter, how they go on to become IgM-, IgG-, IgA-, or IgE-
secreting plasma cells (PCs) or memory B (Bmem) cells, and
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how they contribute to a variety of disease states including auto-
immunity, allergy, and cancer. We highlight newer findings in
each area while guiding the reader to recent reviews for deeper
assessment of each topic.

B Cell Trafficking and Antigen Encounter

The initiation of humoral immune responses requires that rare
antigen-reactive B cells come in contact with antigen (Figure 2).
These encounters predominantly occur in secondary (or periph-
eral) lymphoid tissues—including the spleen, lymph nodes (LNs),
and Peyer’s patches (PPs)—and are promoted by two core pro-
cesses. First, the lymphoid tissues are specialized to filter body
fluids—blood, lymph, and mucosal contents—and to capture
and display foreign antigens for B cells to “see.” Second, these
tissues support the continual recruitment of lymphocytes from
the blood across specialized lymphocyte-binding endothelial
cells and their movement into compartments (lymphoid follicles)
where incoming antigens are focused (Cyster, 2010; Schulz
et al., 2016). The initial cell types that handle incoming antigens
differs between the lymphoid tissue types, but the overall princi-
ple of making intact antigen available for B cell encounter is
similar. In LNs, for example, specialized macrophages exist in
a subcapsular location that capture particulate antigens from
the lymph and transport them in a directional manner along their
length to tail processes that contact follicular B cells (Cyster,
2010). Embedded within the center of lymphoid follicles are
follicular dendritic cells (FDCs), specialized stromal cells that
are highly efficient at capturing and displaying opsonized
(antibody- and/or complement-coated) antigens on their exten-
sive network of dendritic processes (Allen and Cyster, 2008;
Heesters et al., 2014). The gene expression profile of FDCs has
long been elusive due to their rarity and difficulty to isolate but
has recently been obtained using single-cell RNA sequencing
(RNA-seq) technology (Rodda et al., 2018). In contrast to most
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Figure 1. The Many Possible Functions of a B Cell

Right (blue arrows): shows physiological actions. Left (black arrows): shows therapeutic applications. APC, antigen-presenting cell; ELISA, enzyme linked
immunosorbent assay; IVIG, intravenous immunoglobulin; mAb, monoclonal antibody. Passive immunity refers to, for example, protection provided by horse
serum against snake venom or from viral infection with transferred mAbs. IVIG is used to provide passive immunity against pathogens in immune-deficient
patients but also has anti-inflammatory activities, dependent on antibody glycosylation and binding of inhibitory receptors, and can be used to treat some
inflammatory and autoimmune diseases. B cells may be engineered (e.g., using CRISPR-Cas9-based gene targeting) to secrete pre-defined antibodies or other
proteins such as plasma clotting factors. As antigen-presenting cells, B cells may prime T cells that have protective, autoreactive, or allergy-promoting effector
functions beyond providing help to B cells. For details about other parts of the diagram, see main text.

antigen-capturing cells, FDCs are non-phagocytic and can retain
and display intact antigens on their cell surface for periods of
weeks, although this may involve endocytic recycling (Heesters
et al., 2014).

B cell migration to follicles is guided by the chemokine
CXCL13, the ligand for CXCR5, which is made by FDCs and by
other follicle-associated stromal cells. Within the follicle, B cells
migrate continuously along the follicular stroma in a non-direc-
tional fashion, at ~6 um per minute, surveying subcapsular
macrophages and FDCs for surface-displayed antigen or for sol-
uble antigens in their environment (Batista and Harwood, 2009;
Cyster, 2010; Qi et al., 2014). Lymphoid stromal cells within fol-
licles as well as in other parts of lymphoid tissues are a source of
BAFF (TNFRSF13b), a critical B cell survival factor (Cremasco
et al., 2014; Rodda et al., 2018). B cell access to the outer parts
of the follicle is promoted by a second guidance factor, the oxy-
sterol 74,25-HC, that is produced by stromal cells in these
regions and acts via the chemoattractant receptor EBI2
(GPR183) (Cyster et al., 2014; Gatto and Brink, 2013).

If, after several hours of surveillance, antigen is not encoun-
tered, B cells exit lymphoid tissues in response to sphingosine-
1-phosphate (S1P) sensing via their S1PR1 receptor (Cyster
and Schwab, 2012). From the spleen, B cells exit into blood ves-
sels and, from LNs and PPs, into lymphatic vessels. Once in the

circulatory fluid, B cells can travel to another lymphoid tissue in a
matter of minutes to continue their surveillance program. The
exact mechanisms controlling the times that B cells spend in a
lymphoid tissue have not been fully delineated, although a
modeling study suggested that dwell time might be accounted
for by the migration properties of the B cells and their propensity
to exit versus remain in the tissue upon each lymphatic sinus
encounter (Grigorova et al., 2010). Recent work has shown that
lymphocyte entry into and exit from lymphoid tissues has a circa-
dian component; more lymphocytes accumulate in lymphoid tis-
sues during the period of higher physical activity (Druzd et al.,
2017). Neuronal activity may contribute to this circadian behavior
because lymphocyte adrenergic receptor signaling can promote
CXCR4-mediated retention in LNs (Suzuki et al., 2016).

Early B Cell Activation

Upon encounter with antigen, signaling via the B cell receptor
(BCR) initiates B cell activation (Figure 2). The actual mechanism
by which antigen binding activates the BCR remains an area of
active investigation. One model proposes that antigen binding
leads to clustering of BCRs on the membrane to initiate signaling
(Liu et al., 2016). Conversely, an alternative model is that BCR
clusters preexist before antigen encounter, and antigen binding
dissociates these clusters enabling signaling to occur (Yang and
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Figure 2. Cellular Dynamics Underlying a B Cell Response
Circulating antigen-specific B cells (blue) that are as rare as 1in 10* to 1 in 10°
enter and survey an antigen-draining lymph node (LN). A B cell encounters an
opsonized (complement coated) antigen displayed on a follicular dendritic cell
(FDC) process and receives B cell receptor (BCR) and complement receptor-2
(CR2) signals. Activation involves upregulation of surface molecules, antigen
internalization processing and (in the case of protein-containing antigens)
presentation as MHC class Il peptide (MHClIpep) complexes, and entry into
G1 of cell cycle. If the antigen engages multiple BCRs and/or coreceptors on
the B cell, a T-independent (TI) proliferative response ensues. Lower valency
protein-containing antigens drive T-dependent (TD) responses, where the
B cell depends on signals from helper T cells to undergo proliferation. The
proliferative phase is followed by differentiation into short-lived plasma cells
(SLPCs), germinal center (GC) B cells, and/or memory B cells (Bmem). The
relative differentiation to these distinct states varies and depends on the
integration of signals received by the B cell including via the BCR, co-
receptors, and T cell help. GC B cells take on a dendritic morphology that may
facilitate antigen encounter and affinity discrimination. GCs give rise to more
SLPCs, to Bmems, and to long-lived plasma cells (LLPCs).

Reth, 2016). A further variant on these models is that the mobility
of the BCR, relative to coreceptor molecules, may be altered by
antigen binding (Liu et al., 2016; Yang and Reth, 2016). Naive B
cells express membrane-bound immunoglobulin of the IgM and/
or IgD isotypes, which lack significant intracellular domains, thus
signal transduction relies on associated molecules. In particular,
Ige. and Igp are pre-associated with IgM and IgD and contain
intracellular ITAM motifs that can be phosphorylated by tyrosine
kinases (Kurosaki et al., 2010; Yang and Reth, 2016). The
Syk tyrosine kinase is essential for BCR signaling while Src-
family kinases (SFK) may be most critical for responses to mono-
valent antigens (Noviski and Zikherman, 2018). Tyrosine phos-
phorylation leads to a cascade of downstream signaling events
including the activation of multiple pathways. In addition, CD19
associates with IgM and IgD and is involved primarily in trig-
gering the PI3 kinase-Akt pathway (Kurosaki et al., 2010).
Together, signals transduced downstream of the BCR complex
lead to changes in the expression of numerous genes, including
upregulation of costimulatory molecules (CD86, CD80), adhe-
sion molecules (ICAM1), migration receptors, pro-survival mole-
cules, and cell-cycle-related genes.

Most complex antigens will engage other receptors on the B
cell in addition to the BCR. The ligation of some co-receptors,
such as toll-like receptors (TLRs) or complement receptors
(CR2), leads to amplification and possibly qualitative modifica-
tion in the BCR signal (Carroll and Isenman, 2012; Suthers and
Sarantopoulos, 2017). Co-receptor engagement may also
reduce the threshold of antigen needed to activate B cells.
Conversely, B cells express multiple ITIM-containing receptors
that recruit negative regulatory phosphatases, such as SHIP1
and SHP1, and these dampen the BCR signal (Tsubata, 2018).
For example, FcyRIlb contributes to antibody-mediated nega-
tive feedback of B cell activation by recruiting SHIP1 to the
BCR. CD22, a member of the sialic acid binding Ig-type lectin
(Siglec) family, restrains tonic and antigen-induced BCR
signaling in a gene-dosage sensitive and SHP1-dependent
manner. CD72 recognizes the lupus self-antigen Sm/RNP and
limits autoreactive B cell activation by recruitment of SHP1 to
the BCR (Tsubata, 2018).

BCR triggering also prompts internalization of the BCR and
bound antigen in a predominantly clathrin-dependent manner.
Internalization requires tyrosine-containing motifs in Ige. and



IgB and involves SFK activity (Hoogeboom and Tolar, 2016).
Uptake of membrane bound antigens can involve an actin-
dependent membrane “spreading and gathering” process prior
to internalization. Forces generated by myosin during invagina-
tion can lead to rupture of weak bonds between BCR and
antigen and may serve as a form of affinity discrimination (Hoo-
geboom and Tolar, 2016). After internalization, antigen travels via
endosomes to lysosomes for enzymatic processing, and pep-
tides are docked on MHC class Il for delivery to the cell surface
and presentation to T cells.

For the B cell response to progress, proliferation has to occur
(Figure 2). This is necessary for the generation of a clonal popu-
lation of daughter cells, but also for differentiation. Antigens of
low valency trigger B cell transition from GO to G1 of the cell
cycle, poising the cell for rapid proliferation in response to helper
T cell-derived signals in T-dependent responses. In some cases,
when signaling via co-receptors (such as TLRs) is strong, the
need for T cell help may be overcome. This is designated a
T-independent type 1 response. Alternatively, highly multivalent
antigens alone may trigger sufficiently strong BCR signaling for
cells to enter into cycle, in a T-independent type 2 response.
These T-independent events can be augmented by cytokines
such as BAFF and APRIL (TNFSF13), derived from innate
sensor-engaged accessory cells (Balazs et al., 2002). Following
BCR engagement, co-receptor activation, T cell help, and/or
cytokine signals, cell division is coupled with subsequent differ-
entiation events. For example, in vitro studies have established
that class switch recombination (CSR) to other BCR isotypes,
and B cell differentiation into plasma cells, require a minimum
number of cell divisions (Nutt et al., 2015).

Requirements for B-T Interactions

In T-dependent immune responses, rare antigen-engaged B
cells must encounter rare cognate antigen-specific T cells
(Figure 2). One early consequence of BCR triggering is the upre-
gulation of CCR7 and EBI2, with these chemoattractant recep-
tors acting together to guide B cells to the interface of the B
cell follicle and the T cell zone (Cyster et al., 2014). Another effect
is downregulation of STPR1 to ensure that the activated cells are
retained in the responding tissue. At the follicle-T zone interface,
B cells interact with CD4 helper T cells, the latter often (but not
always) pre-activated by encounter with antigen-presenting
dendritic cells (DCs), and they engage in interactions that last
tens of minutes and sometimes more than an hour (Allen et al.,
2007; Hong et al., 2018; Qi et al., 2014).

Multiple interaction partners guide and shape the nature of
cognate B-T interactions. Integrins are important players in
most leukocyte cell-cell interactions and migration and
contribute to the stability of B-T interactions. The integrin LFA1
on helper T cells engages both ICAM1 and ICAM2 on B cells
and augments the ability of lower affinity B cells to enter into re-
sponses (Zaretsky et al., 2017). The amount of MHC-peptide
presented on the B cell also contributes to the stability of these
interactions (Zaretsky et al., 2017). Actin regulatory proteins
are important, and some of the B cell response defects arising
from deficiency in Wiskott-Aldrich syndrome protein (WASp),
WASPp interacting protein (WIP), various Rho GTPases, or the
guanidine exchange factors (GEFs) DOCK8 and intersectin-2

(ITSN2), might be a consequence of reduced B-T conjugate sta-
bility (Burbage et al., 2018). Costimulatory signaling from CD86
to CD28 is also crucial in the early phase of B cell responses.

B cells that have received T cell help may undergo a variety of
differentiation states described in Figure 2, including the forma-
tion of germinal centers (GCs). Ongoing B-T interactions are crit-
ical for the maintenance of GCs. In a GC response, ICOSL
engagement of ICOS, a relative of CD28, becomes more impor-
tant. SLAM family molecules (in particular SLAM, CD84, and
Ly108) undergo homotypic interactions between T follicular
helper (Tth) cells and B cells. When T cells lack the SLAM-asso-
ciated protein, SAP, SLAM molecules recruit SHP1 in an unre-
strained way and this antagonizes the ability of Tfh cells to
support the GC response (Cannons et al., 2011; Crotty, 2014).
The function of SLAM family homotypic interactions under SAP
replete conditions have been difficult to unravel (Chen et al.,
2017; Hu et al., 2016; Huang et al., 2016), but the pathway can
contribute to interleukin (IL)-4 induction in Tfh cells (Yusuf
et al.,, 2010). PD1 is highly expressed on Tfh cells, and both
PDL1 and PDL2 can be expressed on B cells, with PDL1 being
constitutively present. The PDL1-PD1 interaction appears to
exert a restraining influence on GC B cells because intrinsic
deficiency in PDL1 gives GC B cells a competitive advantage
(Shi et al., 2018).

A crucial component of T cell help is the expression of CD40L
and engagement of B cell CD40. CD40L, a member of the tumor
necrosis factor (TNF) family, is expressed on T cells as a mem-
brane homotrimer, and its surface expression is upregulated
following T cell activation. CD40 is constitutively expressed on
mature B cells, including naive and GC B cells. Within GCs, the
surface area of interaction (or entanglement) of GC B cells and
Tth cells is increased by ICOSL-ICOS signaling. ICOSL is upre-
gulated on mouse GC B cells by CD40 signaling in a positive
feedback loop (Liu et al., 2015). In humans, CD40 was not found
to augment ICOSL expression on GC B cells. Instead, dopamine
was discovered as a novel Tfh cell-secreted factor that aug-
ments ICOSL on human GC B cells via dopamine receptor 1
(DRD1). Imaging studies using supported lipid bilayers revealed
that ICOS ligation augmented CD40L accumulation at the syn-
aptic cleft in human T cells (Papa et al., 2017). The extent of
CD40L-CD40 engagement is thought to impact on the fate deci-
sions of B cells at various stages of differentiation in the context
of other extrinsic signals (Ise et al., 2018; Zhou et al., 2018).

Tfh cells are also known to secrete cytokines that profoundly
influence B cells. Two of the major cytokines secreted by Tfh
cells are IL-4 and IL-21 (Crotty, 2014; Vinuesa et al., 2016). These
cytokines promote B cell proliferation, CSR, and differentiation
into plasma cells or GC B cells (Moens and Tangye, 2014; Vi-
nuesa et al., 2016). Both IL-4 and IL-21 receptors signal through
the common cytokine y chain, yet are coupled to different STAT
proteins that enables the regulation of distinct subsets of genes
(Lin and Leonard, 2018). Indeed, studies in gene-targeted mice
indicate that IL-4 and IL-21 have non-redundant roles, although
the magnitude of the phenotypes of deficiencies in each of these
cytokine pathways alone seems to be variable depending on the
types of immune responses studied and assessments per-
formed. For example, IL-4 is more critical for the formation of
GCs in type 2 immune responses compared with type 1 immune
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Figure 3. Paths of Class Switch Recombination

Upon receiving appropriate activation signals, B cells undergo a DNA rearrangement of their Ig Hc gene leading to class switch recombination (CSR, also known
as isotype switching). In this process, DNA encoding the constant region of the antibody is replaced with a downstream gene sequence to encode a different
isotype. Naive B cells express IgD and/or IgM, and CSR leads to the expression of IgG, IgE, or IgA isotypes. CSR may occur directly (e.g., from IgM and IgD to IgE),
or sequentially (e.g., from IgM and IgD to IgG to IgE). Memory B cells may also undergo CSR upon re-activation (e.g., from IgG to IgE). Once cells differentiate into
PCs, CSR is extinguished. There are thus multiple paths giving rise to PCs expressing particular antibody isotypes. As well as secreting antibody, IgM, IgA, and

IgE PCs retain membrane forms of the antibody.

responses (Turqueti-Neves et al., 2014). While mice with tar-
geted mutations in either the IL-4 or IL-21 pathways can form
GCs, the GC B cells show reductions in the expression of key
genes such as Bcl6 and Aicda (Gonzalez et al., 2018; Moens
and Tangye, 2014; Vinuesa et al., 2016). Combined deficiency
in both IL-4 and IL-21 cytokine pathways leads to severe defects
in B cell responses (Gonzalez et al., 2018; Moens and Tangye,
2014). How these cytokines may influence divergent outcomes
remains unclear; for example, IL-21 promotes the expression
of Blimp-1 in addition to Bcl-6 (Moens and Tangye, 2014), yet
because these transcription factors repress each other, their
expression is mutually exclusive during plasma cell versus GC
B cell differentiation, respectively. The regulation of B cell differ-
entiation by IL-4 and IL-21 may depend on other signals received
by the B cells as well as the timing in which the B cells are
exposed to these cytokines during B-T interactions. Interest-
ingly, recent studies indicate that the temporal expression of
transcripts for IL-4 versus IL-21 in Tth cells may differ over the
course of the immune response (Gonzalez et al., 2018; Weinstein
et al., 2016). There is also evidence in some types of immune
responses that Tfh cells can secrete other cytokines, such as
IL-10 and interferon gamma (IFNy) (Luthje et al., 2012; Vinuesa
et al., 2016). The production of IFNy is associated with CSR to
IgG2a or IgG2c (Vinuesa et al., 2016).

In humans, CXCL13 is a marker of Tfh cells (in addition to being
made by follicular stromal cells), and a correlation has been
observed between CXCL13 levels in plasma following immuniza-
tion and the Tfh cell and GC response in the lymphoid tissue
(Havenar-Daughton et al., 2016). The function of CXCL13 in Tth
cells is not yet defined but it may contribute to the stability of
contacts between GC B cells and Tth cells.

Isotype Switching

After activation, B cells may undergo CSR to change the isotype
of their BCR from IgM and IgD to IgG, IgA, or IgE (Figure 3). Ulti-
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mately, the production of secreted antibodies of these different
isotypes enables differential functional roles. Binding to Fc
receptors is an important mechanism by which antibodies
mediate effector functions. IgG can bind to multiple types of acti-
vating FcyRs that can promote numerous effector functions,
such as antibody-dependent cytotoxicity and opsonization, as
well as an inhibitory FcyR, FcyRIlb, that plays an immunomodu-
latory role (Bournazos and Ravetch, 2017). FcRn is responsible
for endosomal recycling of IgG and thereby ensuring that IgG
has a long (~3 week) serum half-life (Ward and Ober, 2018).
A large fraction of IgE is bound to FceRl, a high-affinity receptor
abundant on mast cells and basophils; engagement of IgE by
cognate antigen activates FceRI and promotes degranulation
of these cells leading to the rapid release of inflammatory medi-
ators in immediate-type hypersensitivity (Kinet, 1999). IgA and
IgM binding to the polymeric Ig receptor on epithelial cells is crit-
ical for the delivery of these isotypes to lumenal secretions
(Lycke and Bemark, 2017). IgA also exerts effector functions
through FcaRlI, which is expressed in humans but not in mice
(Aleyd et al., 2015). Complement activation is an important
feature of IgM and IgG. The specific subclasses of IgG: IgG1,
1gG2, 1gG3, and IgG4 (in humans) differ in various properties
including complement activation and their relative affinities for
particular FcyRs, enabling functional specialization (Bournazos
and Ravetch, 2017; Vidarsson et al., 2014). Overall, the 19G iso-
types are the most predominant in serum, followed by IgA. In
mucosal secretions, IgA is most abundant. In contrast, IgE is
typically the least abundant isotype, most likely because IgE-
producing cells are rare, and secreted IgE has a short half-life
(Yang et al., 2014).

Transcription of distinct promoter regions within the Ig heavy
chain (Hc) locus, leading to the induction of so-called “germline
transcripts,” is a prerequisite for CSR (He et al., 2015). These
distinct promoters contain elements responsive to a variety of
transcription factors, enabling B cells to integrate signals from



multiple inputs (including the BCR, CD40, TLRs, and cytokines)
to determine the isotype to which they will “switch.” CSR de-
pends on expression of activation-induced cytidine deaminase
(AID) and induction of mutations and double strand breaks in
switch regions (Hwang et al., 2015). When CSR occurs, the
intervening DNA regions are excised, such that subsequent
CSR events can only occur to downstream genes. For
example, the IgE gene is located downstream of the genes en-
coding the IgG isotypes, meaning that once a B cell switches to
an IgG isotype, it can subsequently switch to IgE, but
conversely, an IgE* B cell cannot switch to IgG. The genes en-
coding IgA in mice and one of the two IgA genes in humans are
the last in the sequence, and thus such IgA* cells cannot un-
dergo further CSR events.

Once B cells undergo CSR, this changes the BCR expressed
on the cell. Unlike IgM and IgD, which only have a short three
amino acid intracellular component, the IgG, IgE, and IgA isotype
BCRs have significant intracellular tails (Wienands and Engels,
2016). Through gene targeting, these tails have been shown to
have a physiological role in the responses of B cells of these
isotypes (Wienands and Engels, 2016). In particular, a conserved
tyrosine motif in the tails of the IgG and IgE BCRs is thought to
provide signal amplification. Recently, a polymorphism was
identified in 1gG1 that potentiates the phosphorylation of the
tyrosine motif and is associated with systemic lupus erythemato-
sus (SLE) (Chen et al., 2018). However, not all of the unique
signaling properties of these isotypes are due to the tail. Recent
studies indicate that the IgE BCR has distinct signaling proper-
ties from the IgG1 BCR; in the absence of antigen, the IgE
BCR seems to have increased basal signaling activity, and this
was most highly associated with the extracellular membrane
proximal domain, also known as the membrane Ig isotype-
specific (migis) region, of IgE versus IgG1 (Haniuda et al.,
2016; Yang et al., 2016). Evidence has been provided that this
region associates with Ige/p and/or CD19 (Haniuda et al,
2016; Yang et al,, 2016). The surface expression of distinct
BCR isotypes is also not identical; for example, in GC B cells,
IgE surface BCR expression is substantially lower than IgG1 sur-
face BCR expression (He et al., 2015; Yang et al., 2016). This dif-
ferential expression may be due to differences in the efficiency of
polyadenylation of membrane IgE versus IgG1 transcripts (He
et al., 2015; Yang et al., 2014), due to differences in intracellular
molecule trafficking to the cell surface (Vanshylla et al., 2018), or
due to internalization of the IgE BCR (Laffleur et al., 2015). The
low surface IgE BCR expression reduces the ability of IgE* GC
B cells to capture and present antigen (Yang et al., 2016), which,
together with the unique signaling properties of the IgE BCR,
likely contributes to the poor competitivity of IgE* B cells within
GCs (He et al., 2015; Yang et al., 2014).

Plasma Cell Responses

As B cells terminally differentiate into plasma cells (Figure 2), they
initially continue proliferating and are referred to as plasmablasts
(Nutt et al., 2015). Once these cells cease dividing and fully
mature, they become plasma cells (PCs). Because most studies
do not actually assess the proliferative state of these cell types,
they have been referred to by various names in the literature, in
some cases simply as antibody-secreting cells. We generally

refer to these as PCs in this review but in some cases will note
distinctions from plasmablasts.

The factors that determine whether a B cell undergoes PC
differentiation, becomes a GC B cell, or a Bmem are being
actively investigated. These differentiation states are influenced
by a variety of signals, such as those from the BCR, co-recep-
tors, and cytokines. B cells with higher affinity for antigen give
rise to a stronger PC response than B cells responding to a lower
affinity antigen and this reflects the strength of the plasmablast
proliferative response (Krautler et al., 2017). The isotype of the
BCR also seems to highly influence PC differentiation. A partic-
ularly striking case is that of the IgE BCR, which in mouse studies
was shown to have an antigen-independent constitutive activity
leading to increased PC differentiation, reduced GC B cell
responses, and virtually undetectable Bmems (Haniuda et al.,
2016; He et al., 2015; Yang et al., 2014, 2016). Recent evidence
from cultured human B cells (Ramadani et al., 2017) and single-
cell RNA-seq of blood samples from allergic patients (Croote
et al., 2018) provides further evidence for a bias of IgE B cells
to differentiate into PCs. Another factor that can influence the
propensity to become a PC versus a GC cell is the chronic expo-
sure to low avidity autoantigen. B cells so exposed can take on
an IgM low “anergic” state and are poorly responsive in vitro
to antigen stimulation. However, when exposed to a cross-
reactive multivalent antigen and T cell help, such anergic B cells
preferentially enter the GC response where they can then
undergo somatic hypermutation to shift away from self-reactivity
and develop increased ability to bind the foreign antigen in a pro-
cess referred to as clonal redemption (Figure 4), as discussed
further below (Burnett et al., 2018; Reed et al., 2016; Sabouri
et al., 2014). This propensity to favor the GC path appears to in
part reflect a lower intrinsic signal strength from IgD versus
IgM (Noviski et al., 2018).

The efficiency of entry into the GC response is also influenced
by the amount of T cell help received (Schwickert et al., 2011;
Woodruff et al., 2018; Zhang et al., 2017). A model has been pro-
posed where regulation of division time by signal strength is a
controlling feature of B cell fate decisions. Weaker stimulation
via CD40 in vitro was concluded to enhance plasmablast gener-
ation by slowing times to divide (Zhou et al., 2018), although
these findings need to be reconciled with evidence that within
the GC, deletion of a single copy of the CD40 gene led to reduced
plasmablast differentiation (Ise et al., 2018).

The PCs arising in the early phases of B cell responses, inde-
pendently of GCs, typically remain within the peripheral
lymphoid tissue and are short-lived PCs (SLPCs) (Nutt et al.,
2015). Due to this short lifespan, most of these early cells are still
actively proliferating as plasmablasts, and the response has
been referred to as “extrafollicular” to distinguish from predom-
inantly GC responses in the follicles. Some IgA* PCs are short-
lived but migrate to the intestinal lamina propria (Lycke and
Bemark, 2017). In mouse studies, most IgE* PCs seem to reside
in lymphoid tissues, are short-lived, and are derived by a GC-in-
dependent pathway, perhaps due to the relatively poor partici-
pation of IgE* B cells in GCs (Yang et al., 2014). There is evidence
in humans for IgE™ PCs in peripheral tissues, although the relative
lifespan and abundance of these cells compared with those in
lymphoid tissues has not been determined (He et al., 2015).
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In contrast, GCs give rise to long-lived plasma cells (LLPCs),
many of which have a BM tropism and can live for months
(Nutt et al., 2015). The transcription factor Blimp-1 is a primary
determinant of the PC fate, and reporter mice have shown that
plasmablasts have intermediate Blimp1 expression, and PCs
are Blimp1™. The ER stress response factor, XBP1, is crucial in
PCs, helping them reach their remarkable capacity of secreting
thousands of antibody molecules per second (Nutt et al.,
2015). Despite their importance for vaccinology, the factors
determining whether PCs are short versus long-lived are not
yet well understood. The transcription factor Zbtb20 has a role
in establishing a LLPC pool and durable antibody responses
after some immunization types but not others (Lam and Bhatta-
charya, 2018). PCs require large amounts of amino acids as well
as sugars for antibody glycosylation and other intermediates for
ER biogenesis. Metabolic studies have revealed that LLPCs
import more glucose and express higher amounts of the amino
acid transporter CD98 than SLPCs (Lam and Bhatta-
charya, 2018).

PCs home to supportive niches within spleen and LNs, the red
pulp and medullary cords, respectively, using CXCR4 the recep-
tor for CXCL12 (Cyster, 2003). PC exit from lymphoid tissues
requires S1TPR1, and homing to the BM requires CXCR4 while
trafficking to the intestine involves the integrin a437 and the che-
mokine receptors CCR9 and CCR10 responding to CCL25 and
CCL28 (Brandtzaeg and Johansen, 2005; Masahata et al.,
2014; Matsuo et al., 2018). The PC supportive medullary niche
in LNs contains stromal cells that produce high levels of IL-6
and APRIL, two PC trophic factors (Huang et al., 2018). In the
BM, CXCL12* VCAM1* stromal cells and APRIL-producing
hematopoietic cells are thought to be important (Nutt et al.,
2015). BM mesenchymal stromal cell-secreted factors allow pro-
longed LLPC survival in vitro, and proteomic analysis recently
identified roles for fibronectin and YWHAZ (14-3-3zeta/delta)
as well as IL-6 (Nguyen et al., 2018). A hypoxic environment
may also be an important feature of the BM niche (Nguyen
et al., 2018). The degree to which the longevity of LLPCs is due
to their environmental niche versus cell intrinsic properties
remains an area of investigation (Lam and Bhattacharya, 2018;
Wilmore and Allman, 2017). A relatively low abundance of IgE
PCs in the BM may be in part due to expression of the IgE
BCR that leads to reduced CXCR4 upregulation (Achatz-
Straussberger et al., 2008). The IgA producing cells in the lamina
propria can also be long-lived (Lycke and Bemark, 2017). Gut
stromal cells, dendritic cells, and eosinophils have been sug-
gested to produce APRIL, IL-6, and other supportive factors
for these cells (Gommerman et al., 2014; Lycke and Bemark,
2017), although a role for eosinophils in the PC niche has not
been supported by recent work (Bortnick et al., 2018; Haberland
et al., 2018).

Germinal Center Responses

Basic Mechanisms

A major challenge in understanding humoral immunity is to
understand how B cells affinity mature during responses to in-
fections, vaccine antigens, and undesirably, to autoantigens
and allergens. Antibody V-region somatic hypermutation and
selection events occur most prominently within GCs. Positive
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selection of GC B cells could occur through either of two mech-
anisms. Higher affinity cells could receive stronger BCR signals
that favor their survival compared to low-affinity cells. Alterna-
tively, by acquiring and processing more antigen in a short
period of time, higher affinity cells could be more effective in
engaging Tfh cells and receiving helper signals (Allen et al.,
2007). Strong support for the latter model comes from an anti-
body-based approach of loading B cells with increased amounts
of antigen independently of BCR engagement. Antigen-loaded B
cells achieve clonal dominance through accelerated cell division
and increased biomass accumulation that is mTORC1-
dependent (Ersching et al., 2017; Gitlin et al., 2015; Victora
et al., 2010). However, recent work has continued to provide
evidence that BCR signaling contributes to selection events
(Krautler et al., 2017; Luo et al., 2018). While BCR signaling in
GC B cells appears attenuated compared to naive B cells based
on some (but not all) in vitro studies (Khalil et al., 2012; Kwak
et al., 2018; Nowosad et al., 2016), receptor recoupling occurs
such that the BCR strengthens PI3K and weakens nuclear factor
kB (NF-kB) signaling while CD40 signals via NF-kB but not PI3K
(Luo et al., 2018; Nowosad et al., 2016). Internally, GCs are orga-
nized into a light zone (LZ) containing LZ GC B cells, antigen-
bearing FDCs, and Tfh cells and a dark zone (DZ) containing
DZ GC B cells and CXCL12-expressing reticular cells (or
DZ-FDCs). LZ and DZ GC B cells (historically known as centro-
cytes and centroblasts, respectively) differ in their transcriptional
program with LZ cells distinguished by higher CD83 and CD86
expression and DZ cells by higher AID and CXCR4 expression
(Victora and Nussenzweig, 2012). BCR signaling to Akt is
suggested to cause phosphorylation of Foxo1, a transcription
factor required for the DZ state and that needs to be repressed
in the LZ state. CD40 and BCR signaling act synergistically to
induce c-Myc, a critical transcription factor involved in GC B
cell growth and proliferation (Luo et al., 2018; Mesin et al,,
2016). An important target of c-Myc is the transcription factor
AP4 that promotes GC B cell division (Chou et al., 2016).

Thus, there may be an integration of BCR signal and T cell help
signals that determine the clonal winners in GCs or the likelihood
of a cell undergoing differentiation to a PC. Secreted antibody
limits the availability of free antigen epitopes, which has also
been shown to enhance GC B cell selection (Toellner et al.,
2018). Other inputs, such as from TLR receptors, are likely to
have an impact on selection dynamics, although whether these
effects predominantly occur during GC seeding versus within
GCs needs further investigation (Clingan and Matloubian,
2013; Rookhuizen and DeFranco, 2014; Tian et al., 2018).

GC B cells have increased metabolic activity compared to
naive B cells, taking up larger amounts of glucose and having
greater mitochondrial content. GSK3 acts within B cells to
restrain metabolic activity and prevent ROS-induced apoptosis
(Jellusova et al., 2017). The highly proliferative GC microenviron-
ment is hypoxic and this leads to HIF transcription factor induc-
tion and changes in gene expression that influence GC selection
events (Cho et al., 2016). It is not known whether the hypoxic
state of GCs varies across different types of responses or in
different lymphoid tissues.

GC B cells have a markedly altered shape compared to naive
B cells (Figure 2), exhibiting a dendritic, probing morphology,
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Figure 4. Germinal Centers Promote Selectivity and Diversity in Foreign Antigen-Reactive B Cells

(A) A self-reactive B cell that has bound a cross-reactive higher valency foreign antigen undergoes somatic hypermutation in a germinal center (GC), leading to the
emergence of foreign antigen-selective clones. This process is referred to as “clonal redemption.”

(B) Models to explain how multiple properties of GCs may support induction of a diversity of antigen-reactive clones. (i) Confinement of cells to individual GCs for
some period of clonal evolution may help ensure distinct clones emerge (as Bmems and PCs) from the separate GCs. (ii) GCs output a diversity of clones early in
the response (mostly as memory B cells) followed by more restricted clones (mostly as PCs) after longer periods of selection. (i) Some GCs undergo clonal
bursting and are taken over by one or a few clones while others in the same lymphoid tissue refrain from clonal bursting and produce a diversity of output clones

over a sustained period.

perhaps leading to a more efficient search for surface displayed
antigen (Allen et al., 2007). When studied ex vivo, GC B cells
interact with antigen using small peripheral clusters of BCRs
that do not show a central gathering behavior before internaliza-
tion. Importantly, stronger tugging forces are exerted by BCRs in
GC B cells compared to naive B cells, suggesting the altered
morphology, cytoskeleton, and BCR signaling properties of GC
B cells contribute to more stringent affinity discrimination
following binding of membrane-associated antigen (Kwak
et al., 2018; Nowosad et al., 2016).

GC B cells are confined within the central region of lymphoid
follicles and it is possible that each GC can function for some
period as an “island” and support the evolution of distinct B
cell clones, thereby contributing to the overall diversity of the
antigen-specific response (Figure 4). GC B cell confinement is
achieved by the migration inhibitory receptors S1PR2 and, in
humans, P2RY8 that couple to Ga13 containing heterotrimeric
G-proteins (Muppidi et al., 2014). GC B cells bind antigen and
receive T cell help signals in the LZ and travel to the DZ in a
CXCR4-dependent manner where they undergo one or more
rounds of cell division (the number being determined by the
strength of T cell help received in the LZ) and AlID-induced muta-
tion of their Ig Hc VDJ and Ig light chain (Lc) VJ regions (Bannard
and Cyster, 2017; Mesin et al., 2016).

Tfh cell positioning within GCs is promoted by high CXCR5
expression and by downregulation of EBI2 (Suan et al., 2015;
Vinuesa and Cyster, 2011). High PD1 expression on Tfh cells
impedes their access to lymphoid follicles due to engagement
of PDL1 on naive B cells (Shi et al., 2018). This migration block
is overcome by Tth cell ICOS binding to ICOSL on naive B cells
to trigger PI3K activity that presumably cooperates with that
induced by CXCL13 to promote follicle access (Liu et al.,
2015). A number of additional Tth cell-GC B cell ligand-receptor
systems, including Semaphorin 4C-Plexin B2 and EphB4-Eph-
rinB1, act to regulate Tfh cell access to or distribution within
GCs (Yan et al., 2017; Laidlaw et al., 2017; Lu et al., 2017). Pre-
cise control on the number of Tth cells within GCs is important for

desired B cell selection outcomes to occur, as perhaps most
dramatically exemplified in Roquin mutant mice that have greatly
exaggerated Tfh cell responses, exuberant GCs, and suffer from
autoantibody production (Vinuesa and Cyster, 2011). T follicular
regulatory (Tfr) cells are a Bcl6-expressing subset of FoxP3*" T
regulatory cells that influences multiple events occurring during
GC seeding and within GCs. Tfr cells have modulatory effects
on affinity maturation, Tfh cell cytokine production, and PC
output, and they restrain autoantibody production (Sage and
Sharpe, 2015; Wing et al., 2018). There is also evidence that
Tfr cells are involved in the contraction of GC responses (Wollen-
berg et al., 2011). Precisely how Tfr cells mediate these diverse
effects and how closely the mouse models human Tfr cell
behavior are areas of intense investigation (Wing et al., 2018).

GCs are the predominant site of antibody gene somatic hyper-
mutation (SHM). AID deaminates cytidine residues in transcribed
VDJ and VJ regions. Base excision repair (BER) and mismatch
repair (MMR) mechanisms convert AID cytidine deamination
lesions to point mutations and a small frequency of insertions
and deletions (Hwang et al., 2015). The precise mechanisms
acting to target AID to VDJ and VJ regions in GC B cells are
not yet defined, but the higher activity of AID in complementarity
determining regions (CDRs) is partially explained by the enrich-
ment of a consensus AID motif in these regions. SHM requires
higher amounts of AID than CSR and this may explain why
SHM is largely restricted to the AID™ GC B cell state (Yeap
et al., 2015). Following SHM, the BCR needs to be replaced by
newly translated Hc and Lc. Recent work shows that GC B cells
replace their antigen receptors in the DZ (Stewart et al., 2018).
MHC-peptide turnover also occurs in the DZ, promoted by the
ubiquitin ligase March1, and the turnover is blocked in the LZ
by the March1 antagonist, CD83 (Bannard et al., 2016). B cells
with damaged BCRs undergo apoptosis in the DZ and cells
failing to receive helper signals undergo cell death in the LZ
(Mayer et al., 2017). The overall rate of cell death is such that
up to half of all GC B cells die every 6 h. Apoptotic GC B cells
are rapidly cleared by tingible body macrophages.
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While the emphasis on GC studies has long been to under-
stand how they support maturation toward the highest affinity
antibodies, there has been an increasing realization that these
responses also support the development of a diverse population
of antigen-specific B cells (Bannard and Cyster, 2017; Finney
et al.,, 2018). This is important in allowing sufficient breadth in
the response to achieve protection from a rapidly evolving path-
ogen that might quickly escape recognition if all the response
was committed toward the highest affinity cells (Baumgarth,
2013). Mouse studies have shown that Bmem responses to
West Nile virus (WNV) retain the ability to engage variant viruses
whereas antibody derived from LLPC is poorly able to inhibit
variant virus (Purtha et al., 2011). Studies of human Zika and
Dengue virus responses have shown that Bmem responses are
more diverse than those of the serum (LLPC)-derived antibody
(Andrade et al., 2019).

The selection of a diversity of antigen-specific cells may be
promoted in multiple ways in addition to the separate GC “is-
land” hypothesis mentioned above (Figure 4). At one level, in
GC responses to some immunogens, Bmems are preferentially
generated early and are therefore more diverse than the LLPCs
generated later in the response (Weisel and Shlomchik, 2017).
At another level, GCs have been found capable of supporting a
diversity of clones across time without necessarily being taken
over by a high-affinity “winner” (Kuraoka et al., 2016; Tas
et al., 2016). GC diversity may be promoted by antibody-medi-
ated feedback, as dominant GC clones with BCRs specific for
particular antigen epitopes give rise to PCs that secrete antibody
that masks these epitopes, thereby enhancing the selection of
clones that bind distinct epitopes (Toellner et al., 2018). Overall,
the mechanisms allowing sustained diversity in the GC need
further investigation as they have wide implications, for example,
in the context of efforts to generate broadly neutralizing antibody
responses by iterative immunizations with related, but distinct
“shepherding” immunogens (Abbott et al., 2018). Highlighting
our incomplete understanding of the selection mechanism,
recent work has revealed that B cells can participate in GCs
for sustained periods after only a transient early period of antigen
presentation to T cells (Turner et al., 2017; Zhang et al., 2017).

While the benefit of having a diversity of Bmems and anti-
bodies specific for a foreign antigen is clear, this cannot be at
the exclusion of having selectivity for the antigen (Figure 4).
Indeed, a central role of GC B cell somatic hypermutation and
selection may be to increase the relative binding of foreign-
versus self-antigen. Many B cells in the pre-immune repertoire
have measurable autoreactivity and these cells have reduced
surface IgM and are less responsive to in vitro BCR engagement
(Goodnow et al., 2010). As noted above, when strongly engaged
in vivo by cross-reactive foreign antigen and T cell help, IgM™ B
cells preferentially enter the GC response. Tracking mutation
paths of such cells has revealed that they are initially selected
for mutations that diminish self-reactivity while preserving
foreign-antigen reactivity; in some cases, this can involve a
paradoxical decrease in overall affinity for the foreign antigen.
This state can plausibly be selected for because the large
decrease in receptor occupancy by self-antigen permits
increased uptake of the foreign antigen and increased receipt
of T cell help. The loss of chronic engagement by ubiquitous
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self-antigen may also be beneficial in allowing recovery of BCR
signaling. Subsequent mutations can increase the affinity—and
selectivity—for the foreign antigen. Thus, the maintenance of
self-reactive B cells in an anergic state may provide a pool of
cells that can subsequently undergo mutation in GCs to achieve
selectivity for foreign antigen. This clonal redemption in GCs is
postulated to limit the number of “holes in the repertoire” caused
by self-antigens that might otherwise become opportunities for
pathogen mimicry and escape from antibody responses (Burnett
et al., 2018; Reed et al., 2016; Sabouri et al., 2014).

Broadly Neutralizing Antibody-Induction Requirements
With large-scale research and translational efforts ongoing to
develop a vaccine that induces a broadly neutralizing Ab
(bnAb) response to HIV-1, a new standard in vaccine develop-
ment is emerging that draws upon fundamental B cell research
(Andrabi et al., 2018; Bonsignori et al., 2017). These efforts
involve studying the response of long term non-progressors
and other individuals who show protection from the virus,
with isolation of HIV-1-specific peripheral blood B cells and
identification of rare bnAbs. Studies of the inferred germline
(iGL) precursors of these antibodies, also known as the unmu-
tated common ancestor, often reveals no detectable reactivity
to the immunogen, suggesting the original responding B cell
had a remarkably low affinity and was possibly induced by a
distinct form of the immunogen. Mice encoding the iGL Hc
and Lc are generated, and B cells from these mice are trans-
ferred to non-transgenic mice to achieve frequencies similar
to those in the naive human repertoire. The latter frequency is
estimated by sampling blood from healthy individuals and
performing flow cytometry with the immunogen—typical fre-
quencies have been in the 1/300,000 range (Havenar-Daughton
et al., 2018). Studies in iGL knockin mouse models have shown
that the efficiency of B cell participation in the GC response is
determined by both the frequency and affinity of the available B
cells, and by the valency of the inducing immunogen (Abbott
et al., 2018; Dosenovic et al., 2018). Such mouse models are
used to study the efficiency of “germline targeting” vaccine
candidates in bringing rare precursor B cells into the response
and to test the ability of subsequent “shepherding” immuno-
gens to guide the SHM trajectory of the responding cells
toward making bnAbs.

Another important factor in determining the quality of the B cell
response is the duration of antigen exposure. With standard vac-
cinations of antigen in alum adjuvant, this exposure period is
short (a few days), whereas with many infections, the exposure
period will be much longer and may, for a time, be escalating.
Natural infections typically induce stronger and longer-lasting
antibody responses than vaccinations. Studies in mice and
non-human primates (NHPs) have found that simply extending
the period of antigen delivery (using osmotic pumps or repeated
and escalating dosing) is sufficient to augment the GC, Tth, and
antibody response (Hu et al., 2015; Pauthner et al., 2017; Tam
et al., 2016). There has also been a recognition that some adju-
vant formulations cause denaturation of antigens and this can
lead to the induction of antibodies that lack reactivity against
the native pathogen (Ozorowski et al., 2018). These observations
highlight how more work needs to be done to fully understand
what determines how long antigen is displayed to B cells within



GCs and to develop vaccine delivery systems that achieve more
prolonged exposure of antigens in their native form.

The factors determining whether B cells stay in the GC versus
differentiate in to a LLPC or Bmem are being actively investi-
gated. In models where GC B cells received elevated T cell
help, a PC fate was favored (Victora and Nussenzweig, 2012).
In another study, acutely blocking access to FDC-displayed
antigen reduced PC formation suggesting that BCR signaling
was required (Krautler et al., 2017). Cbl ubiquitin ligases in GC
B cells were found to promote degradation of IRF4 to restrain
PC differentiation. Strong BCR and CDA40 signals trigger Cbl
degradation in LZ cells, providing an explanation for how these
signals can foster PC differentiation (Li et al., 2018). In vitro, com-
bined BCR, CD40, and cytokine (IL-4, IL-21) signaling led to the
most robust IRF4 induction in human GC B cells, with high-affin-
ity antigen being more effective than low-affinity (Kwak et al.,
2018). GC PC precursors have been identified as Bcl6'°CD69-
MIRF4* LZ cells, and induction of these cells was dependent
on stable interactions with Tfh cells and was sensitive to the
amount of CD40 signaling (Ise et al., 2018).

Memory B Cells

In B cell responses, memory may be maintained in two forms,
first through the long-term production of antibody by LLPCs
(Nutt et al., 2015), and second by the generation of a pool of rela-
tively quiescent Bmems that can be reactivated by subsequent
antigen exposures (Kurosaki et al., 2015; Weisel and Shlomchik,
2017). Historically, Bmems were thought to have undergone iso-
type switching, particularly to IgG isotypes, which in part may
have been due to easier technical detection: an isotype-
switched cell that was maintained long after antigen exposure
was considered a Bmem because naive B cells express IgM
and IgD. Recent evidence with improved methodology has
revealed a population of IgM Bmems (Weisel and Shlomchik,
2017). Upon re-exposure to antigen, Bmems can differentiate
into GC B cells or PCs, and specific subsets of IgM versus IgG
Bmems, defined by surface markers such as CD73, CD80, and
PDL2, show different propensities to undergo particular differen-
tiation programs (Weisel and Shlomchik, 2017). GC B cells are
thought to give rise to a large fraction of the Bmem pool, yet
GC-independent Bmems have also been described that appear
very early in the immune response (Kurosaki et al., 2015; Weisel
and Shlomchik, 2017). The generation of Bmems is influenced by
the BCR isotype as well as extrinsic signals such as ligation of
CDA40 or cytokines, with recent work suggesting a role for IL-9
in Bmem generation (Takatsuka et al., 2018; Wang et al.,
2017). Within the GC, cells that express higher amounts of the
transcription factor Bach2 may preferentially give rise to Bmems
rather than LLPCs (Kurosaki et al., 2015). The likelihood of a
Bmem becoming activated by subsequent antigen exposure de-
pends on its BCR affinity as well as epitope specificity, because
Bmems compete with each other as well as antibody secreted
by LLPCs (Kurosaki et al., 2015). Many studies of Bmems have
been in the context of adoptive transfers to recipient mice that
lack this competition, although this approach has been useful
for elucidating fundamental properties of specific Bmem subsets
(Weisel and Shlomchik, 2017). The location of Bmems with
respect to antigen encounter is also likely important; a majority

of Bmems appear to be recirculating, but some are tissue-resi-
dent, such asinthe lung (Allie et al., 2019; Weisel and Shlomchik,
2017). Within LNs, Bmems appear to be positioned in a subcap-
sular niche enabling rapid encounter with antigen-bearing sub-
scapsular sinus macrophages and Tth cells (Moran et al., 2018).

One of the features of immunological memory is an enhanced
speed of the response to antigen exposure. A major subset of
Bmems rapidly differentiates into PCs that migrate via the blood-
stream to the BM and become LLPCs (Nutt et al., 2015; Weisel
and Shlomchik, 2017). This transient migration of PCs in the
blood can be readily detected in humans that have received vac-
cine boosters (Tarlinton et al., 2008). While this rapid response
may be facilitated by the maintenance of increased numbers of
antigen-specific B cells and T cells, there is ample evidence
that the Bmems themselves are poised to rapidly differentiate.
In the case of IgG Bmems, this may be due to amplification of
signaling via the intracellular tail of the IgG BCR (Wienands and
Engels, 2016). However, nuclear transfer experiments to
generate “naive” IgG B cells showed that these differed from
memory IgG B cells (Kurosaki et al., 2015), indicating a distinct
transcriptional or epigenetic state of Bmems also accounts for
their ability to rapidly respond to antigen. The predisposition of
some IgG Bmems to become LLPCs seems to involve the down-
regulation of Bach2 (Kurosaki et al., 2015). Conversely, high
expression of the transcriptional repressor Zbtb32 restrains the
differentiation of Bmems into PCs (Weisel and Shlomchik, 2017).

Upon antigen re-exposure, Bmems may also undergo CSR
(Figure 3). In most studies in mice, IgE Bmems have not been
detected, yet upon antigen re-exposure, IgE can be rapidly pro-
duced, in some cases with higher affinity (He et al., 2015; Yang
et al., 2014). This has led to a model in which memory is main-
tained in B cells of IgM or IgG isotypes that then switch to IgE
and differentiate into PCs upon antigen re-exposure (He et al.,
2015; Yang et al., 2014). Recent work has characterized partic-
ular subtypes of IgG Bmems that give rise to IgE PCs (He
et al., 2017).

Natural Antibody and “Innate Memory”

This review has focused on the behavior and function of the most
prevalent B cells in the adult mouse and human body, known as
follicular or B2 B cells. However, rodents have at least two addi-
tional B cell subsets, B1 cells and marginal zone B cells, which
make unique contributions to the antibody response. Although
less well-defined, similar B cell subsets most likely exist in
humans. B1 cells are produced in the fetal and neonatal period,
become enriched in body cavities, and are self-renewing. Mar-
ginal zone B cells develop more slowly in a Notch-dependent
manner in the spleen. These B cells share the feature of being
“innate-like,” meaning they exist in a “pre-activated” state and
differentiate into antibody-secreting cells very rapidly (within
1-2 days) following antigen encounter. They have a B cell reper-
toire enriched with specificities that recognize carbohydrate and
lipid moieties present on various life-threatening microbes (Kear-
ney et al., 2015). Body cavity B cells also make the dominant
contribution to so-called “natural” IgM antibody, which exists
in circulation even without prior immunization (Kearney et al.,
2015; Reynolds et al., 2015). Natural antibody of other isotypes,
such as IgE, has also been described (Cahenzli et al., 2013),
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although the cellular origin is not well-defined. Natural antibody
can be produced in germ-free contexts although its composition
is shaped by the microbiota. Natural antibody provides a first line
of defense against a range of pathogens and, through opsoniza-
tion, augments the follicular B cell response (Fereidan-Esfahani
et al., 2019; Kearney et al., 2015). The natural antibody also con-
tains antibodies against blood group antigens (Nydegger et al.,
2005). Natural antibodies against oxidized lipids have a protec-
tive role in some atherosclerosis models and may be involved
in clearance of apoptotic cells (Fereidan-Esfahani et al., 2019;
Sage et al.,, 2019). Neonatal exposure to microbial antigens
that stimulate B1 cells leads to life-long changes in the antibody
repertoire that may influence the response to future encounters
not only with the same microbe but with a range of other
microbes and allergens that share glycan determinants (Kearney
et al., 2015).

B Cells in Disease: Autoantibodies, Allergies, Cancer,
and Beyond

Multiple self-tolerance checkpoints exist to remove autoreactive
specificities from the B cell repertoire or to limit the ability of such
cells to secrete autoantigen-binding antibody. These include re-
ceptor editing and deletion in immature B cells developing in the
BM, competitive elimination of chronically autoantigen binding B
cells in the periphery, and a state of anergy that disfavors PC dif-
ferentiation (Goodnow et al., 2010; Nemazee, 2017). Autoanti-
body production can occur due to failures in these checkpoints
orin T cell self-tolerance mechanisms. Variants in multiple genes
are implicated in increasing the likelihood of checkpoint failure
and of autoantibody production occurring (Goodnow et al.,
2010; Nemazee, 2017; Taher et al., 2017).

Autoantibodies are pathogenic in a number of human diseases
including SLE, pemphigus vulgaris, Grave’s disease, and myas-
thenia gravis. Pathology can be caused by immune complex
formation and activation of the complement cascade or of
phagocytes by engagement of activating FcyRs or through
direct modulation of signaling receptors on target cells (Town-
send et al., 2010). B cell depletion therapy using anti-CD20
antibody has been protective in some of these diseases such
as pemphigus vulgaris, but not others such as SLE and this ap-
pears to reflect the contribution of SLPC versus LLPC to autoan-
tibody production and the inability of even prolonged anti-CD20
treatment to eliminate the latter (Hale et al., 2018). These clinical
findings have added to the importance of understanding what
factors drive SLPC versus LLPC development and what the
requirements are to support LLPCs.

B cell depletion therapy has also been efficacious in several
other autoimmune diseases, including multiple sclerosis (MS),
type 1 diabetes, and rheumatoid arthritis (RA) (Smith et al.,
2017; Townsend et al., 2010). While the potential contributions
of autoantibodies to the pathology of these diseases are still be-
ing explored, autoantigen presentation has been posited as
another mechanism for B cell disease-promoting activity. A
recent study has provided strong evidence that this can be a
contributing factor with the discovery that Bmems present
Rasgrp2-derived epitopes that are also targeted on neurons by
CD4 T cells (Jelcic et al., 2018). In this case, it appears that the
shared high expression of Rasgrp2 by the B cells and the
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neurons is a key feature along with the strong ability of Bmems
to promote T cell activation.

In addition to autoimmunity, B cells play an important role in
allergic diseases. IgE antibodies specific for allergen compo-
nents sensitize mast cells and basophils for rapid degranulation
in response to allergen exposures at various sites, such as in the
intestine (food allergy), nose (allergic rhinitis), and lung (allergic
asthma). The events that lead to IgE production in allergic dis-
eases remain poorly defined, although CSR to IgE has been
extensively studied in cell culture. For example, while IL-4 is a
critical cytokine for the induction of CSR to IgE (He et al,
2015), the robust production of IL-4 by Tfh cells in many types
of immune responses (Crotty, 2014) suggests that other factors
physiologically determine whether or not IgE CSR occurs.
Recent evidence indicates that IgE B cells are poorly competitive
within GCs (He et al., 2015; Yang et al., 2014). This may have
important implications for IgE production in allergy. The genera-
tion of high-affinity IgE antibodies was reported to require pre-
cursor cells that express IgG1 to first undergo affinity maturation
in GCs and become memory cells and then subsequently switch
to IgE upon allergen re-exposure (He et al., 2015) (Figure 3).
Allergic responses do not necessarily require high-affinity IgE
antibodies, however, as revealed in a mouse model of food
allergy (Jimenez-Saiz et al., 2017), suggesting the predominance
of a GC-independent IgE PC response may also be relevant to
allergic disease. There is evidence that in aeroallergen sensitiza-
tion, the antigens that induce IgE responses induce relatively
poor IgG responses (Aalberse and Platts-Mills, 2004). This may
in part be due to very low quantitative exposures to aeroaller-
gens through the respiratory tract. IgE production may thus be
favored under conditions that induce weak B cell responses
and minimal GC activity, thereby enabling IgE* B cells and/or
PCs to avoid being outcompeted by IgG* cells. Aside from IgE
antibodies, B cells may also contribute to allergic inflammation
through their interactions with T cells (Ballesteros-Tato et al.,
2016; Lindell et al., 2008).

B cells have also emerged as an important source of the
immunosuppressive cytokine IL-10. Mouse studies revealed
that B cell-derived IL-10 can promote recovery from EAE and
can be protective in models of RA and type 1 diabetes (Shen
and Fillatreau, 2015; Vonberg et al., 2018), and IL-10 production
from B cells restrains T cell responses during some viral and bac-
terial infections (Madan et al., 2009; Shen and Fillatreau, 2015;
Yu et al., 2018). IL-10-producing B cells, sometimes called
Bregs, may be derived from several types of B cells (including
CD1d" and CD5* cells) with recent work converging on evidence
that a subset of PCs secretes IL-10 (Fillatreau, 2018). Correlative
studies have suggested that B cells are a source of IL-10 in some
human disease settings (Sakkas et al., 2018; Shen and Fillatreau,
2015). B cells may make additional immunosuppressive cyto-
kines (Shen et al., 2014), but they can also contribute to response
severity by producing pro-inflammatory cytokines such as GM-
CSF, IL-6, and TNF (Barr et al., 2012; Shen and Fillatreau,
2015), with a study identifying such inflammatory B cells in MS
patients (Li et al., 2015). Overall, these findings indicate that
the influence of B cells on the cytokine milieu will be context-
dependent. Another B cell-derived cytokine is the TNF family
member, LTa1f2, that has important roles in promoting



NF-kB-dependent events within lymphoid stromal cells,
including induction of CXCL13-expression (Cyster, 2010). In
addition to its roles in supporting normal lymphoid tissue func-
tion, B cell-derived LTa1p2 is likely involved in tertiary lymphoid
tissue formation at sites of chronic inflammation such as in the
synovium of RA patients and in the lungs after viral infection
(Browning, 2008).

The presence of B cells in a variety of solid tumor types,
including breast cancer, ovarian cancer, and melanoma, has
been associated in some studies with a positive prognosis
(Wouters and Nelson, 2018). The mechanism involved is unclear
but could include antigen presentation to CD4 and CD8 T cells,
antibody production and subsequent enhancement of presenta-
tion, or by promoting tertiary lymphoid tissue formation and local
T cell accumulation. However, in some cases, such as in pros-
tate cancer and some forms of hepatocellular carcinoma (in
mouse models), tumor-associated B cells are linked with a nega-
tive outcome and this may be a consequence of their expression
of PDL1, IL-10, or LTa1B2 (Ammirante et al., 2010; Shalapour
etal., 2015). More work is needed to determine what factors pro-
mote B cell association with tumors and how they influence im-
mune responses in the tumor microenvironment, with the studies
so far already indicating that the contribution of B cells will vary
depending on the tumor type. It is also noteworthy that B cells
frequently make antibody responses to cancer antigens and
this has led to efforts to use antibodies from cancer patients as
biomarkers of disease and to identify immunotherapy targets
(Wu et al., 2017).

Malignancies of B cells themselves are a common form of
hematopoietic cancer. This predilection arises because the
gene modifications that B cells undergo during development
and in immune responses are not perfect in their fidelity, and
antibody responses require extensive B cell proliferation. RAG-
mediated gene recombination occasionally results in chromo-
somal translocations, prominent examples being t(14;18) and
1(8:14) that place Bcl-2 and c-Myc, respectively, under control
of the Ig locus. AID can have off-target activity, especially in
genes that are highly transcribed in AID™ cells. A diverse group
of B cell lymphomas, including follicular lymphoma, Burkitt
lymphoma, and diffuse large B cell lymphoma (DLBCL) are
thought to be of GC origin, and comprehensive gene expression
studies have provided evidence that these malignancies derive
from different stages of the response. DLBCL has been split
into two main subtypes based on gene-expression studies,
Activated B cell (ABC)-type and GC B-type, corresponding to a
post-GC early plasmablast stage and a LZ GC B cell stage,
respectively (Basso and Dalla-Favera, 2015; Schmitz et al,,
2018). Burkitt lymphoma is characterized by chromosomal
translocations leading to c-Myc overexpression and has been
suggested to correspond to a DZ stage (Schmitz et al., 2014).
Follicular lymphoma, typified by Bcl-2 overexpression, shows
evidence of both BCR and T cell dependence and has a LZ
resemblance (Huet et al., 2018). Chronic lymphocytic leukemia
(CLL), the most common adult leukemia in the Western world,
is also thought to be GC-derived based on the presence of so-
matic mutations in the Vi regions. A constellation of large-scale
RNA and genome sequencing studies have revealed that GC-
derived lymphomas carry heavy mutation burdens with alter-

ations in transcription and chromatin regulatory factors, survival
factors, BCR and TLR signaling components, cell-cycle proteins,
and confinement receptors, among others (Basso and Dalla-
Favera, 2015; Schmitz et al., 2018). Other B cell malignancies
can be of follicular (mantle zone lymphoma), marginal zone
(MZ lymphoma), or plasma cell (multiple myeloma and plasma-
cytoma) origin. The study of B cell ymphomas and their associ-
ated genetic derangements continues to be illuminating about
requirements for normal B cell differentiation and signaling while
also leading to the development of targeted therapies (Dalla-Fa-
vera, 2017; Jerkeman et al., 2017). For example, the finding that
CLL cells depend on BCR signaling for survival has led to inhib-
itors of Bruton’s tyrosine kinase (BTK) and PI3K3 being devel-
oped as treatments for this cancer (Fabbri and Dalla-Favera,
2016). Similarly, the finding of frequent mutations that augment
BCR signaling in ABC-DLBCL has led to trials of BTK and PI3K
inhibitors as new treatments of this disease (Schmitz
et al., 2018).

Conclusions

In this review, we have attempted to capture some of the ad-
vances in the understanding of B cell biology that have occurred
since the turn of the century. These include important steps for-
ward in understanding how B cells encounter antigens, the cos-
timulatory and cytokine requirements for their proliferation and
differentiation, and how properties of the BCR, the antigen,
and helper T cells influence B cell responses. Many advances
continue to transform the field including the impact of deep
sequencing technologies on understanding B cell repertoires,
the IgA-inducing microbiome, and the genetic defects in humans
that compromise or exaggerate B cell responses or give rise to B
cell malignancies. Other advances that are providing insight
include single-cell approaches to define B cell heterogeneity,
glycomic approaches to study effector sugars on antibodies,
new methods to study human B cell responses including
CRISPR-based manipulation, and the use of systems biology
to study changes at the whole organism level. With the recogni-
tion that B cells and antibodies are involved in most types of im-
mune response and the realization that inflammatory processes
contribute to a wider range of diseases than previously believed,
including, for example, metabolic syndrome and neurodegener-
ation, we can be sure that further basic research-driven
discovery about B cell biology will lead to more and improved
approaches to maintain health and fight disease in the future.
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