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Mature B lymphocytes are crucial components of adap-
tive immunity, a system essential for the evolutionary fit-
ness ofmammals. Adaptive lymphocyte function requires
an initially naïve cell to proliferate extensively and its
progeny to have the capacity to assume a variety of fates.
These include either terminal differentiation (the long-
lived plasma cell) or metastable transcriptional repro-
gramming (germinal center and memory B cells). In this
review, we focus principally on the regulation of differen-
tiation and functional diversification of the “B2” subset.
An overview is combined with an account of more recent
advances, including initial work on mechanisms that
eliminate DNA methylation and potential links between
intracellular metabolites and chromatin editing.

The adaptive immune systemoffers paradigms of develop-
ment in which gene regulation and transitions in cell
identity that occur throughout postnatal life are both con-
ceptually appealing and of great importance in human and
animal health. The vast universe of microbes with which
harmonious relations are needed—or against which de-
fenses must be provided—means that functional diversi-
fication even among progeny of a particular clone is a
hallmark of lymphocytes. A large and growing body of ev-
idence indicates that developmental transitions impact
B-cell function in pathophysiological processes such as
metabolism or functioning of the central nervous system,
which previously would have been thought of as distinct
from immunology. Adaptive immunity, which is me-
diated by T and B lymphocytes, can be divided into two
phases. In the first, populations and subsets ofmature rest-
ing cells are established. Each group represents a highly
diverse set of cells that each displays an individual antigen
receptor. These receptors assemble in a combinatorial
manner as an essential precondition of developmental
progression. This initial phase yields a repertoire of cells
that have not been activated or proliferated after their
production; these are naïve precursors to multiple fate

potentials. A vast trove of findings illuminates the tran-
scriptional regulation and chromatin modifications (for
convenience, referred to here as epigenetic) that program
developmental progression from common lymphoid pro-
genitors (CLPs) to the establishment of the naïve popu-
lations of mature T and B cells (e.g., for review, see
Busslinger 2004; Champhekar et al. 2015). Similarly, the
process of diversifying subsets of T cells after their activa-
tion has been studied and reviewed intensively (Glimcher
and Murphy 2000; Fang and Zhu 2017; Henning et al.
2018). Mature B lymphocytes also have the potential to
distribute their progeny among several distinct fates or
intermediate states after they have encountered a ligand
for the B-cell antigen receptor and costimulatory signals.
The function of B lymphocytes that has attracted the
most attention is their role as precursors to the plasma
cells that constitutively secrete immunoglobulins (i.e.,
antibodies)—both those that are highly antigen-specific
and others that are polyreactive or have a broader range
of specificities tilted toward recognition of biochemical
constituents ofmicro-organisms. However, there is strong
evidence of additional functions for mature cells in the B
lineage, some of which even appear to be antibody-inde-
pendent. This review summarizes some salient advances
toward elucidation of the molecular programming of the
fate choices and function of B cells in the periphery. In par-
allel, we note unanswered questions that pertain to differ-
ences among subsets of B lymphocytes and plasma cells.

The B lineage in the periphery: B cells and beyond

Fully mature B-cell subtypes include B1 (comprising B1a
and B1b) and B2 cells in marginal zone (MZ) and follicular
(FO) subsets, but intermediates that are transitional B cells
may also influence humoral immunity. A large body of
work depicting these events is summarized in Figure 1
(Herzenberg and Herzenberg 1989; Erickson et al. 2002;
Martin and Kearney 2002; Dorshkind and Montecino-
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Rodriguez2007;Hardyet al. 2007;AllmanandPillai 2008).
In adult mammals, B lymphocytes continuously populate
the peripheral immune system (Fig. 1) after completing a
well-orchestrated developmental process in the bonemar-
row starting from lymphoid progenitors (CLPs, all-biased
lymphoid progenitors [ALPs], and B-cell-biased lymphoid
progenitors [BLPs]) (Inlay et al. 2009) beyond the scope of
this review. Epigenetic and transcriptional mechanisms
that establish B-lineage commitment (Lin et al. 2010; Bol-
ler and Grosschedl 2014; Li et al. 2018; Miyai et al. 2018)
also govern the maintenance and function of mature B
cells. These factors include the helix–loop–helix protein
E2A, the early B-cell factor EBF1, and the paired domain
transcription factor Pax5 (Nutt and Kee 2007; Treiber
et al. 2010; Medvedovic et al. 2011). More recently, ten-
eleven translocation (TET) proteins that can erasemethyl-
ation from DNA to revise epigenetic programming have
been found essential for B-cell development (Lio et al.
2016; Orlanski et al. 2016). The establishment of imma-
ture B cells is driven by signals generated from successful
assemblyof a functional B-cell receptor (BCR) andbya first
vetting of BCRs to remove autoreactive B cells by receptor

editing or death and deletion (Buhl et al. 2000; Melchers
et al. 2000; Nemazee and Weigert 2000; Nemazee 2017).
On completing this process, these immature IgM+ B cells
exit the bone marrow and enter the spleen (part of “the
periphery” for lymphocytes), where they mature into
microanatomically and phenotypically distinct subsets
of mature naive B cells.
The newly emergent B cells mature in the spleen via a

multistage transitional process mediated by signals from
theBCRand theTNFreceptor familymemberBAFF recep-
tor but also include interactionswithmyeloid and stromal
elements. Transitional B-cell stages have been identified
by combined expression levels of surfacemarkers associat-
ed with immaturity (CD24, CD93, and AA4.1), BCR iso-
type, and coreceptor CD21 (complement receptor 2) or
CD23 (low-affinity IgE receptor) (Fig. 1; Loder et al. 1999;
Allman et al. 2001). In one current classification, CD93
(AA4.1+) IgMhi IgDlow CD21low CD23− B cells are consid-
ered to be at transitional stage 1 (T1), and AA4.1+ IgMhi

IgDhi CD21med/hi CD23+ identifies T2 B cells. Early stage
transitional B cells enter the marginal sinuses and red
pulp of the spleen and then—after passing a chemokine-
and integrin-mediated checkpoint on survival and migra-
tion—pass into the white pulp to colonize a T-cell-rich
periarteriolar lymphoid sheath (PALS) (Henderson et al.
2010). Negative selection at this site removes self-reactive
B cells (Petro et al. 2002); the remaining T1 B cells acquire
IgD andCD23 expression characteristic of T2 B cells. T2 B
cells are considered to be positively selected and demon-
strate considerable functional diversity for a small subset
(∼2% of spleen cells). T2 cells expressing a high level of
CD21 (CD21hi) are recognized as precursors ofMZ B cells,
while T2 CD21mid cells have unique functional properties
that include sensing environmental cues and a prolifera-
tive capacity that distinguishes them from other transi-
tional B cells (Evans et al. 2007; Meyer-Bahlburg et al.
2008). The T2 CD21mid subset has bimodal potential and
can develop into either MZ or FO B cells (Evans et al.
2007; Meyer-Bahlburg et al. 2008). Regulatory functions
of B cells, typically dependent on IL-10 production, are of-
ten connected to theT2phenotype.Cellswith transitional
T2 B-cell properties have been associated with allograft
survival, tumor-mediated suppression, and amelioration
of autoimmune diseases (Blair et al. 2009; Ganti et al.
2015; Moreau et al. 2015). Thus, the T2 stage appears to
be a critically important developmental nexus that deter-
mines the fate and function of peripheral B cells. As with
several other aspects of diversity inB-cell regulation, inter-
rogating the molecular features with single-cell technolo-
gies will be necessary to obtain a better understanding of
this small but critical subset.
On completing their maturational transition, a large

majority of mature peripheral B cells enter the recirculat-
ing pool as naïve B cells (IgDhi IgMlow CD21mid CD23hi)
that home to lymphoid follicles of the spleen, lymph
nodes, and Peyer’s patches. At these sites, B cells organize
around a dense network of processes extending from FO
dendritic cells (FDCs) as well as other varieties of a spe-
cialized stromal cell, the diversity of which is an ongoing
area of analysis (Cyster et al. 2000; Rodda et al. 2018).

Figure 1. Origins of and fate potential for mature B lymphoid
cells. Shown is a simplified outline of the broad array of peripheral
B-cell subsets that provide host defense. Two major types of B
cells (B1 and B2) populate the peripheral immune system, outside
the bonemarrow. B1 subtypes, which are outside the scope of this
review, are a minor subset that (in mice) is derived largely from
fetal liver precursors. In the periphery, they reside principally in
serosal spaces such as the peritoneal cavity. The B2 subset consti-
tutes most of the B cells in the peripheral immune system. They
emerge from the bone marrow as “immature B cells” via a tran-
scriptional program that is initiated in CLPs. In the periphery,
cells with autoreactive BCR are culled from the repertoire at tran-
sitional stages, depicted here as T1 and T2, with selected features
noted in the text boxes. The small late transitional population
displays a range of functions that includes antigen presentation,
sensing of innate signals, and immune regulation. These cells
are also the precursors for the two major B-cell subsets—FO and
MZ—that provide critical effector functions by differentiating
into antibody-producing plasma cells. Unique signaling and tran-
scription programs that characterize MZ and FO B cells, some of
which are summarized in the text boxes, provide the capacity for
immediate and sustained humoral immunity for both innate (T-
cell-independent) and T-cell-dependent responses.
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FDCs and additional stromal constituents attract B cells
by secreting the chemokine CXCL13, facilitate antigen
display, and promote B-cell survival by producing the
cytokine BAFF (Allen and Cyster 2008; Wang et al.
2011). B-cell follicles reside adjacent to T-cell zones, an or-
ganization that facilitates interactions of FO B cells and
activated T helper cells that migrate to the interface of
T-cell and B-cell zones after initial activation. Due to their
locale, additionally regulated by actions of stromal cell-
derived oxysterol on their positioning (Yi et al. 2012),
FO B cells are particularly well suited to participate in
T-cell-dependent immune responses to protein antigens.

Under homeostatic conditions, B cells are maintained
by the action of BAFF—a product of monocytes, DCs,
and neutrophils in addition to the stromal and FDC popu-
lations already noted—on BAFF receptor and by signaling
through the BCR (Lam et al. 1997; Schiemann et al.
2001; Mackay and Browning 2002; Srinivasan et al.
2009). Among B cells, a small residuum (∼10%) of the pop-
ulation survived after elimination of their BCR (Lam et al.
1997). Recent studies use targeted removal of key BCR sig-
naling components to determinewhether survivalmediat-
ed by components of basal BCR signaling differs from
those required for development or activation. Initial work
showed that mature B cells die off after depletion of the
tyrosine kinase Syk, an essential mediator of B-cell activa-
tion (Schweighoffer et al. 2013).However, laterworknoted
that about one-fourth of the B-cell repertoire then survived
so that Syk was dispensable for survival of manymature B
cells (Hobeika et al. 2015). This survival of Syk-deficient B
cellswas dependentonCD19-dependent phosphatidylino-
sitol 3-kinase (PI3K) signaling as well as BAFF. On similar
lines, although Bruton’s tyrosine kinase (BTK) is a crucial
mediator of BCR and BAFF signals during differentiation,
mature B cells from which BTK was conditionally re-
moved survived for >1 mo in the absence of BTK (Nyhoff
et al. 2018). However, each of these molecules was neces-
sary for subsequent B-cell activation. Thus, BCR signaling
components that are necessary for B-cell development as
well as activationmaybe functionally redundant formain-
tenance of mature B cells. At the transcriptional level,
EBF1 contributes selectively to maintenance of mature B
cells in that this critical regulator of early B-cell develop-
ment was dispensable for survival of recirculating FO B
cells yet was essential for MZ and B1 B cells (Gyory et al.
2012; Vilagos et al. 2012). These findings point to a para-
digmbywhich functional differences inmature B-cell sub-
sets are maintained only in part by the signaling and
transcription networks that preprogram subsequent effec-
tor responses.

A smaller subset (∼5%–7%ofmatureB cells) resides in a
MZ (the outer white pulp of the spleen between the mar-
ginal sinus and the red pulp), where they are continuously
exposed to blood-borne antigens (for review, see Cerutti
et al. 2013). The positioning and retention versus migra-
tion of MZ B cells are regulated by sphingosine-1 phos-
phate and integrin interactions as well as CXCR7 (Lu
and Cyster 2002; Wang et al. 2012a; Arnon and Cyster
2014). Upon antigen encounter, MZ B cells are poised for
rapid differentiation to plasmablasts and for migration

and antigen presentation to T cells. Compared with FO B
cells that are primarily involved in T-cell-dependent B-
cell responses, MZ B cells have almost 200 differences in
gene expression (Kin et al. 2008). Salient distinctions in-
clude increased expression of surface immunoglobulin M
(IgM), complement receptors (CD35 and CD21), various
Toll-like receptors (TLRs; namely, TLR2, TLR3, TLR4,
and TLR7) (Rubtsov et al. 2008), and the lipid antigen-pre-
senting molecule CD1d. Development and maintenance
of MZ B cells depends on signaling by BCR, BAFF-R, and
NOTCH2. Mice lacking expression of NOTCH2, the
NOTCH ligand Delta-like 1 (DLL1), or NOTCH signaling
components show a dramatic decrease in the number of
MZ B cells (for review, see Tanigaki and Honjo 2007). In
contrast, constitutive expression of the active NOTCH2
in B cells leads to a marked increase in the number of
MZ versus FO B cells (Hampel et al. 2011). In addition to
the mechanisms noted above (S1PR, CXCR7, and integ-
rins), the spatial positioning of MZ B is controlled by the
transcription factor IRF4 via regulation ofNotch2 gene ex-
pression (Simonetti et al. 2013). Recently post-translation-
al regulation by the RNA-binding protein ZFP36L1 was
found to be essential for maintenance ofMZ B cells (New-
man et al. 2017). ZFP36L1 controlled a gene expression
program in part by limiting expression of the transcription
factors KLF2 and IRF8, which are known to enforce the FO
B-cell phenotype. MZ B cells are responsible for the anti-
body response to type 2 thymus-independent (TI-2) anti-
gens, such as polysaccharide from encapsulated bacteria
(Fagarasan and Honjo 2000; Martin and Kearney 2000).
MZ B cells have innate-like properties using a restricted
repertoire of germline-encoded V genes that facilitate
multireactive specificities for microbial antigens (Cerutti
et al. 2013). These responses are manifested by robust
extrafollicular plasmablast formation but not germinal
center (GC) formation. Recent studies demonstrate the
importance of STAT1 in TLR-mediated differentiation of
MZ B cells by its direct regulation of Prdm1 (which en-
codes Blimp1) as well as protective function (Chen et al.
2016b). Identification and characterization of MZ B cells
in humans have been complicated (Weill et al. 2009).
Work demonstrating in vitro differentiation of human
MZ-like B cells driven by the NOTCH2–DLL1 pathway
as well as reduced IgM+ IgD+ CD27+ B cells in NOTCH2
haploinsufficient patients favors the existence of a human
counterpart to murine MZ B cells (Descatoire et al. 2014).
Further studies will enhance understanding of the func-
tional significance of this subset in humans.

Plasma cells, the major antibody-secreting cells, are de-
rived from B lymphoblasts in several categories of sites
(Fig. 2). Plasma cells arise as outputs of GC reactionswith-
in the follicles (covered in detail below), after activation of
MZB cells, or in extrafollicular foci. Extrafollicular T-cell-
dependent responses can arise when antigen-specific B
cells andT cells first interact (MacLennan et al. 2003; Tay-
lor et al. 2012). These appear largely to involve localized
short-lived antibody production. T-independent (TI) re-
sponses such as those induced byTI-2 antigenswith repet-
itive chemical units also induce extrafollicular responses
but do not form GCs. The magnitude of responses can be
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influenced by affinity of the BCR and by the epitope den-
sity of antigen: Increased BCR interactions favor height-
ened extrafollicular plasmablast formation (Paus et al.
2006), an affinity bias that is less evident for GC-derived
plasma cell formation. T cells can also influence the mag-
nitude of the extrafollicular response; depending on the
nature of the immunogen driving the response, this effect
of T cells is mediated by or independent from IL-21 (Lin-
terman et al. 2010; Lee et al. 2011). Although these extra-
follicular responses principally involve germline-encoded
BCR and yield low-affinity IgM with only small amounts
of switched antibody, they likely provide early host pro-
tection during the interval that precedes GC formation.
Likewise, MZ B cells exposed to pneumococcus in vivo
generate a robust plasma cell response in the marginal si-
nuses (Martin et al. 2001).
Finally, fully matured B-lineage cells or the antibodies

that they secrete can exercisemajor effects on host–tumor
interactions and the balance between cancer progression
and clearance as well as autoimmunity or tolerance (Gun-
derson and Coussens 2013; Affara et al. 2014). Precursor–
product relationships at the cellular level are not clearly
established, but regulatory B-lineage (Breg) cells that
secrete IL-10 have been identified (Yanaba et al. 2008;
Yoshizaki et al. 2012; Lykken et al. 2015). A plasmablast
or plasma cell phenotype has been identified for suppres-
sive cells (Matsumoto et al. 2014) that, in promotion of
prostate cancer growth, use lymphotoxin and are IgA+

(Ammirante et al. 2010; Shalapour et al. 2015). Most re-
cently, evidence of a naturally suppressive plasma cell
subset expressing the coinhibitory receptor LAG3 and se-
creting IL-10 in a mouse infection model has emerged
(Lino et al. 2018). Other than participation of IL-21 (Yosh-
izaki et al. 2012) and activated capacity to secrete IL-10 or,
more recently, IL-35 (Shen et al. 2014), remarkably little is
known about themolecular relationship among the differ-

ent categories of Breg cells or between them and the B-lin-
eage subsets.

Overview of the basic choice—balancing Blimp1
against BCL6

In general terms, much of the gene expression that frames
cellular identity along the B lineage is established and has
been modeled through circuit diagrams (Sciammas et al.
2006; Martinez et al. 2012; Nutt et al. 2015). This frame-
work is elaborated on below, particularly with respect to
proliferation and the GC, but an outline is as follows
(Fig. 2). In the naïve FO B cell, transcription factors
BCL6, IRF4, and Blimp1 are at low levels (Bhattacharya
et al. 2007; Willis et al. 2014). IRF8 and BACH2 are ex-
pressed and antagonize IRF4 and Blimp1, respectively
(Carotta et al. 2014; Xu et al. 2015). After activation,
IRF4 levels decrease, but, if provided sustained or cognate
T-cell help (Tfh), the B lymphoblast may initiate a GC B-
cell program in which this transcription factor increases
to a level intermediate between that of the GC B cell and
the plasma cell (Sciammas et al. 2006; Xu et al. 2015). Al-
ternatively, some B lymphoblast progeny may differenti-
ate directly into antibody-secreting plasma cells. This
change of state involves a profound reprogramming in
which expression of the transcription factor Pax5—which
is essential for pro-B-cell, pre-B-cell, andB-cell identity—is
extinguished, while Blimp1 expression achieves high lev-
els (Shaffer et al. 2002; Cobaleda et al. 2007; Medvedovic
et al. 2011; Shi et al. 2015).Asaconsequence, the transcrip-
tion termination and splicing of antibody heavy chain
genes are stably altered so that Ig CH protein is secreted in-
stead ofmembrane-anchored as an antigen receptor. In ad-
dition to loss of the surface BCR, the transition from a
Pax5-dependent to an IRF4- and Blimp1-dominated tran-
scriptional landscape reprograms the expression profile
for cell surface proteins that trigger signaling or enhance
the effective exposure to the prosurvival cytokine APRIL
(McCarron et al. 2017). B-cell survival depends on the re-
ceptor BAFF-R for survival signals from the stroma-de-
rived cytokine BAFF (Schiemann et al. 2001; Thompson
et al. 2001; Mackay and Browning 2002), whereas plasma
cells require the relatedTNF superfamily cytokineAPRIL,
which then signals through the receptorsTACI andBCMA
(O’Connor et al. 2004; Bossen et al. 2008; Coquery and
Erickson 2012; Ou et al. 2012). These signals and their
transcription factor intermediaries lead to alteredbalances
of prosurvival and proapoptotic proteins of the Bcl2 super-
family (e.g., see Lee et al. 2013). Depletion of Mcl1 from
GCBcells or plasmacells prevented their persistence (Vik-
strom et al. 2010; Clybouw et al. 2011; Peperzak et al.
2013). In contrast, interferencewith an interaction surface
that is essential for the inhibition of proapoptotic BH3-
only proteins at the mitochondrial membrane impacted
the persistence of Bmem cells and new plasma cell genera-
tion but not the continuation of ongoing GC reactions or
established long-lived plasma cells (LLPCs) (Carrington
et al. 2010). The transition to plasma cell identity appears
to be accompanied by a shift in intermediary metabolism

Figure 2. Paths to antibody responses and memory. Simplified
cellular progression from FO andMZ B cells to plasma cell differ-
entiation independent from the GC, intomemory (Bmem), and via
the GC reaction is shown, omitting complexities generated by
heavy chain class switching both outside and within the GC. A
partial list of molecular regulators, drawn from the text, is shown
inboxes enclosed bydashed lines.Multiple roundsof proliferation
are shown that are essential for developmental progression, as are
indicationsof sometemporal aspects of theextendedGCreaction.
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in which the dependence on mitochondrial pyruvate im-
port increases (Lam et al. 2016). The high rates of antibody
heavy and light chain synthesis, glycosylation, and assem-
bly create a particular demand for activators of the unfold-
ed protein response (UPR) in plasma cells, identified as a
requirement for XBP1 (Reimold et al. 2001; Iwakoshi
et al. 2003; Shaffer et al. 2004). In addition, some evidence
suggests that persistence of plasma cells depends on intact
autophagic mechanisms such that loss of function for the
autophagy gene Atg7 led to initially higher rates of anti-
body secretion but a loss of humoral memory due to plas-
ma cell failure over time (Pengo et al. 2013). However,
some results indicate that the initial formation of GC B
cells, memory, and a primary anti-influenza response
does not require the protein ATG5, which, like ATG7, is
an essential component of canonical autophagy (Chen
et al. 2014, 2015). Elucidation of these issues is of great
practical importance in vaccines and autoantibody-medi-
ated disease. However, the fragility and niche dependence
of plasma cells, along with challenges in identifying sur-
face markers that distinguish LLPCs versus potentially
newer shorter-lived plasma cells, have thus far posed a
major barrier to understanding programming in specific
subsets of plasma cells in clear biochemical terms.

Signals regulating fate choice

The initial activation of B cells leads to rapid proliferation.
The rounds of division, many of which take place before
GC formation, appear to be preconditions to all later fates
for the B cell and its progeny. Thus, the probabilities of
(1) switching or (2) plasma cell differentiation are extreme-
ly low prior to a minimum division count (approximately
three and six, respectively), after which they increase pro-
gressively (Rush et al. 2005; Barwick et al. 2016). Antigen-
activated B cells appeared to divide over six to eight times
(64–256 potential progeny) before some progeny moved
into the GC (Gitlin et al. 2014). The duration of each
cell cycle—and thus the frequency and extent of divi-
sions—may be regulated by BCR affinity or the qualities
of Tfh received by an activated B cell (Gitlin et al. 2014,
2015). At present, how specific signaling pathways eli-
cited by antigen receptors and costimulation are trans-
duced into altered rates of DNA replication is not fully
elucidated.

Nonetheless, triggering andmodulation of the signaling
pathways downstream from the lipid kinase PI3K is a ma-
jor impetus to proliferation that is as essential in B cells for
antibody responses as it is in earlier development (Fruman
et al. 1999; Dil and Marshall 2009; Chiu et al. 2017; Jaya-
chandran et al. 2017). Recent work indicates that the spe-
cific Ras isoform R-Ras2 links the BCR and CD19 to PI3K
in leading to GC B cells (Mendoza et al. 2018). At a snap-
shot in time, only a small minority of B cells in the GC
light zone (LZ) exhibited evidence of PI3K activation
(Dominguez-Sola et al. 2015; Sander et al. 2015; Jellusova
et al. 2017). This finding is consistent with a competitive
process inwhich only those cells received a renewed stim-
ulus from Tfh cells, providing cognate help. However, it is

possible that the stimulus for the elevated PI3K is elicited
just by BCR with CD19 after antigen capture (e.g., from
FDCs), and the possibility that the PI3K activation is very
transient also cannot be dismissed. Signal relays as well as
transcription factors and apoptosis regulators downstream
from PI3K transduce the proliferative impulse initiated by
PI3K. These include (1) the GTP exchange factor Vav
(Doody et al. 2001; Stephenson et al. 2006); (2) PDK1, the
main activator of the serine–threonine kinase AKT at
T308 (Park et al. 2013; Baracho et al. 2014); (3)mTORcom-
plex 2 (mTORC2), whose phosphorylation of the AKT hy-
drophobic motif (S473) promotes FoxO1 phosphorylation
(Lee et al. 2013); and (4) mTORC1 (Chou et al. 2016; Jones
et al. 2016; Raybuck et al. 2018). NF-κB and FoxO1 are reg-
ulated directly or indirectly downstream from these sig-
naling complexes (Lee et al. 2005, 2010, 2011, 2012; Park
et al. 2013). While not fully worked out specifically inma-
ture B cells, these transcription factors in general regulate
proliferation and the proapoptotic and apoptotic genes
downstream from mTORC2 (Yusuf et al. 2004; Lee et al.
2013). Within the subset of B cells that exhibited high
PI3K activation, the activity of the glycogen synthase ki-
nases GSK3α andGSK3β is another target influencing pro-
liferation and survival (Jellusova et al. 2017).

The calcium–NFAT pathway is one of the signaling and
transcriptionmechanismsmost central to lymphocyte ac-
tivation, differentiation, and function. This pathway plays
in the distinction between tolerance and activation (Good-
now et al. 2010). Foundational work provided evidence
that calcium signaling without substantial activation of
NF-κB or ERK/AP1 characterized the tolerant state in ma-
ture B cells chronically stimulated by soluble Ag (Dol-
metsch et al. 1997; Healy et al. 1997). The Ca++/NFAT
pathway is also active in B cells rendered tolerant to a
low-affinity natural self-antigen (insulin) but, in this
case, without uncoupling of NF-κB signaling (Acevedo-
Suarez et al. 2006). The resulting imbalance in different
NFATs maintains tolerance in nonautoimmune B6 mice
(Bonami et al. 2014; Williams et al. 2015). However, in ge-
netically autoimmune mice, these B cells are recruited
into GCs and produce autoantibody (Wan et al. 2016).
This finding provides an important example of how genet-
ic backgrounds change fundamental aspects of the fate po-
tentials ofmature B cells. Analyses of calcium signaling in
B cells have been invigorated by discovery of Orai1 and
stromal interaction molecules (STIM1 and STIM2) along
with conditional loss-of-functionmutations. Constitutive
absence of store-operated calcium entry (SOCE) caused
some alterations of lymphocyte differentiation, but,
among the B cells that did develop, the capacity to prolifer-
ate was substantially reduced (Gwack et al. 2008). The
most notable effect and greatest molecular detail point
to a function of SOCE in regulating IL-10 production by
B cells and their plasmablast or plasma cell progeny (Mat-
sumoto et al. 2011, 2014; Ziegler et al. 2014). A similar
heightened IL-10 production is observed in autoreactive
B cells functionally silenced by impaired Ca++ signaling
(Felton et al. 2018). Lack of STIM protein altered affinity
maturation (Mao et al. 2016), implying an effect on GC
function. Together, these findings indicate that Ca++/
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NFAT signaling likely not only functions in promoting
cell-intrinsic proliferation but also may restrain suppres-
sive functions of B lineage cells.

Antibody class choice as a fate

The requirement for proliferation likely arises in part
because proliferation facilitates DNA demethylation as
well as new DNA methylation, each of which appears to
be essential for progressive differentiation after activation
of conventional B2 B cells (Barwick et al. 2016, 2018;
Orlanski et al. 2016). Two initial decision points for the
proliferating B cells are whether the progeny undergo
(1) Ig class switching and/or (2) differentiation into plasma
cells. Each of these steps can occur without the other ei-
ther before or after entering theGC and after either activa-
tion of the naïve B cell or reactivation of a memory B cell.
The switching event influences the fate or status of B cells
because of differences in the signal transduction by differ-
ent classes of BCR (e.g., IgM vs. IgG vs. IgE) (Horikawa
et al. 2007; Engels et al. 2009; Liu et al. 2010a,b, 2012;
Haniuda et al. 2016; Yang et al. 2016). In addition, the lo-
calization of cells switched to these different isotypes and
the duration and transcription factor requirements for sur-
vival of Bmem cells (e.g., IgM vs. IgG and IgG2a vs. IgA)
(Dogan et al. 2009; Pape et al. 2011, 2018; Wang et al.
2012b; Zuccarino-Catania et al. 2014) also highlight
class-based molecular and functional distinctions.
Antibody class switching is mediated by activation-

induced cytosine deaminase (AID), which catalyzes IgH
locus recombination after recruitment to particular germ-
line-encoded switch regions (Muramatsu et al. 1999, 2000;
Okazaki et al. 2002; Stavnezer and Schrader 2014). This re-
cruitment is cytokine-regulated anddepends on the induc-
tion of transcription at specific promoters upstream of
quasirepetitive switch regions that precede each isotypic
Ig constant region exon (Snapper and Paul 1987; Rothman
et al. 1990; Jung et al. 1993; Lee et al. 2001; Stavnezer and
Schrader 2014). One barrier to deeper understanding of
the molecular events is that it is not known precisely
when or where the recombination of a class switching oc-
curs. Since disappearance of the previous constant region
and surface expression of the new class are subject to phe-
notypic lag, this would require direct visualization on a
cell-by-cell basis of the cleavage event. In any case, such
switches of antibody constant regions affect memory B-
cell and plasma cell fates as a consequence of differences
in the signaling elicited by engagement of the distinct clas-
ses of BCR (IgM, IgG, and IgE) (Horikawaet al. 2007; Engels
et al. 2009; Liu et al. 2010a,b; Haniuda et al. 2016; Yang
et al. 2016). For example, IL-4 promotes switching to either
IgE or IgG1. However, IgG1 humoral memory is durable,
whereas IgE-expressing B cells appear to be inefficient at
sustained participation in GC reactions, at least in some
(but not all) model systems (Talay et al. 2012; Yang et al.
2012; He et al. 2013). Intriguingly, however, some of the
data from mouse models may be conditioned by a lack of
sufficient Tfh cells (which can provide IL-4) so that anti-
gen-specific Tfh cells are competent to yield sustained

IgE in serum, whereas Th2 cells are not (Kobayashi et al.
2017). What the differences are in programming when
help for switching to Cε derives from conventional Th2
cells (which might act in extrafollicular switching and
plasma cell generation) as compared with Tfh cells or
when IgE arises from a secondary switch event (e.g., Cγ1
to Cε) will be important issues for molecular regulation
of allergic diseases (He et al. 2013).
The germline CH promoters upstream of switch regions

are regulated by cytokine-induced STAT transcription fac-
tors, which link cytokines to antibody isotype and addi-
tional aspects of the gene expression program. For
instance, IFN-γ or IL-27 drive switching to the proinflam-
matory IgG2c isotype via nuclear induction of STAT1
homodimers and subsequent expression of T-bet (Peng
et al. 2002; Yoshimoto et al. 2004; Nguyen et al. 2012;
Domeier et al. 2016), and IgG2c+ B cells express CXCR3,
a T-bet-dependent chemokine receptor that mediates cel-
lular recruitment to sites of inflammation (Serre et al.
2012). Conversely, IL-4-induced STAT6 inhibits this
switch while promoting IgG1 and, at lower efficiency, IgE
(Takeda et al. 1996; Linehanet al. 1998;MaoandStavnezer
2001). In addition to STATs andT-bet,NF-κB regulates the
promotersdirecting transcription from“I”exonsupstream
of the switch segment constant region pairs that are in the
germline DNA of heavy chain genes (Lin and Stavnezer
1996). Moreover, Runx proteins and TGF-β-induced
SMAD transcription factors mediate induction of Iα, the
transcript for switching to IgA (Cerutti 2008; Watanabe
et al. 2010). Finally, chromatin proteins such as Ikaros dis-
tinguish between switch regions or isotypes so that it re-
presses the highly proinflammatory or pathogenic IgG2
isotypes but not others (IgG1, etc.) (Sellars et al. 2009).
Although it is not clear whether the mechanism is direct
(i.e., binding in cis) or indirect, recent evidence indicates
that hypoxia-inducible transcription factors (HIFs) exert
promoter-specific inhibition of the germline CH tran-
scripts that promote IgG1 and, even more prominently,
IgG2cwhile sparing Iα (Cho et al. 2016). Finally, regulatory
RNAs are less explored. Nonetheless, there is evidence
that microRNA 146a (miR-146a) promotes switching to
Cε (i.e., generation of IgE), perhaps via either increased
14-3-3 or reduced SMAD4 (Li et al. 2017).
While the germline CH promoters for “sterile CH tran-

scripts” are crucial determinants of switch targeting, the
DNA breaks and recombination require AID (product of
the Aicda gene). PI3Kδ, one isoform of the PI3K catalytic
subunit, was found to repress AID expression (Omori
et al. 2006) even thoughPI3K,mTORC1, andmTORC2ac-
tivities are crucial for proliferation and later formation of
GCs (Lee et al. 2013; Dominguez-Sola et al. 2015; Sander
et al. 2015; Jones et al. 2016; Chiu et al. 2017; Raybuck
et al. 2018). In part, this finding appeared to be mediated
through FoxO1 downstream from AKT kinase (Dengler
et al. 2008; Dominguez-Sola et al. 2015; Sander et al.
2015; Inoue et al. 2017), but an important element was
that this PI3K isoform regulatedBlimp1,whose expression
would block the program leading to Aicda. In part, these
findings illustrate the complexities of population analyses
withhighly dynamic cells and theultimateneed for single-
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cell analyses of mRNA, protein, and even enzyme activi-
ties. AID is active in both extrafollicular and, at higher
levels, GC B cells. Moreover, the cytosine deaminase ac-
tivity, whose function is to introduce both point muta-
tions and DNA strand breaks, creates inherent risks of
death and oncogenic transformation (Daniel andNussenz-
weig 2013; Casellas et al. 2016). As such, a large array of
transcription factors and other regulators has been tied
to determination of AID levels. The E-box-binding E2A
factors and their negative regulators, Id proteins (Gonda
et al. 2003; Sayegh et al. 2003), as well as BCL6, Batf, NF-
κB, YY1, and the homeobox protein HoxC4 are among
transcription factors, likely as direct regulators of Aicda
gene expression (Park et al. 2009; Pavri et al. 2010; Basso
et al. 2012; Pone et al. 2012; Zaprazna and Atchison
2012; Ise et al. 2018). In addition, AID protein levels, activ-
ity, and retention on chromatin likely also are regulated
(Pavri et al. 2010; Sun et al. 2013; Zan and Casali 2013),
and microRNAs such as miR-155 are also modulators of
AicdamRNA (Teng et al. 2008; Basso et al. 2012; Bouamar
et al. 2015). Analyses of the impact of hypoxia andHIFs on
switching indicated that AID (which, from the outset, was
identified as IL-4-stimulated) (Muramatsu et al. 1999) is
regulated in a manner dependent on the cytokine milieu
and that hypoxia inhibited AID expression in the presence
of IFN-γ, whereas it had no effect in IgA-promoting condi-
tions (TGF-β and retinoic acid) (Cho et al. 2016). However,
it remains to be determinedwhether there is any direct ef-
fect ofHIFonAicdaorwhether, instead, the result is due to
sensingof the activityofmTORC1.Nonetheless, thework
taken together evokes models in which there is an inter-
play among nutrientmicroenvironment, cytokinemilieu,
and B-cell sensors in a manner whereby the local condi-
tions adjust AID activity (Keim et al. 2013) and contribute
to the balance of fates that emerge.

Once a B cell differentiates into a plasma cell, the local-
ization of LLPC populations tracks with their antibody
class. As such, both the regulation of the promoters that
precede the quasirepetitive Ig CH switch regions and
that of AID expression are important determinants of B-
cell fates. IgA plasma cells are more likely to be at muco-
sal sites (gut and respiratory tract), whereas IgG LLPCs are
in the marrow (Moser et al. 2006; Kometani and Kurosaki
2015). Based on clinical parameters, it is almost certain
that there are IgE LLPCs in allergic disease patients. Al-
though typically rare, IgE plasma cells can be detected in
mucosa-associated lymphoid tissues (Chvatchko et al.
1996; Eckl-Dorna and Niederberger 2013). Distinct hom-
ing receptors as well as patterns of where plasma cells pro-
ducing the different antibody classes arise likely account
for the differences in localization, but the transcriptional
regulatory patterns that create and maintain these differ-
ences remain to be determined.

GCs—sources of enhanced affinity, memory, and plasma
cell durability

If an activated B lymphoblast acquires suitably persistent
T-cell help, decreases expression of the G-protein-coupled

receptor EBI2 (Pereira et al. 2009), and avoids rapid differ-
entiation into a plasmablast with high IRF4 and Blimp1
and lower IRF8, itmay enter or contribute to the establish-
ment of a GC reaction (Fig. 3). This specialized microana-
tomic nichewithin the overall follicle involves amutually
reinforcing program in which both B and CD4 T cells ex-
press progressively higher concentrations of the repressor
BCL6 (Zhang et al. 2017). The cytokine IL-21 is essential
for the gene expression program of the GC B cell as well
as for generation of plasma cells from the follicle (Ozaki
et al. 2002; Yoon et al. 2009; Bessa et al. 2010; Linterman

Figure 3. Entry, exit, life, and death in the light–dark cycle of a
GC. After an activated B lymphoblast encounters a helper T cell
(best of all, one whose T-cell receptor [TCR] recognizes a peptide
derived from the same antigenic protein to which the B cell re-
sponded; referred to as “cognate” help), an initial T–B conjugate
may form. (1) These cells may then move into the developing
GC, in part via CXCR5 responding to a CXCL13 gradient along
with decreased expression of the 7α,25-dihydroxycholesterol-
binding G-protein-coupled receptor EBI2. (2) The B lymphoblast
continues proliferation, although, in the DZ, death rates of its
progeny (gray cells) may approach 50% and are due in large part
toAID, likely involving its generation of genomic stress (genotox-
icity). The high AID expression and replicating DNA allow tar-
geting of the cytosine deaminase and somatic hypermutation
(SHM) that yields sequence variants of the BCR expressed on
the B-cell clone that entered the GC. (3) As a timed program of
DZ residence runs out and signaling by the chemokine receptor
CXCR4 falls, CXCR5-directed chemotaxis leads GC B cells
from the DZ to the LZ. In the LZ, mutated BCR specificity may
lead to apoptosis from either a failure to compete for antigen
and Tfh or generation of an autoreactive receptor. (4) However,
some clones will have BCRs that succeed in the competition to
capture the antigen or immune complex fromFDCs in the LZ, in-
ternalizing and processing the captured protein for display of pep-
tides in MHC-II. These successful cells will be reinvigorated and
activated by the antigen and help from Tfh (IL-21 and CD40 li-
gand), leading to a short burst of higher PI3K activity and c-
Myc. (5) These reactivated GC B cells can migrate back to the
DZ, thereby fostering both greater numbers of progeny from
more proliferation and the potential to increase BCR affinity for
antigens after further SHM. (6) Relatively earlier in the GC reac-
tion, some GC B cells may convert to a quiescent state and take
on the characteristics of memory B cells. (7) At later times, the
output of cells shifting from theGC phenotype to become plasma
cells increases.
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et al. 2010; Zotos et al. 2010; Berglund et al. 2013). As an
example of flexibility in immunity, however, extrafollicu-
lar antibody responses can appear IL-21-dependent or IL-
21-independent. For instance, an extrafollicular IgG2c
response to Salmonella was not affected by the absence
of this cytokine (Linterman et al. 2010). As noted above,
the GC program involves superinduction of AID, which
is essential for introduction of new somaticmutations tar-
geted to the immunoglobulin locus (Muramatsu et al.
2000). GC B-cell biology hinges on a capacity for iterative
cycling of the B cells between LZs—rich in FDCs laden
with antigens (potential BCR ligands) and Tfh cells—and
dark zones (DZs) in which B cells have resumed prolifera-
tion (Allen et al. 2007;Victora et al. 2010;Victora andNus-
senzweig 2012).Gene regulation and expression profiles as
well as the analyses of them are made more complex by
this cyclical migration and by an admixture of cells in
the LZ with low or briefly high PI3K activity (Domi-
nguez-Sola et al. 2015; Sander et al. 2015; Jellusova et al.
2017). Moreover, recent work with a sensor to identify
cells on their way toward death indicated that substantial
portions of a GC B-cell pool likely are set to undergo
apoptosis within hours (Mayer et al. 2017). These findings
indicate that dynamically expressed factors that are PI3K-
regulated may be at very different levels in a majority of B
cells that will not contribute after affinity selection from
the minority that ultimately establishes humoral memo-
ry. Moreover, B-lineage-restricted loss-of-function analy-
ses indicate that mTORC1 promotes the expression of
both Bcl6 and Irf4 mRNA and protein (Raybuck et al.
2018) as one of the mechanisms by which this branch of
PI3K signaling regulates the GC program. In any case, ge-
netic approaches extend earlier findings with the immune
suppressant rapamycin to indicate that both mTORC1
(Cho et al. 2016; Jones et al. 2016; Ersching et al. 2017;Ray-
buck et al. 2018) andmTORC2 (Lee et al. 2013) complexes
are essential in B cells for a GC reaction.
Further complicating analyses, intravital labeling found

densepatchesofhypoxic cells inmostbutnot allGCs (Cho
et al. 2016; Jellusova et al. 2017). The hypoxia appeared
mostly but not exclusively to colocalize with FDCs (i.e.,
the LZ) (Cho et al. 2016). In addition, HIF-1α stabilization
was increased in the GC, which could be due to either an-
tigen activation or hypoxia. As noted above, AID creates
danger for GC B cells by activating p53 and through the
riskofunresolveddamage. Indeed, analyses of dyingBcells
in vivo suggest a substantial degree of death due to AID in
theDZ (Zaheen et al. 2009; Mayer et al. 2017). As such, its
level and activity likely need tight control.Asnoted above,
increased HIF lowered AID expression; in addition, sus-
tained HIF elevation appears to attenuatemTORC1 activ-
ity, and partial reductions in mTORC1 reduced both
Aicda gene expression and the frequencyof somatichyper-
mutation (SHM) in GC phenotype B cells (Cho et al. 2016;
Raybuck et al. 2018). Parallel work has provided evidence
that dynamic adjustments in mTOR activity are mecha-
nistically involved in the deceleration of B-cell prolifera-
tion in the DZ (Ersching et al. 2017). Ultimately, this
competitive fitness process involves both survival and ex-
tent of proliferation and leads to increased affinity for Ag

over the affinity profile of the BCR on B cells that initiate
a response to immunization.
Long-term humoralmemory—embodied in both LLPCs

and functional Bmem cells—can arise from extrafollicular
reactions orafterTI proliferation (Bortnicket al. 2012;Tay-
lor et al. 2012), but the efficiencyof generating such cells is
enhanced by participation in the GC reaction. Although
the capacity of an individual B cell to see both fates may
depend on its BCR (Taylor et al. 2015), each GC—often
arising at disparate times after initiation of the immune
reaction—likely can yield a population of B-cell progeny
that includes Bmem, short-lived plasmablasts, and LLPCs.
What, then, are the mechanisms that govern the fate of
GC B cells and progeny that survive trial by selection?
Some points are crucial to underscore prior to consider-
ation of signals and factors. A first consideration is that,
across time, the nonsynchronous population of GCs tends
to be programmed toward a greater production of memory
cells during an earlier phase and then transition later to a
greater probability of producing bonemarrow plasma cells
(BMPCs) (Weisel et al. 2016). The second is that most im-
mune responses will elicit a mix of extrafollicular plasma
cells that produce antigen-binding antibodies. These anti-
bodies likely have two immediate impacts on theGC.One
is that they will form immune complexes that can be cap-
tured and, in a controlled process, displayed by the FDC of
the GC LZ (Wu et al. 2008; Heesters et al. 2014) and there-
byenhance capture byBcells that therebyacquire epitopes
to display in competing forTfh.However, if the concentra-
tion and qualities of antibody reach some threshold, they
can eliminate the supply of antigen needed for BCR stim-
ulation and Ag presentation (Zhang et al. 2013b). Inas-
much as BCR stimulation is central to the physiology, it
seems likely that this influence of soluble antibody con-
tributes to signaling the shift from Bmem (early) to BMPC
(later) bias in normal physiology. Moreover, it is likely
that the precise nature of signaling fromhigher-affinity re-
ceptors—selected after random SHM—differs from the
preimmuneBCRpopulation (Ise et al. 2018). Below, the ev-
idence is reviewed for a few signals or transcription factors
that mediate qualitative discrimination, for instance, in
which the loss-of-function mutant selectively impairs
one fate. In parallel, however, a major impact likely lies
in the integration of a balance between a number of signals
and DNA-binding transcription regulators. Nonetheless,
it is striking how little is established clearly about molec-
ular mechanisms of signaling or transcription that trans-
duce the temporal information and the cell surface
receptor stimulation (the BCR complex and CD40) in
ways that account for alternative fates: quiescence as
memory versus progression to plasma cell differentiation.

Humoral memory—LLPCs and the Bmem limb

As noted above, one limb of humoral memory involves
the constitutive secretion of antibodies from LLPCs that
were elicited by an immune experience. The molecular
programming of durability and persistence of LLPCs
is basically that of the survival niches, anti-apoptotic
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programs, and management of the UPR (discussed above).
With clearance of the antigen, the spectrum of antibody
qualities will not change much, and yet many microbes
generate variants of the functional proteins that they dis-
play. Perhaps for this reason, a second limb of humoral
memory involves the generation of quiescent antigen-
experienced B-cell populations that returned to a quies-
cent state while retaining a capacity for reactivation
(McHeyzer-Williams et al. 2012; Weisel and Shlomchik
2017; Inoue et al. 2018). The restimulated Bmem cell can
then either rapidly differentiate into a new plasma cell
or participate again in a GC reaction, thereby creating a
new round of somatic mutation, affinity maturation, and
dynamic allocation of progeny to memory or plasma cell
fates (McHeyzer-Williams et al. 2012; Weisel and Shlom-
chik 2017; Inoue et al. 2018).

As is typical of immunity, complexity and a diversity of
processes are features of the Bmem state. Thus, in addition
to the canonical Bmem cell that is class-switched (has de-
leted the μ−δ heavy chain coding DNA that was in cis to
its clonal VDJ region) and derived from a GC reaction,
an extrafollicular pathway also generates antibody-secret-
ing cells as well as B-cell memory with unswitched (IgM+)
Bmem cells (Toyama et al. 2002; Inamine et al. 2005; Dogan
et al. 2009; Pape et al. 2011; Kaji et al. 2012; Taylor et al.
2012). Recall antibody responses then draw on the pools
of Bmem cells that are IgM+ or isotype-switched to improve
antibody levels and qualities when an antigen similar to
that 10 immunity is encountered. Certainly, B-cell mem-
ory can arise despite disruption of the GC, but an impor-
tant unresolved area is that of the relative contributions
of different types of antibody and Bmem cells (IgM vs.
switched, GC vs. others, and CD80/PD-L2+/+ vs. CD80/
PD-L2−/−) (Zuccarino-Catania et al. 2014) to neutraliza-
tion and long-term recall. Some work suggests the IgM+

Bmem is vital (Yates et al. 2013; Perez-Shibayama et al.
2014); other mechanistic studies along with clinical
(human) data (e.g., conjugate vs. nonconjugate vaccines
and broadly neutralizing antibody vs. influenza and HIV)
provide evidence supporting a major role of GC-derived
memory (Corti and Lanzavecchia 2013; Klein et al.
2013). Even with the further refinement of classification
(Zuccarino-Catania et al. 2014), the molecular mecha-
nisms within B-lineage cells that regulate the formation
and maintenance of Bmem cell populations and the
strength of recall antibody responses are far less elucidat-
ed than those of most other B-lineage states.

Profiling studies with mouse and human B cells have
identified limited sets of mRNA at different levels in
Bmem cells compared with naïve and/or GC B cells (Klein
et al. 2003; Luckey et al. 2006; Haining et al. 2008), with
at least a few gene products in common in the studies.
Recent work with DZ and LZ GC B cells suggests that
expression of the chemokine receptor CCR6 may fore-
shadow development into Bmem (Suan et al. 2017). In
this latter state, salient features of these quiescent cells
appear to be shared withmemory CD8 T cells and include
a stem-like signature (Luckey et al. 2006). Compared with
the body of work on T cells, however, relatively little is
known about how signal transduction or transcriptional

mechanisms regulate the phases of memory: resolution
of proliferation and initiation of quiescence, formation,
and then persistence of various memory B classes. Long-
term recall antibody responses in somemodels—and like-
ly in humans—require the adapter protein SAP in T cells
to promote a longer residence of B cells in GCs, which
would also entail longer periods of costimulation via
CD40 and of signaling through integrins (Crotty et al.
2003; Qi et al. 2008; Cannons et al. 2010). Although the
role of CD40 is complex because its overstimulation
can drive excess plasmablast fate and foreclose on others,
this receptor on B cells is vital for both the GC reaction
and memory formation (Banchereau et al. 1994; Foy
et al. 1994; Gray et al. 1994; Laman et al. 1996; Erickson
et al. 2002; Basso et al. 2004). IL-4, IL-21, and their recep-
tors on B cells also are crucial (Ozaki et al. 2002; Glatman
Zaretsky et al. 2009; King andMohrs 2009). Based on con-
ditional loss-of-function experiments, it is inferred that a
tonic, presumably antigen-independent signal from the
BCR complex (including its invariant accessory chains)
acts to maintain the resting Bmem population in a manner
that can be rescued via PI3K, as is the case for the bulk of B
cells (Lam et al. 1997; Kraus et al. 2004; Srinivasan et al.
2009). Downstream from the BCR, an Ig Cγ1-Cre trans-
gene for post-switch termination of PLC-γ1 reduced
memory phenotype (CD38hi GL7neg CD138lo) B cells and
recall antibody responses (Hikida et al. 2009). An analo-
gous strategy for elimination of Syk gene expression
well after immunization showed that this tyrosine kinase
initiated survival signals for the Ag-specific Bmem popula-
tion (Ackermann et al. 2015). In addition, the signal trans-
ducers Grb2 and the small GTPase DOCK8 are vital for
GC formation and ultimate humoral memory (Randall
et al. 2009; Jang et al. 2011). Of note, PI3K and mTOR
are downstream from these signal relays (Pearce and
Pearce 2013), and IgG1 has means of recruiting Grb2
that differ from IgM (Engels et al. 2014). Ultimately, the
signals that promote memory appear to converge on
anti-apoptotic members of the Bcl-2 superfamily (Klein
et al. 2003; Carrington et al. 2010). Consistent with a sta-
tus proposed to be poised at the brink of apoptosis, use of
anAicda (AID)-Cre transgene to depleteMcl-1 eliminated
Ag-specificmemory phenotype B cells and recall antibody
responses (Vikstrom et al. 2010; Clybouw et al. 2011). In-
triguingly, Mcl-1 protein stability is maintained by a
mechanism involving activity of intermediary metabo-
lism in model cells (Maurer et al. 2006; Zhao et al. 2007;
Coloff et al. 2011; Boller andGrosschedl 2014). These find-
ings suggest that even in the relatively quiescent state, the
programming ofmetabolism in Bmem cellsmay contribute
to their persistence, as likely is the case for B cells’ capac-
ity for canonical autophagy (Chen et al. 2014, 2015).

Regulation of the gene expression programs—
transcription factors and RNAs

One of the challenges to a clear understanding of the reg-
ulation of mature B cells’ fates and the allocation of prog-
eny cells among them is that most of the molecular
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mechanisms (signal transduction, transcriptional con-
trols, and regulatory RNA) are essential at an earlier stage
of development.With an abnormal developmental history
or one that is not clearly established, conclusions are par-
ticularly tenuous or provisional. Nonetheless, analyses of
the fates of mature B cells have reaped the benefits of con-
ditional loss of function in recent years. Examples of the
challenges include the sequence of transcriptional activa-
tors of initial B-lineage differentiation, proceeding from
E2A proteins to EBF1 to Pax5. Each of these portions of
a coordinated transcriptional program is essential at the
early stages of ontogeny, and their absence eliminated
normal mature B cells (for review, see Busslinger and Tar-
akhovsky 2014). These proteins upstream of Pax5 have
been eliminated using constitutive Cre expression driven
by a Cd23 transgene that acts only as full maturation of B
cells is occurring in the periphery (Kwon et al. 2008;
Gyory et al. 2012; Vilagos et al. 2012). Along with analo-
gous work (Gloury et al. 2016), it is clear that these factors
initiating Pax5 expression and an epigenetic network that
maintains B-cell identity become dispensable for itsmain-
tenance, but E2A and EBF are crucial for steady-state ho-
meostasis of a normal B-cell population. In addition,
these factors appear important for establishment of GCs
and plasma cell output after immunization.
As discussed above, regulated rates of proliferation and

survival are central to the mechanisms by which the out-
puts fromB-lineage cells are achieved; i.e., GC physiology,
the capacity to switch effector class of antibody, and gen-
eration of plasma cells. Major checkpoint regulation is ex-
ercised by cyclin D in G1 and cyclin E at the initiation of
S. One insight is that after activation, most cyclin D ex-
pression in FO B cells appears to be that of D2 and D3
(Cato et al. 2011), encoded byCcnd2 andCcnd3 genes, re-
spectively.When a constitutive loss-of-functionmutation
for Cyclin D3 (Ccnd3−/−) was in the bone marrow progen-
itors used to reconstitute the B lineage in B-cell-deficient
µMT mice, the resultant population could initiate early
GC stages, but the response then failed to mature (Cato
et al. 2011). This defect resulted in an initial impairment
of affinitymaturation butnot in total IgMor IgG1, suggest-
ing that cyclinD3was functionally redundantwithD2 for
extrafollicular progression through switching and plasma
cell differentiation but not in the initial GC. Intriguingly,
parallel work with whole-body Ccnd3−/− mice (in which
T-cell development is perturbed) found that this initial
block to affinity maturation was alleviated progressively
during two recall immunizations (Peled et al. 2010). These
findings suggest that the capacity to formBmem cells of the
subset with a higher probability of entering secondary GC
was enhanced. However, further work to elucidate regula-
tion of cycling in primary and recall GCs will be needed,
since the effect measured for increased Tfh using the
DEC205 BCR knock-in model was on rates of replication
fork progression during S phase (Gitlin et al. 2015). More-
over, mechanistic evidence on how a selected higher
BCR affinity for Ag is then linked to DNA polymerization
rates will be of mechanistic interest. Certain microRNAs
present an emerging area in which there are tantalizing
clues to new mechanisms that participate in modulating

the strength of BCR signaling or cell cycling. For instance,
miR-28 has been identified as a GC-specific microRNA
that restrains proliferation, class switching, and the cellu-
lar products of the GC; i.e., Bmem and plasma cells (Barto-
lome-Izquierdo et al. 2017).
Temporally regulated levels of the proto-oncogene pro-

tein c-Myc, a central regulator of proliferation and apopto-
sis, are another crucial feature of GC physiology (Calado
et al. 2012; Dominguez-Sola et al. 2012). Although origi-
nally Myc levels appeared lower for the GC as a whole
than in activated lymphoblasts, recent work indicates
that protein levels are in fact high in a smaller subset of
GC B cells (Calado et al. 2012; Dominguez-Sola et al.
2012). These appear to be LZ cells in a limited period after
reactivation through BCR stimulation followed by a pulse
of help fromTfh cells. In part, the increasedMycmay rep-
resent a coordinated induction that involves the expected
collaboration of BCR and CD40 (Luo et al. 2018). None-
theless, the conundrum remained that proliferation was
greatest in the DZ, in most of which the Myc levels had
declined. This apparent paradox may be resolved at least
in part by Myc induction of the transcription regulator
AP4 (Chou et al. 2016). This latter bound to similar sites
and promoted metabolic pathways similar to a function
ofMyc, suggesting that a functional relay by the later tran-
scription factor after Tfh restimulated B cells moved to
the DZ. As noted, a major function of Myc in licensing
proliferation is that it assists in reorganization of nutrient
uptake and programming levels of gene expression for nu-
merous pathways of intermediary metabolism. However,
the spectrum of Myc target genes depends on the level of
Myc and broadens with increasing concentration so as to
include new pathways (Ji et al. 2011; Le et al. 2012). Exper-
iments manipulating Myc levels provide results indicat-
ing that this proto-oncogene can function as a timer of
proliferative duration in a manner dependent on its con-
centration and balances apoptosis (at highMycwith insuf-
ficient anti-apoptotic rescue factors) against maintenance
of a proliferating state (Heinzel et al. 2017). Below a cer-
tain threshold level of Myc, lymphoblasts would exit
cell cycle. This model is compatible with previous work
noting a timed program for transition from blasts (DZ)
to LZ centrocyte status for B cells (Bannard et al. 2013).
Therefore, an issue to be addressed for B cells in humoral
immunity is one of dose response—and the levels of Myc
specifically—in the cells that progress or exit the GC reac-
tion to die, enter relative quiescence as memory cells, or
keep up some proliferation as plasmablasts. Inasmuch as
precedents more analyzed in T cells rather than B cells
provide indications that mTORC1 supports c-Myc stabil-
ity (Verbist et al. 2016), it is possible that such a timer
mechanism contributes to the observation that smaller
B cells tend to exit cycle and the GC DZ (Ersching et al.
2017). With regard to timer mechanisms and BCR affini-
ties in the GC (Bannard et al. 2013; Shinnakasu et al.
2016; Weisel et al. 2016), one model might be that early
in the GC reaction, B lymphoblasts more readily reduce
Myc and AP4 below the threshold of proliferation and
exit intomemory prior to signals sufficient to induce plas-
ma cell commitment.
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A central determinant of the branch points of GC B-cell
status, memory fate, and plasma cell differentiation is the
balance between BCL6 and Blimp1 along with the level of
IRF4. At the first level, BCL6 expression and Blimp1 ex-
pression aremutually antagonistic so that eachdirectly in-
hibits the other. The concentrations of IRF4 and its
competition with IRF8 appear to be pivotal (Sciammas
et al. 2006; Ochiai et al. 2013; Carotta et al. 2014; Xu
et al. 2015). With that being the case, IRF4 is regulated in
part by turnovermechanisms so that Cbl ubiquitin ligases
target the transcription factor for degradation (Li et al.
2018). This regulatorymechanismpresents anothermodel
for mediating cooperation of BCR stimulation with CD40
signaling, as Cbl expression was found to be highest in GC
B cells of the LZ and enhanced by these stimuli (Li et al.
2018). Thus, GC B cells that capture Ag from FDCs and
are stimulated by CD40L of Tfh cells would keep the level
of IRF4 in check and thereby decrease the likelihood that
they would initiate conversion into plasma cells (Sciam-
mas et al. 2011; Martinez et al. 2012; Nutt et al. 2015). In
principle, this mechanism could fit with the temporal se-
quence in which GC-derived plasma cells emerge later
than Bmem (Weisel et al. 2016), at a timewhen the effective
availability of antigen may be on the wane (Zhang et al.
2013b). In addition, the functional capacityofBlimp1 is op-
posed by the transcriptional cofactor BACH2 (Kometani
et al. 2013;Huang et al. 2014),which itself can bemodulat-
ed by mTORC1 (Tamahara et al. 2017). This antagonism
influences the capacity of an activating BCR signal to
send a B cell to the plasmablast fate (Kometani et al.
2013; Shinnakasu et al. 2016). Differences in BCR signal-
ing qualities between IgM and IgG translate to a difference
in BACH2 level and are likely amajormechanism causing
class-switched Bmem cells to be less likely to re-enter a GC
reaction than IgM memory. Since the stoichiometric bal-
ance and functions of BCL6, IRF4, Blimp1, and BACH2
are so central to whether a lymphoblast reaches a tipping
point into plasma cell differentiation, it makes sense at a
system level that these parameters be targeted for tuning
by secondary factors. For instance, the microRNA miR-
148a promotes the plasma cell fate by decreasing mRNA
encoding BACH2 and an inhibitor of IRF4,MITF (Porstner
et al. 2015). Although their mechanisms remain to be es-
tablished, yet further microRNAs (miR-29a and miR-
217) appear to enhance or restrain the GC reaction and
its outputs (de Yebenes et al. 2014; van Nieuwenhuijze
et al. 2017), and almost nothing is yet known about long
noncoding RNA that can regulate gene expression.

NF-κB/Rel dimers represent amajor transcription factor
family downstream from the BCR, CD40, and PI3K (Hay-
den andGhosh 2012). In linewith the requirement for ton-
ic signaling through PI3K to maintain B cells in the
periphery (Srinivasan et al. 2009), canonical NF-κB signal-
ing through IKK2 (IKKβ) is essential for B-cell survival
(Derudder et al. 2016). In addition, mTORC2 and activity
of at least the noncanonical (RelB:p52) NF-κB pathway
appear to be required (Claudio et al. 2002; Lee et al.
2013). After B-cell activation, both the canonical (RelA:
p50 and c-Rel:p50) and noncanonical NF-κB pathways
and complexes support normal GC function in promoting

affinity-matured antibodies (Zarnegar et al. 2004; Mills
et al. 2007;Heise et al. 2014;DeSilva et al. 2016).However,
specific deletions of c-Rel versus RelA revealed a critical
distinction: Whereas c-Rel was required for maintenance
of GC, the distinction of the LZs and DZs, and metabolic
activity, RelAwas not. Instead, RelA promoted Blimp1 ex-
pression so that depletion of RelA frommature B cells un-
dermined their ability to develop into plasma cells (Heise
et al. 2014). Importantly, these findings place RelA up-
stream of expression of the Prdm1 gene that encodes
Blimp1; what remains to be determined is whether the ab-
sence of RelA impaired the formation or maintenance of
Bmem cells, either IgM or GC-derived (high-affinity and
class-switched). Beyond these important findings, receptor
activationof IκBkinases (IKKs) andotherworkwith specif-
ic loss of function show evidence of regulatory finesse of
the pathways. Thus, point mutations in IKKα, the apical
activator of noncanonical NF-κB via p52 generation, elim-
inated GC induction but not the extrafollicular antibody
response, and, in aging mice, absence of p50/NFκB1 led
to deregulated IL-6 production by B cells, driving a breach
of tolerance (Mills et al. 2007; de Valle et al. 2016).

The importanceof IL-21 andproinflammatory functions
of IL-6 (each discussed above) calls attention to STAT3,
which is activated by receptors for these cytokines. Apart
from its functions in other cell types, B-cell-intrinsic
STAT3 is established as crucial for the late stages of differ-
entiation that yield antibodyproduction (Reljic et al. 2000;
Fornek et al. 2006; Ding et al. 2016). Several other tran-
scription factors also contribute. Various endogenously
generated metabolites as well as environmental toxicants
such as dioxins can engage the aryl hydrocarbon receptor
(AHR), and recent work shows that AHR restrains class
switching and plasma cell differentiation (Vaidyanathan
et al. 2017), as can a dioxin (Zhang et al. 2013a). However,
much remains to be determined about the relationships
between such findings in vivo or as related to endogenous-
ly generatedAHRligands. Similarly, therehavebeenexcit-
ing findings about the mechanisms by which a family of
zinc finger BTB domain-containing ZBTB transcription
factors preferentially limit the Bmem subset and duration
of recall responses (ZBTB32) (Wang and Bhattacharya
2014) or promote the persistence of adjuvant-specific but
not extrafollicular TLR-driven LLPCs (ZBTB20) (Jash
et al. 2016; for review, see Zhu et al. 2018).

Epigenetic regulation of peripheral B cells

Specialized transcriptional programs of functionally and
developmentally distinct cell types are reflected in their
epigenetic landscapes. Genome-scale maps of chromatin
accessibility, post-translational histone modifications,
DNA methylation, and transcription factor-binding sites
have revealed dedicated sets of cis-regulatory elements
for a diverse number of cell types and developmental
states. The transcriptional activities that separate naïve
B cells into functionally distinct subsets of plasma cells,
GC B cells, or Bmem cells involve extensive epigenetic
reprogramming, ultimately resulting in unique DNA
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methylation and chromatin signatures of terminally
differentiated cells. The establishment of these signatures
relies on a highly ordered stepwise process of gene
regulation.
In developing B cells, the hematopoietic master regula-

tor PU.1 collaborateswith B-lineage-specific transcription
factors E2A, EBF, Oct-2, and NF-κB at an exclusive set of
genomic sites marked by H3K4 monomethylation and
H3K27 acetylation, which are indicators of open chroma-
tin and have been correlated with enhancer activity
(Heinz et al. 2010). Both PU.1 and EBF1 have been shown
to act as pioneer factors that initiate nucleosome reposi-
tioning and provide a permissive chromatin state for sec-
ondary transcription factors to bind at enhancers of key
genes during subsequent stages of differentiation (Mercer
et al. 2011; Li et al. 2018). These two factors interact with
and possibly recruit TET2 to target loci, which facilitates
further chromatin accessibility and DNA demethylation
through oxidation of 5-methylcytosine (Lio et al. 2016).
The molecular mechanics of this process are not well
understood, but replication may play an important role
in passive dilution of 5-hydroxymethylcytosine (Otani
et al. 2013). Indeed, the impact of TET2 and TET3 loss is
most profound in highly replicating cells, blocking the
pro-B-cell-to-pre-B-cell transition (Lio et al. 2016; Orlan-
ski et al. 2016), which may be due to impaired regulation
of IRF4/IRF8 and inhibited IgK ρε arrangement (for review,
see Tsagaratou et al. 2017). However, amore robust under-
standing of the functions of the metabolite- and vitamin
C-regulated TET dioxygenases (Sasidharan Nair et al.
2016; Yue et al. 2016) in mature B cells and humoral im-
munity will hinge on use of later-acting and conditional
Cre transgenes.
Consistent with other models of differentiation, target-

edDNAhypomethylation of plasma cells occurs at specif-
ic cis-regulatory sites and is associated with binding of
stage-specific transcription factors such as AP-1 or IRF,
which depends on the number of divisions the cells have
undergone (Barwick et al. 2016). Unlike plasma cells,
GC B cells experience global DNA demethylation of het-
erochromatic and repetitive elements, while polycomb-
repressed regions become hypermethylated. Likewise,
the transition from naïve to GC cells involves loss of
methylation and, to a lesser extent, gain of methylation
for thousands of genomic loci that are enriched near genes
targeted for SHM. AID has been shown to be responsible
for the majority of the changes observed during this tran-
sition (Dominguez et al. 2015).
Maintenance of methylation by the DNAmethyltrans-

ferase DNMT1 is critical for GC generation, and genetic
and pharmacological inhibition of DNMT1 skews dif-
ferentiation of naïve B cells, leading to loss of GC cells
and increased plasma cell numbers. In contrast, de novo
methylation by DNMT3a/3b is not required for normal
B-cell development and does not effect gene expression
or chromatin accessibility in GC cells. Upon antigen
stimulation, however, loss of DNMT3 produces abnormal
plasma cell responses to immunization (Barwick et al.
2018). Thismay be explained bymisregulation of genes re-
sulting from failure to methylate regions surrounding

genes that are normally down-regulated during B-cell
development.
Despite these observations, fewer regions gainmethyla-

tion and lose chromatin accessibility compared with the
number of regions that lose methylation and gain accessi-
bility during plasma or B-cell differentiation (Scharer et al.
2018). Inorder to repress gene expressionprogramsof alter-
nate cell fates, transcription factors such as Blimp-1 in
plasmacells or BCL6 inBcells recruit repressivePolycomb
protein EZH2 to target promoters and enhancers (Shaffer
et al. 2002; Beguelin et al. 2016; Guo et al. 2018). EZH2,
the histone methyltransferase responsible for trimethyla-
tion of H3K27 in nucleosomes at target sites, is required
for GC formation, indicating that this repressive histone
modification is functionally significant. Because of techni-
cal limitations and the variegation of B cells even within a
single GC, much remains to be determined about the
marks within Ag-specific cells of different fates and at
key junctions on the paths toward developing plasma cells
versus Bmem as alternative fates for the mature B cell.

Closing thoughts

In this review and status report, a theme of how there are
distinctions between subtypes of cell (for instance, LLPCs
that secrete different antibody classes or arise under dif-
ferent conditions/natures of adjuvant or Tfh) and in the
current pioneering phase of the molecular basis for devel-
oping and programming these differences remains to
be explored. This emphasis was chosen in part because
of the underlying physiology of immunity and in part
because the fast-evolving frontier of single-cell technolo-
gies may be approaching the robustness (rigor and repro-
ducibility) to make these questions ripe for elucidation.
A contention is that answers will be valuable in seeking
to develop universal or broadly neutralizing vaccines to
certain viruses (influenza and HIV) in outbred and diverse
populations. Moreover, key information about the genes
and molecular mechanisms that account for sustained
breaches of tolerance in human autoimmune diseases
mediated by pathological antibodies is still needed. Map-
ping sequence variants in noncoding regions has become
an area of intense interest because of their potential to
affect gene regulatory circuits. In fact, genome-wide asso-
ciations studies (GWAS) have demonstrated that a sub-
stantial portion of common disease- and trait-associated
SNPs (single-nucleotide polymorphisms) is located innon-
coding functional regulatory elements. Pairing GWAS
with functional genomic data reveals that disease risk
variants not only are enriched in regulatory DNA but
also localize primarily within cell type-specific enhancers
of disease-relevant tissues (Maurano et al. 2012). Recent
studies have probed relationships betweenmolecular phe-
notypes such as gene expression, chromatin accessibility,
or DNA methylation status of cis-acting regulatory sites
and immune disease loci, finding a strong connection
between noncoding genetic variation and epigenetic regu-
lation (Farh et al. 2015; Koues et al. 2015; Chen et al.
2016a). The obvious implication of this relationship is
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that sequence variation may alter the stability of tran-
scription factor occupancy, thus altering the epigenetic
status and regulatory output of the enhancer. However,
developing conclusive data that identify direct cause and
effect relationships remains another challenge for the
future.
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