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Progress in understanding humoral immunity has been
accelerated by the powerful experimental approaches of
genetics, genomics and imaging. Excellent reviews of these
advances appeared in 2015 in celebration of the 50th
anniversary of the discovery of B cell and T cell lineages in the
chicken. Here we provide a contemporary model of B cell
differentiation, highlighting recent publications illuminating
germinal center (GC), memory B cell and antibody-secreting
plasma cell biology. The important contributions of CD4T cells
to antibody responses have been thoroughly reviewed
elsewhere.
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Introduction

The antibody response employs intercellular communi-
cation, through direct contact and soluble mediators, in
the exquisitely organised structure of secondary lym-
phoid organs [1-3]. These signals induce or silence ge-
netic programs of activation, migration, survival and
differentiation, all potentially modulated by epigenetic
modifiers. Figure 1 illustrates the process and its partici-
pants as it occurs in the spleen; similar processes can be
observed in lymph nodes (LLN), or ectopically in inflamed
tissue.

Overview of the B cell response to antigen in
vivo

In the resting state, polyclonal B cells and T cells are
compartmentalized and non-dividing. Once antigen
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enters, it is captured by professional antigen presenting
cells, including B cells, macrophages and dendritic cells
(DC). Within 1 day in the mouse, a small number of B
cells specific for the antigen (~1-3 cells initially; [4]) will
migrate under the influence of changing chemokine
receptor expression [5,6], drawn towards the T cell zone.
Simultaneously, CD4+ T' cells that have detected their
cognate antigen presented on DC, will begin to express
the transcriptional repressor Bcel6 [6], a master regulator of
the T follicular helper cell (Tth) lineage [7]. Bcl6 influ-
ences chemokine receptor expression, such that early T'th
cells migrate towards the B cell follicle under the influ-
ence of CXCRS5 expression [8]. At the T:B interface, a
cognate interaction occurs in which activated B cells
provide further processed antigen to the T cell receptor
(TCR), soliciting the secretion of cytokines (ILL6 and
IL.21) that reinforce Bcl6 expression and the T'th pheno-
type [8-11]. Subsequently, important receptor:ligand
interactions are formed, including CD40:CD40L, ICO-
SL:ICOS, and homotypic interactions between SLAM
proteins [12,13]. These interactions ensure that the cog-
nate B and T cell remain in contact to initiate the next
phase of the response.

A day or two later, the cognate B and T" cells are moving
again. The mature, antigen-specific Tth move to the
center of the B cell follicle. The activated B cells have
multiple fates available to them [6]. First, some B cells
will move to the interfollicular zone and differentiate into
short-lived antibody secreting cells (ASC), providing a
rapid, albeit low affinity, antibody response to the infec-
tion. Second, some B cells move into the pre-GC, likely
driven by Bcl6 up-regulation and changes to chemokine
receptor expression. There they will undergo affinity
maturation in the developing GC. Lastly, some B cells
will differentiate into early memory B cells, isotype
switched but showing no evidence of affinity maturation.
The distribution of any clone among these outcomes
appears to be an intrinsic property of the clone, related
to division potential and influenced by affinity but not by
isotype [14°°].

The GC reaction serves a number of critical roles. It is
where somatic hypermutation (SHM) of immunoglobulin
(Ig) variable region genes occurs, catalysed by activation-
induced cytidine deaminase (AID; [15]). B cells cycle
through the light and dark zones (I.Z and DZ) of the GC
undergoing iterative cycles of selection and rapid prolif-
eration and mutation, respectively, timed intrinsically and

facilitated by fluctuating CXCR4 and CXCRS expression
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The figure indicates the various cell types and molecules that come into play as B cells are activated and enter into a T cell dependent antibody

response. The process follows a time frame (proceeding vertically down the page) that initiates in spleen and lymph nodes, and finishes in the
bone marrow.
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[16,17]. Affinity maturation occurs through competition
by mutated B cell receptors (BCRs) of the GC B cells for
the antigen decorating the follicular dendritic cells (FDC)
and the limited number of Tth available to provide help.
T'th are motile, interacting with many B cells and making
frequent and durable contacts with cells expressing the
most Ag/MHC on their surfaces. ICOS/ICOSL plays a
central role in this process [18°]. The role of BCR signal
strength is unclear; rather, a greater capacity to capture
antigen and present it to Tfth cells appears to drive the
process [19].

The GC is also the site of differentiation of long-lived
memory B cells and plasma cells. The ASC exported from
the GC ultmately persist in bone marrow niches that
support their longevity [20,21], while memory B cells,
although showing some predilection to remain in the
organ of their formation [22,23], recirculate through the
lymphoid system. Regulating the output of the GC is
critical, as SHM potentially generates auto-reactive or
otherwise mutated B cells that may lead to autoantibody
production or to GC-derived B cell lymphomas [24,25].

Regulators of GC B cells

A number of signalling molecules and transcriptional
regulators have been implicated in GC biology [16,17].
While GC B cells require BCR signalling capacity, this is
tempered by cell cycle-dependent fluctuations of Shpl
phosphatase levels [26°,27°]. Instead, the ability to cap-
ture and present antigen to T'th cells, and to receive and
respond to T cell signals is critical to affinity maturation in
GC B cells [18°%28]. It was recently shown that by
engineering a subset of B cells to express high Ag:MHCII
levels, Tth cell help was enhanced, and this increased
expression of cell cycle and metabolism gene programs,
including Myc, E2F and their target genes [29°°]. This
significantly shortened S phase in the selected GC B cells.
In turn, affinity increased as cell cycle time decreased in
the cells receiving strong T cell help.

Other recent work shows that CD40 and Icos ligands
(CDA40L, IcosL) cooperate through a feed-forward mech-
anism to ensure GC B cells with the highest affinities
successfully compete for limited T'fh help [18°]. A B cell-
intrinsic capacity to respond to IL.21 and 1.4 is also essential
for optimal GC responses [30-32]. Impacting indirectly on
GC B cell responses and antibody affinity are fibroblast-like
cells (including FDC) in secondary lymphoid organs that
express Notch ligands essential for development of Tth,
certain DC and marginal zone B cells [33].

A “GC gene signature” [34] highlighted the major sig-
nalling pathways (BCR, NFkB, CD40 and Myc) and
signature  transcriptional regulators of the GC
(Figure 1). Bcl6, the master regulator of the GC, facil-
itates SHM by inhibiting the DNA damage response, and
differentiation [35]. Bcl6 acts cooperatively with Bach2,

another essential GC gene repressor [36], through co-
regulation of several target genes [37].

The NFkB pathway is widely implicated in signalling in
lymphocytes for activation, growth and survival. Howev-
er, a surprisingly small proportion of GC B cells display
the active nuclear form of NFkB. The use of conditional
mutants of NFkB subunit genes has shown that specific
members of the canonical NFkB family are differentially
required, both temporally and mechanistically, for GC B
cell maintenance and for plasma cell differentiation
[38°,39°]. Processing NFkB1 is absolutely required for
B cell differentiation and survival following antigen en-
gagement, through the activation of IRF4 and Bcl2,
respectively [39°]. c-Rel maintains the GC after the
DZ and LZ are established (beyond day 7, to day 14 after
immunization), not through supporting survival, but by
up-regulating metabolic pathways supporting cell growth.
Plasma cell differentiation is c-Rel independent. In con-
trast, RelA is dispensable for GC formation, expansion,
class switch recombination (CSR) and affinity maturation,
but its loss diminishes ASC differentiation 7z vivo and in
vitro. Interestingly, RelA deficiency reduces Blimp1, but
not IRF4 levels, in vitro.

Myec, another factor enabling proliferation and contribut-
ing to B cell transformation, is required for GC formation
[40,41]. DZ B cells, some of the most rapidly dividing
mammalian cells known, should universally express Myc,
but surprisingly, it is expressed by only a minority of GC B
cells, and these are dispersed through the [.Z and DZ [17].
However, Myc+ GC B cells display the highest antigen
affinity, reflecting a history of SHM and cell division. We
have recently found that lymphocyte division is strictly
dependent on Myc protein levels achieved upon initial
activation (S Heinzel, PD Hodgkin and LMC, in prepara-
tion), which may help to explain how the successfully
selected (higher affinity) GC B cell clones are able to spend
longer in the proliferative phase in the DZ [42°°].

An updated “GC gene signature’ arose from our recent
transcriptional profiling of peripheral B lineage cells in
the mouse [43°°]. Interestingly, some transcription factors
not yet implicated in GC biology showed identical pat-
terns of expression to known, essential GC regulators like
Bach2, Pou2afl, Mef2b and its direct target, Bcl6 [44].
They include Mybl1 (also recognized by Ding ez a/. [45] as
a Bcl6-regulated gene in a GC diffuse large B cell lym-
phomas), Phf19 (an epigenetic regulator; [46]) and Apitd1
(the DNA-binding component of the Fanconi anemia
(FA) core complex that mediates genome maintenance
[47]). These factors, among others [43°°], deserve atten-
tion as potential new players in GC B cell biology.

Regulators of B cell memory
Signals dictating GC B cell differentiation along the mem-
ory pathway remain undetermined. While the existence,
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persistence and functionality of early memory B cells,
arising prior to GC initiation, are now confirmed [48],
the relevant molecular and cellular processes remain un-
clear. Despite this, much has recently been learned of
memory B cell biology. Considerable importance was given
to the existence of IgM memory, particular for its perceived
unique capacity to differentiate into GC following reacti-
vation, which was distinct from IgG memory, that showed a
predisposition to differentiate into ASC [49,50]. Thus the
IgM memory compartment is designated as the repository
of very long-lived immune memory, only utilized when
alternatives had failed and then used to restore the status
quo in regenerating both PC and IgG memory B cells
through re-running the GC reaction. Mechanistic support
comes from the observation that IgG BCR are biochemi-
cally distinct from IgM BCR through the antigen-induced
recruitment of GRB2 to a unique, conserved tyrosine motif
in their cytoplasmic tails and their subsequently enhanced
differentiation into plasma cells [51]. Conversely, a study of
memory B cell subsets in mice, defined by expression of
PD-L2, CD80 and CD73, concluded that the bias towards
PC or GC differentiation could reflect the maturity of the
memory compartment, and to isotype. That is, more recent
or immature memory B cells, defined as negative for CD80
and PD-L2, preferentially reformed GC upon transfer and
restimulation, while more mature memory B cells, (PD-
L.2- and CD80-positive), preferentially formed PC [52°].
These outcomes, however, may reflect the experimental
system as much as intrinsic properties of the memory B
cells themselves, as they used purified populations and
were done in the absence of competing immunoglobulin.

A striking feature of T' cell memory has been the discov-
ery of resident memory cells, which show tissue tropism
and are functionally specialised. Recent careful analysis
of memory B cells formed either at the site of influenza
infection, the lung in this case, or more distant, in the
spleen, suggests that tissue tropism may also be a feature
of B cell memory. Adachi ez a/. reported persistent GC in
the lung with a higher incidence of V gene SHM and,
most interestingly, significantly higher incidence of cross-
reactive B cells able to neutralize flu escape variants [22].
While the basis of this difference is unknown, it might
indicate that there is a degree of specialisation in aspects
of the GC reaction occurring at the site of infection,
especially if that site is not a specialised, secondary
lymphoid organ. The generality of this finding, however,
is yet to be determined as the distribution of memory B
cells in Rhesus monkeys following influenza A infection
showed a predilection for mediastinal lymph nodes rather
than lungs [53].

T'he relationship between human memory B cell subsets
has become somewhat clearer through use of RNA se-
quencing and through examination of clonality in the
various subsets defined by isotype and CD27 expression.
Budeus ez al. [54] for example, found that the vast

majority of memory B cells were GC-derived, were
members of very large clones and that the same clone
could be identified in multiple memory subsets, suggest-
ing a stochastic distribution rather than one pre-deter-
mined by the location of the B cell, age of the human or
the nature of the antigen. Interestingly, however, the
nature of B cell memory is affected by the nature of
the antigen when the antigen is persistent. At least this
appears to be the explanation for the appearance of
atypical memory B cells in responses to persistent para-
sites and viruses [55,56]. These memory B cells, with
their unique phenotype of excessive inhibitory receptor
expression, show significantly diminished signalling from
the BCR such that proliferation and differentiation are
effectively blocked [57].

The persistence of memory B cells remains an enigma.
While some studies have indicated differences in persis-
tence based on isotype, with IgM lasting longer than [gG
[49], others indicate both IgM and IgG are equally longer-
lived quiescent cells than naive B cells [58]. Yet another
study reported the surprising result of continuous sculpt-
ing of the IgA memory compartment through an ongoing
response driven by the microbiota in the Peyer’s patches,
in both mice and humans [59°°], suggesting continuous
replenishment of memory. Autophagy has been reported
as a unique requirement for memory B cell persistence,
although the rationale remains unclear [60]. While mem-
ory B cells form independently of autophagy, transcrip-
tional regulators of autophagy increase over time. The
capacity to recycle cellular components likely contrib-
utes to the memory B cell’s capacity for long-term
survival.

Regulators of ASC differentiation and
maintenance

T'he majority of long-lived plasma cells arise from B cells
selected in the GC. Signals that initiate their differentia-
tion must extinguish the B and GC cell transcriptional
programs (dominated by Pax5, Bcl6 and Bach2) to enable
the opposing program of terminal differentiation (led by
Irf4, Blimp1 and Xbp1) to act [61]. Plasmablasts then exit
the GC and move through the blood to specialist niches in
the bone marrow [20,62]. There, reticular cells and mye-
loid cells, principally eosinophils, interact with plasma
cells to create a supportive niche in which they survive for
long periods. Survival is mediated by signals from
CXCIL12, April and CD80 on the niche cells, and recep-
tors CXCR4, BCMA and CD28, respectively, on the
plasma cells, all ultimately coalescing on Mcll as the
dominant pro-survival protein for ASC [63]. Plasma cells
may actively orchestrate their life in the BM niche, as
they are metabolically active, and secrete a number of
inhibitory and stimulatory cytokines [43°°,62].

Among the extrinsic signals that drive ASC differentiation
are CD40L and cytokines from Tfh, signalling through
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Erkl and 2 and NFkB, where the role of RelA may be
critical [38°]. They induce Blimpl, and reduce Irf8,
Pax5, Bcl6 and Bach2 expression [62]. A signal from
CD28 was recently shown to require Vav, but not PI3K|
and to act in BM, but not splenic plasma cells, to
positively influence Blimp1 expression and plasma cell
maintenance [64].

Important intrinsic regulators of haematopoietic cells and
B cells have recently been newly implicated in plasma
cell biology, or their influences have been revealed
through the generation of compound mutant mice. The
importance of Ets family proteins Irf8 and PU.1 in inhi-
biting plasma cell differentiation, through competition
with Irf4, was emphasized by accelerated ASC differen-
tiation of double knockout (DKO) B cells iz vivo and in
vitro [65]. Similarly, the modest repression by Bcl6 and
Bach2 on ASC differentiation was strongly increased in
DKO mice, confirming their cooperation in maintaining
the GC phenotype of B cells, but also highlighting many
non-overlapping roles [37]. Antagonism between c-Fos
and Fral for binding to AP-1 sites in the Blimp1 gene was
recently shown to activate or silence its expression, re-
spectively, and to consequently inhibit or abnormally
enhance plasma cell differentiation [66].

Myb, long known as a mediator of differentiation in
haematopoietic cells [67] is required for GC-derived
plasmablasts to exit their organ of formation and migrate
to the bone marrow for long-term survival [68°]. In the
absence of Myb, Ig class switched plasmablasts, generat-
ed after immunization or infection, failed to enter the
blood, but accumulated in the spleen, where they were
mis-localized. The effect of Myb loss was B cell intrinsic,
but did not impact GC formation. The primary defect
detected was an inability for GC-derived plasmablasts to
migrate in response to CXCL12 and thus contribute to
the long-lived BM plasma cell pool.

A “‘Plasma cell signature” was identified through a com-
parison of the transcriptomes of B cell and plasma cells
populations [43°°]. It comprises ~300 genes that were >3-
fold more highly expressed in the ASC populations com-
pared to the B cell populations compared. Known reg-
ulators of plasma cell differentiation (e.g. Irf4, Blimp1/
Prdm1, Xbpl) were confirmed, and gene expression
differences between plasma cells residing in different
organs or generated under different conditions were
noted. This analysis will likely reveal new regulators of
plasma cell behaviour. One example is Zbtb20, a BTB-
POZ domain protein recently found to be required for the
long-term survival of plasma cells in the BM [69°,70°].
Zbtb20 is a direct target of Irf4 activation that, when over-
expressed iz vitro, accelerates ASC differentiation. It may
act from the GC stage to antagonise its close relative,
Bcl6. Wang and Deepta ez a/. [69°] showed that the effect
of Zbtb20-deficiency on ASC maintenance, which was

adjuvant-dependent in their system, could be rescued by
the pro-survival protein Bcl2 [69°].

Other putative novel regulators of plasma cell biology
were suggested by patterns of expression that closely
mimicked those of the ‘master’ ASC regulators Irf4 and
Blimp1 [43°°]. These include Cited2 (Cbp/p300-interact-
ing transactivator), recently implicated in improved hae-
matopoietic stem cell maintenance [71], Creb312 (CAMP
Responsive Element Binding Protein 3-Like 2), a trans-
activator induced by ER stress [72], and Tribl (Tribbles
Pseudokinase 1) a regulator of MAPK kinases [73].

Post-transcriptional and epigenetic regulation
Xbpl, a major facilitator of high-level Ig secretion by
plasma cells [74], is regulated post-transcriptionally. Its
mRNA is processed in response to the unfolded protein
response (UPR) of the endoplasmic reticulum of highly
secretory cells [75]. The stress sensing kinase IREla
catalyzes the endonucleolytic cleavage of Xbpl mRNA.
Recently RTCB, the catalytic subunit of the tRNA ligase
complex, was identified as the enzyme that ligates the
processed mRNA to generate a transcript encoding ma-
ture, functional Xbpls [76°].

Micro RNAs (miRNAs), which regulate mRNA stability
and translation, impose a further level of regulation on
many biological processes, including the humoral im-
mune response. A recent example is miR-155, a known
inhibitor of PU.1 expression [77]. Disabling the PU.1-
miR-155 interaction sequence separately on both PU.1
mRNA and miR-155 revealed the PU.1-specific and
broader effects of this regulatory axis, with only a partial
overlap of gene expression changes between the mutants.
Both mutations modestly elevated PU.1 expression and
consequently increased PU.1 target gene expression.
Many aspects of B cell-T cell interaction were affected,
as was ASC differentiation.

MiR-148a is the most abundant miRNA in mouse and
human plasma cells, and its levels are also strongly
induced during ASC differentiation iz vitro [78]. miR-
148a targets the mRNAs for Bach2 and Mitf, known
repressors of Blimp1 and Irf4, reducing their expression
and thereby enhancing ASC differentiation. In addition,
miR-148a was able to reduce the expression of cell death
mediators PTEN and Bim.

Mir-17-92, which also influences early B cell develop-
ment, has been shown, via conditional deletion, to facili-
tate homing of plasma cells generated during a T cell
dependent response to the BM [79]. Selective depression
of the IgG2c response was also seen. These effects were
partly mediated by miR-17-92 directly targeting the
chemokine receptor SIPR1 (which mediates cell egress
from lymphoid organs) and Ikaros (which regulates Cy2c
germline transcription), respectively.
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The role of epigenetic modification in GC B, memory B
and plasma cells is now being appreciated [80]. For
instance, the transcriptional profiles of naive and memory
B cells are similar, despite the cells responding with quite
different behaviour upon exposure to antigen. Some of
the difference has now been linked to different patterns
of histone modification (histone 3 acetylation and meth-
ylation) between the two cell types. One model posits
that co-existence of bivalent marks (both activating and
repressive) on the same gene create a cell poised for rapid
responses, typical of those occurring in a GC response.
Acquisition or loss of such histone “marks’ accompanies
B cell activation, and mutation of the histone modifying
enzymes changes B cell behaviour, sometimes subtly, i
vivo. For example, Ezh2, a histone methyltransferase of
the polycomb group, is highly expressed and required
during division of GC B cells and plasmablasts, but is
switched off in non-dividing memory and plasma cells.
Interestingly, Ezh2 and Bcl6 share some target genes [81].
The histone acetyltransferase, Moz, also regulates GC B
cell division, and contributes to Bcl6 expression [82].
Both regulate affinity maturation and memory B cell
and ASC differentiation. Interestingly treatment of mice
with histone deacetylase inhibitors (HDACi) revealed
existing plasma cells and GC formation to be sensitive,
but existing memory B cells remained largely unaffected
[83].

Histones can also be modified by ubiquitination, and loss
of MYSM1, a histone 2A deubiquitinase, was found to
accelerate ASC differentiation [84]. MYSMI1 represses
differentiation mechanistically by coordinating histone
modifications and transcription factor recruitment at
the Pax5 gene, activating it. Both T cell dependent
and independent antibody responses were heightened
in the MYSM1 mutants.

DNA methylation patterns change significantly during
the B cell response. Epigenetic gene regulation by DNA
methylation is mediated by a family of DNA methyl
transferases [85]. Very recent work has revealed that
AID, the enzyme mediating SHM and CSR, catalyses
the demethylation of many CpG sites in genes in B cells
[86°°]. In both mice and humans, AID was found to
catalyse the vast majority of DNA methylome changes
during the GC response, and these frequently co-local-
ised with AID’s deamination sites and double strand
breaks. The role of AID in DNA demethylation, inde-
pendent of its known role in affinity maturation and class
switching, is a new area for investigation.

Concluding remarks

While work over the past decade has provided great
insight into the B cell response to antigen and the
consequent differentiation, more recent work is defining
its regulation in greater molecular detail. The mechanics
of B cell selection and affinity maturation in the GC are

more clearly understood, with the importance of Tth-
mediated help, and cell division regulation highlighted.
There is scope for new insights into GC responses and
humoral memory, through the identification of new reg-
ulators, while new roles for well-known proteins such as
NFkB, Myb and AID are being discovered. Finally, the
exquisite control and almost infinite versatility of the
antibody response is likely the consequence of the fi-
ne-tuning of regulatory hierarchies by epigenetic or post-
transcriptional means.

Acknowledgements

LMC and DMT are funded by the Australian National Health and Medical
Research Council, through a Program Grant (1054925) and Fellowships
(637306 and 1060675), and by Victorian State Government Operational
Infrastructure Support and Australian Government NHMRC IRIIS.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Cooper MD, Peterson RD, Good RA: Delineation of the thymic
and bursal lymphoid systems in the chicken. Nature 1965,
205:143-146.

2. Mebius RE, Kraal G: Structure and function of the spleen. Nat
Rev Immunol 2005, 5:606-616.

3. Steiniger BS: Human spleen microanatomy: why mice do not
suffice. Immunology 2015, 145:334-346.

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

5. Gatto D, Brink R: B-cell localization: regulation by EBI2 and its
oxysterol ligand. Trends Immunol 2013, 34:336-341.

6. Okada T, Moriyama S, Kitano M: Differentiation of germinal
center B-cells and follicular helper T cells as viewed by
tracking Bcl6 expression dynamics. Immunol Rev 2012,
247:120-132.

7. Choi YS, Yang JA, Crotty S: Dynamic regulation of Bcl6 in
follicular helper CD4 T (Tfh) cells. Curr Opin Immunol 2013,
25:366-372.

8. Kroenke MA, Eto D, Locci M, Cho M, Davidson T, Haddad EK,
Crotty S: Bcl6 and Maf cooperate to instruct human follicular
helper CD4 T cell differentiation. J Immunol 2012, 188:3734-
3744.

9. Nurieva RI, Chung Y, Hwang D, Yang XO, Kang HS, Ma L,
Wang YH, Watowich SS, Jetten AM, Tian Q et al.: Generation of T
follicular helper cells is mediated by interleukin-21 but
independent of T helper 1, 2, or 17 cell lineages. Immunity 2008,
29:138-149.

10. Suto A, Kashiwakuma D, Kagami S, Hirose K, Watanabe N,
Yokote K, Saito Y, Nakayama T, Grusby MJ, Iwamoto | et al.:
Development and characterization of IL-21-producing CD4+ T
cells. J Exp Med 2008, 205:1369-1379.

11. Karnowski A, Chevrier S, Belz GT, Mount A, Emslie D, D’Costa K,
Tarlinton DM, Kallies A, Corcoran LM: B and T cells collaborate in
antiviral responses via IL-6, IL-21, and transcriptional
activator and coactivator, Oct2 and OBF-1. J Exp Med 2012,
209:2049-2064.

12. Cannons JL, Tangye SG, Schwartzberg PL: SLAM family
receptors and SAP adaptors in immunity. Annu Rev Immunol
2011, 29:665-705.

Current Opinion in Immunology 2016, 39:59-67

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0435
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0435
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0435
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0440
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0440
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0445
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0445
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0450
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0450
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0450
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0450
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0455
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0455
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0460
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0460
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0460
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0460
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0465
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0465
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0465
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0470
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0470
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0470
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0470
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0475
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0475
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0475
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0475
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0475
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0480
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0480
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0480
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0480
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0485
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0485
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0485
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0485
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0485
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0490
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0490
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0490

Update on germinal centers, memory and plasma cells Corcoran and Tarlinton 65

13. Qi H, Chen X, Chu C, Lu P, Xu H, Yan J: Follicular T-helper cells:
controlled localization and cellular interactions. Immunol Cell
Biol 2014, 92:28-33.

14. Taylor JJ, Pape KA, Steach HR, Jenkins MK: Humoral immunity.

ee Apoptosis and antigen affinity limit effector cell differentiation
of a single naive B-cell. Science 2015, 347:784-787.

Elegant paper using in vivo limiting dilution to follow B cell fate through the

early stages of the response. Reveals clones can contribute to all out-

comes (GC, memory, ASC) and that doping so probably reflects intrinsic

proliferation potential rather than affinity per se.

15. ChandraV, Bortnick A, Murre C: AID targeting: old mysteries and
new challenges. Trends Immunol 2015, 36:527-535.

16. Victora GD, Nussenzweig MC: Germinal centers. Annu Rev
Immunol 2012, 30:429-457.

17. De Silva NS, Klein U: Dynamics of B-cells in germinal centres.
Nat Rev Immunol 2015, 15:137-148.

18. Liu D, Xu H, Shih C, Wan Z, Ma X, Ma W, Luo D, Qi H: T-B-cell

e entanglement and ICOSL-driven feed-forward regulation of
germinal centre reaction. Nature 2015, 517:214-218.

Describes the dynamic cooperation of CD40, ICOS and their cell surface

ligands during the GC response to increase the duration and intimacy of T

and B-cell interaction

19. Victora GD, Schwickert TA, Fooksman DR, Kamphorst AO, Meyer-
Hermann M, Dustin ML, Nussenzweig MC: Germinal center
dynamics revealed by multiphoton microscopy with a
photoactivatable fluorescent reporter. Cell 2010, 143:592-605.

20. Tokoyoda K, Hauser AE, Nakayama T, Radbruch A: Organization
of immunological memory by bone marrow stroma. Nat Rev
Immunol 2010, 10:193-200.

21. Yoshida T, Mei H, Dorner T, Hiepe F, Radbruch A, Fillatreau S,
Hoyer BF: Memory B and memory plasma cells. Immunol Rev
2010, 237:117-139.

22. Adachi Y, Onodera T, Yamada Y, Daio R, Tsuiji M, Inoue T,
Kobayashi K, Kurosaki T, Ato M, Takahashi Y: Distinct germinal
center selection at local sites shapes memory B-cell response
to viral escape. J Exp Med 2015, 212:1709-1723.

23. Ise W, Inoue T, McLachlan JB, Kometani K, Kubo M, Okada T,
Kurosaki T: Memory B-cells contribute to rapid Bcl6 expression
by memory follicular helper T cells. Proc Natl Acad Sci U S A
2014, 111:11792-11797.

24. Brink R: The imperfect control of self-reactive germinal center
B-cells. Curr Opin Immunol 2014, 28:97-101.

25. Basso K, Dalla-Favera R: Germinal centres and B-cell
lymphomagenesis. Nat Rev Immunol 2015, 15:172-184.

26. Khalil AM, Cambier JC, Shlomchik MJ: B-cell receptor signal

e transduction in the GC is short-circuited by high phosphatase
activity. Science 2012, 336:1178-1181.

These two papers describe an unexpected modulation of BCR signalling

during the GC reaction and its impact on the plasma cell pool.

27. Li YF, Xu S, Ou X, Lam KP: Shp1 signalling is required to

e establish the long-lived bone marrow plasma cell pool. Nat
Commun 2014, 5:4273.

These two papers describe an unexpected modulation of BCR signalling

during the GC reaction and its impact on the plasma cell pool.

28. Shulman Z, Gitlin AD, Weinstein JS, Lainez B, Esplugues E,
Flavell RA, Craft JE, Nussenzweig MC: Dynamic signaling by T
follicular helper cells during germinal center B-cell selection.
Science 2014, 345:1058-1062.

29. Gitlin AD, Mayer CT, Oliveira TY, Shulman Z, Jones MJ, Koren A,

ee Nussenzweig MC: Humoral immunity. T cell help controls the
speed of the cell cycle in germinal center B-cells. Science
2015, 349:643-646.

Describes the mechanism by which limited Tfh-mediated help drives GC

B-cell proliferation, with high division rates and shorter cycle times due to

changes in DNA replication kinetics.

30. Linterman MA, Beaton L, Yu D, Ramiscal RR, Srivastava M,
Hogan JJ, Verma NK, Smyth MJ, Rigby RJ, Vinuesa CG: IL-21
acts directly on B-cells to regulate Bcl-6 expression and
germinal center responses. J Exp Med 2010, 207:353-363.

31. Zotos D, Coquet JM, Zhang Y, Light A, D’Costa K, Kallies A,
Corcoran LM, Godfrey DI, Toellner KM, Smyth MJ et al.: IL-21
regulates germinal center B-cell differentiation and
proliferation through a B-cell-intrinsic mechanism. J Exp Med
2010, 207:365-378.

32. Turqueti-Neves A, Otte M, Prazeres da Costa O, Hopken UE,
Lipp M, Buch T, Voehringer D: B-cell-intrinsic STAT6 signaling
controls germinal center formation. Eur J Immunol 2014,
44:2130-2138.

33. Fasnacht N, Huang HY, Koch U, Favre S, Auderset F, Chai Q,
Onder L, Kallert S, Pinschewer DD, MacDonald HR et al.: Specific
fibroblastic niches in secondary lymphoid organs orchestrate
distinct Notch-regulated immune responses. J Exp Med 2014,
211:2265-2279.

34. Allen CD, Okada T, Cyster JG: Germinal-center organization
and cellular dynamics. Immunity 2007, 27:190-202.

35. Basso K, Dalla-Favera R: Roles of BCL6 in normal and
transformed germinal center B-cells. Immunol Rev 2012,
247:172-183.

36. Igarashi K, Ochiai K, Itoh-Nakadai A, Muto A: Orchestration of
plasma cell differentiation by Bach2 and its gene regulatory
network. Immunol Rev 2014, 261:116-125.

37. Huang C, Geng H, Boss |, Wang L, Melnick A: Cooperative
transcriptional repression by BCL6 and BACH2 in germinal
center B-cell differentiation. Blood 2014, 123:1012-1020.

38. Heise N, De Silva NS, Silva K, Carette A, Simonetti G,

. Pasparakis M, Klein U: Germinal center B-cell maintenance and
differentiation are controlled by distinct NF-kappaB
transcription factor subunits. J Exp Med 2014, 211:2103-2118.

These 2 papers use conditional mutants to discern the distinct roles of

NFkB family members in GC and post-GC B-cell responses.

39. Jacque E, Schweighoffer E, Visekruna A, Papoutsopoulou S,

. Janzen J, Zillwood R, Tarlinton DM, Tybulewicz VL, Ley SC: IKK-
induced NF-kappaB1 p105 proteolysis is critical for B-cell
antibody responses to T cell-dependent antigen. J Exp Med
2014, 211:2085-2101.

These 2 papers use conditional mutants to discern the distinct roles of

NFkB family members in GC and post-GC B-cell responses.

40. Dominguez-Sola D, Victora GD, Ying CY, Phan RT, Saito M,
Nussenzweig MC, Dalla-Favera R: The proto-oncogene MYC is
required for selection in the germinal center and cyclic
reentry. Nat Immunol 2012, 13:1083-1091.

41. Calado DP, Sasaki Y, Godinho SA, Pellerin A, Kochert K,
Sleckman BP, de Alboran IM, Janz M, Rodig S, Rajewsky K: The
cell-cycle regulator c-Myc is essential for the formation and
maintenance of germinal centers. Nat Immunol 2012,
13:1092-1100.

42. Gitlin AD, Shulman Z, Nussenzweig MC: Clonal selection in the

ee germinal centre by regulated proliferation and hypermutation.
Nature 2014, 509:637-640.

Describes how GC B-cells with the highest affinity are selected by Tfh.

The amount of antigen captured and presented to Tth is directly related to

GC B-cell division and hypermutation.

43. Shi W, Liao Y, Willis SN, Taubenheim N, Inouye M, Tarlinton DM,

ee  Smyth GK, Hodgkin PD, Nutt SL, Corcoran LM: Transcriptional
profiling of mouse B-cell terminal differentiation defines a
signature for antibody-secreting plasma cells. Nat Immunol
2015, 16:663-673.

Transcriptome analysis of B cell and ASC populations in the mouse,

defines a plasma cell signature, a GC B cell signature and potential new

regulators of differentiation.

44. Ying CY, Dominguez-Sola D, Fabi M, Lorenz IC, Hussein S,
Bansal M, Califano A, Pasqualucci L, Basso K, Dalla-Favera R:
MEF2B mutations lead to deregulated expression of the
oncogene BCL6 in diffuse large B-cell ymphoma. Nat Immunol
2013, 14:1084-1092.

45. Ding J, Dirks WG, Ehrentraut S, Geffers R, MacLeod RA, Nagel S,
Pommerenke C, Romani J, Scherr M, Vaas LA et al.: BCL6 —
regulated by AhR/ARNT and wild-type MEF2B - drives
expression of germinal center markers MYBL1 and LMO2.
Haematologica 2015, 100:801-809.

www.sciencedirect.com

Current Opinion in Immunology 2016, 39:59-67


http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0495
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0495
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0495
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0500
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0500
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0500
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0505
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0505
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0510
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0510
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0515
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0515
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0520
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0520
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0520
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0525
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0525
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0525
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0525
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0530
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0530
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0530
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0535
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0535
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0535
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0540
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0540
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0540
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0540
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0545
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0545
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0545
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0545
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0550
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0550
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0555
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0555
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0560
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0560
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0560
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0565
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0565
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0565
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0570
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0570
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0570
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0570
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0575
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0575
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0575
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0575
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0580
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0580
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0580
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0580
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0585
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0585
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0585
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0585
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0585
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0590
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0590
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0590
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0590
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0595
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0595
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0595
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0595
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0595
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0600
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0600
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0605
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0605
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0605
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0610
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0610
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0610
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0615
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0615
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0615
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0620
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0620
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0620
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0620
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0625
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0625
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0625
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0625
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0625
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0630
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0630
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0630
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0630
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0635
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0635
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0635
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0635
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0635
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0640
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0640
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0640
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0645
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0645
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0645
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0645
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0645
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0650
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0650
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0650
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0650
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0650
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0655
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0655
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0655
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0655
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0655

66 Lymphocyte development and activation

46. Abed JA, Jones RS: H3K36me3 key to Polycomb-mediated
gene silencing in lineage specification. Nat Struct Mol Biol 2012,
19:1214-1215.

47. Huang J, Liu S, Bellani MA, Thazhathveetil AK, Ling C, de
Winter JP, Wang Y, Wang W, Seidman MM: The DNA translocase
FANCM/MHF promotes replication traverse of DNA
interstrand crosslinks. Mol Cell 2013, 52:434-446.

48. Kaji T, Ishige A, Hikida M, Taka J, Hijikata A, Kubo M, Nagashima T,
Takahashi Y, Kurosaki T, Okada M et al.: Distinct cellular
pathways select germline-encoded and somatically mutated
antibodies into immunological memory. J Exp Med 2012,
209:2079-2097.

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

50. Dogan I, Bertocci B, Vilmont V, Delbos F, Megret J, Storck S,
Reynaud CA, Weill JC: Multiple layers of B-cell memory with
different effector functions. Nat Immunol 2009, 10:1292-1299.

51. Engels N, Konig LM, Schulze W, Radtke D, Vanshylla K, Lutz J,
Winkler TH, Nitschke L, Wienands J: The immunoglobulin tail
tyrosine motif upgrades memory-type BCRs by incorporating
a Grb2-Btk signalling module. Nat Commun 2014, 5:5456.

52. Zuccarino-Catania GV, Sadanand S, Weisel FJ, Tomayko MM,

. Meng H, Kleinstein SH, Good-Jacobson KL, Shlomchik MJ: CD80
and PD-L2 define functionally distinct memory B-cell subsets
that are independent of antibody isotype. Nat Immunol 2014,
15:631-637.

Interesting paper that dissects functional properties of memory B cell

subsets defined by expression of CD80 and PD-L2. Concludes most

differences are related to maturity of the memory, rather than isotype. An

alternative to idea that function partitions with IgM versus class switched

memory.

53. Pichyangkul S, Yongvanitchit K, Limsalakpetch A, Kum-Arb U, Im-
Erbsin R, Boonnak K, Thitithayanont A, Jongkaewwattana A,
Wiboon-Ut S, Mongkolsirichaikul D et al.: Tissue distribution of
memory T and B-cells in rhesus monkeys following influenza A
infection. J Immunol 2015, 195:4378-4386.

54. Budeus B, Schweigle de Reynoso S, Przekopowitz M,
Hoffmann D, Seifert M, Kuppers R: Complexity of the human
memory B-cell compartment is determined by the versatility of
clonal diversification in germinal centers. Proc Nat/ Acad Sci U
S A 2015, 112:E5281-E5289.

55. Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore B,
Kayentao K, Ongoiba A, Doumbo OK, Pierce SK: Atypical
memory B-cells are greatly expanded in individuals living in a
malaria-endemic area. J Immunol 2009, 183:2176-2182.

56. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O’Shea MA,
Roby G, Kottilil S, Arthos J, Proschan MA et al.: Evidence for HIV-
associated B-cell exhaustion in a dysfunctional memory B-cell
compartment in HIV-infected viremic individuals. J Exp Med
2008, 205:1797-1805.

57. Portugal S, Tipton CM, Sohn H, Kone Y, Wang J, Li S, Skinner J,
Virtaneva K, Sturdevant DE, Porcella SF et al.: Malaria-
associated atypical memory B-cells exhibit markedly reduced
B-cell receptor signaling and effector function. eLife 2015:4.

58. Jones DD, Wilmore JR, Allman D: Cellular dynamics of memory
B-cell populations: IgM+ and IgG+ memory B-cells persist
indefinitely as quiescent cells. J Immunol 2015, 195:4753-4759.

59. Lindner C, Thomsen |, Wahl B, Ugur M, Sethi MK, Friedrichsen M,
ee Smoczek A, Ott S, Baumann U, Suerbaum S et al.: Diversification
of memory B-cells drives the continuous adaptation of
secretory antibodies to gut microbiota. Nat Immunol 2015,
16:880-888.
Very interesting work that indicates ongoing modification of IgA memory
through continuous or repetitive entry into the GC of the Peyer’s patches.
Examines the basis of memory persistence in some circumstances, the
relationship between memory and microbiota and between memory and
maternally transmitted immunoglobulin.

60. Chen M, Kodali S, Jang A, Kuai L, Wang J: Requirement for
autophagy in the long-term persistence but not initial
formation of memory B-cells. J Immunol 2015, 194:2607-2615.

61. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM: The generation
of antibody-secreting plasma cells. Nat Rev Immunol 2015,
15:160-171.

62. Kometani K, Kurosaki T: Differentiation and maintenance of
long-lived plasma cells. Curr Opin Immunol 2015, 33:64-69.

63. Peperzak V, Vikstrom |, Walker J, Glaser SP, LePage M,
Coquery CM, Erickson LD, Fairfax K, Mackay F, Strasser A et al.:
Mcl-1 is essential for the survival of plasma cells. Nat Immunol
2013, 14:290-297.

64. Rozanski CH, Utley A, Carlson LM, Farren MR, Murray M,
Russell LM, Nair JR, Yang Z, Brady W, Garrett-Sinha LA et al.:
CD28 promotes plasma cell survival, sustained antibody
responses, and BLIMP-1 upregulation through its distal PYAP
proline motif. J Immunol 2015, 194:4717-4728.

65. Carotta S, Willis SN, Hasbold J, Inouye M, Pang SH, Emslie D,
Light A, Chopin M, Shi W, Wang H et al.: The transcription factors
IRF8 and PU.1 negatively regulate plasma cell differentiation. J
Exp Med 2014, 211:2169-2181.

66. Grotsch B, Brachs S, Lang C, Luther J, Derer A, Schlotzer-
Schrehardt U, Bozec A, Fillatreau S, Berberich |, Hobeika E et al.:
The AP-1 transcription factor Fra1 inhibits follicular B-
cell differentiation into plasma cells. J Exp Med 2014,
211:2199-2212.

67. Zhou Y, Ness SA: Myb proteins: angels and demons in normal
and transformed cells. Front Biosci (Landmark Ed) 2011,
16:1109-1131.

68. Good-Jacobson KL, O’'Donnell K, Belz GT, Nutt SL, Tarlinton DM:

e c-Myb is required for plasma cell migration to bone
marrow after immunization or infection. J Exp Med 2015,
212:1001-1009.

Identifies Myb as a regulator of GC-derived plasma cell migration to the

BM via CXCR4.

69. Wang Y, Bhattacharya D: Adjuvant-specific regulation of long-
e termantibodyresponsesbyZBTB20.JExp Med2014,211:841-856.
Two papers describing a new regulator of BM plasma cell maintenance,
the Bcl6 relative, Zbtb20.

70. Chevrier S, Emslie D, Shi W, Kratina T, Wellard C, Karnowski A,

. Erikci E, Smyth GK, Chowdhury K, Tarlinton D et al.: The BTB-ZF
transcription factor Zbtb20 is driven by Irf4 to promote plasma
cell differentiation and longevity. J Exp Med 2014, 211:827-840.

Two papers describing a new regualor of BM plasma cell maintenance,

the Bcl6 relative, Zbtb20.

71. Korthuis PM, Berger G, Bakker B, Rozenveld-Geugien M,
Jaques J, de Haan G, Schuringa JJ, Vellenga E, Schepers H:
CITED2-mediated human hematopoietic stem cell
maintenance is critical for acute myeloid leukemia. Leukemia
2015, 29:625-635.

72. Asada R, Kanemoto S, Kondo S, Saito A, Imaizumi K: The
signalling from endoplasmic reticulum-resident bZIP
transcription factors involved in diverse cellular physiology. J
Biochem 2011, 149:507-518.

73. Kiss-Toth E, Bagstaff SM, Sung HY, Jozsa V, Dempsey C,
Caunt JC, Oxley KM, Wyllie DH, Polgar T, Harte M et al.: Human
tribbles, a protein family controlling mitogen-activated protein
kinase cascades. J Biol Chem 2004, 279:42703-42708.

74. Taubenheim N, Tarlinton DM, Crawford S, Corcoran LM,
Hodgkin PD, Nutt SL: High rate of antibody secretion is not
integral to plasma cell differentiation as revealed by XBP-1
deficiency. J Immunol 2012, 189:3328-3338.

75. Hetz C, Martinon F, Rodriguez D, Glimcher LH: The unfolded
protein response: integrating stress signals through the stress
sensor IRE1alpha. Physiol Rev 2011, 91:1219-1243.

76. Jurkin J, Henkel T, Nielsen AF, Minnich M, Popow J, Kaufmann T,

. Heindl K, Hoffmann T, Busslinger M, Martinez J: The mammalian
tRNA ligase complex mediates splicing of XBP1 mRNA and
controls antibody secretion in plasma cells. EMBO J 2014,
33:2922-2936.

Identifies the ligase that completes the processing of Xbp1 mRNA.

77. Lu D, Nakagawa R, Lazzaro S, Staudacher P, Abreu-Goodger C,
Henley T, Boiani S, Leyland R, Galloway A, Andrews S et al.: The

Current Opinion in Immunology 2016, 39:59-67

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0660
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0660
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0660
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0665
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0665
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0665
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0665
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0670
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0670
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0670
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0670
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0670
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0675
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0675
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0675
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0680
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0680
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0680
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0685
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0685
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0685
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0685
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0690
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0690
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0690
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0690
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0690
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0695
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0695
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0695
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0695
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0695
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0700
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0700
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0700
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0700
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0700
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0705
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0705
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0705
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0705
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0710
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0710
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0710
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0710
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0710
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0715
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0715
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0715
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0715
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0720
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0720
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0720
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0725
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0725
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0725
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0725
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0725
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0730
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0730
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0730
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0735
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0735
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0735
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0740
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0740
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0745
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0745
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0745
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0745
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0750
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0750
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0750
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0750
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0750
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0755
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0755
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0755
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0755
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0760
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0760
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0760
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0760
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0760
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0765
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0765
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0765
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0770
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0770
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0770
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0770
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0775
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0775
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0780
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0780
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0780
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0780
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0785
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0785
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0785
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0785
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0785
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0790
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0790
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0790
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0790
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0795
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0795
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0795
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0795
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0800
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0800
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0800
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0800
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0805
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0805
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0805
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0810
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0810
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0810
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0810
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0810
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0815
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0815

78.

79.

80.

81.

82.

Update on germinal centers, memory and plasma cells Corcoran and Tarlinton 67

miR-155-PU.1 axis acts on Pax5 to enable efficient terminal B-
cell differentiation. J Exp Med 2014, 211:2183-2198.

Porstner M, Winkelmann R, Daum P, Schmid J, Pracht K, Corte-
Real J, Schreiber S, Haftmann C, Brandl A, Mashreghi MF et al.:
miR-148a promotes plasma cell differentiation and targets the
germinal center transcription factors Mitf and Bach2. Eur J
Immunol 2015, 45:1206-1215.

Xu S, Ou X, Huo J, Lim K, Huang Y, Chee S, Lam KP: Mir-17-92
regulates bone marrow homing of plasma cells and
production of immunoglobulin G2c. Nat Commun 2015, 6:6764.

Good-Jacobson KL: Regulation of germinal center, B-cell
memory, and plasma cell formation by histone modifiers. Front
Immunol 2014, 5:596.

Beguelin W, Popovic R, Teater M, Jiang Y, Bunting KL, Rosen M,
Shen H, Yang SN, Wang L, Ezponda T et al.: EZH2 is required for
germinal center formation and somatic EZH2 mutations

promote lymphoid transformation. Cancer Cell 2013, 23:677-692.

Good-Jacobson KL, Chen Y, Voss AK, Smyth GK, Thomas T,
Tarlinton D: Regulation of germinal center responses and

83.

84.

85.

86.

B-cell memory by the chromatin modifier MOZ. Proc Natl Acad
Sci U S A 2014, 111:9585-9590.

Waibel M, Christiansen AJ, Hibbs ML, Shortt J, Jones SA,
Simpson |, Light A, O’Donnell K, Morand EF, Tarlinton DM et al.:
Manipulation of B-cell responses with histone deacetylase
inhibitors. Nat Commun 2015, 6:6838.

Jiang XX, Chou Y, Jones L, Wang T, Sanchez S, Huang XF,
Zhang L, Wang C, Chen SY: Epigenetic regulation of antibody
responses by the histone H2A deubiquitinase MYSM1. Sci Rep
2015, 5:13755.

Smith ZD, Meissner A: DNA methylation: roles in mammalian
development. Nat Rev Genet 2013, 14:204-220.

Dominguez PM, Teater M, Chambwe N, Kormaksson M,
Redmond D, Ishii J, Vuong B, Chaudhuri J, Melnick A,
Vasanthakumar A et al.: DNA methylation dynamics of germinal
center B-cells are mediated by AID. Cell Rep 2015, 12:2086-
2098.

Identifies a new role for AID in genome-wide DNA methylation in B cells,
and as potential new epigenic modulator.

www.sciencedirect.com

Current Opinion in Immunology 2016, 39:59-67


http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0815
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0815
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0820
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0820
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0820
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0820
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0820
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0825
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0825
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0825
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0830
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0830
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0830
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0835
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0835
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0835
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0835
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0840
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0840
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0840
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0840
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0845
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0845
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0845
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0845
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0850
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0850
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0850
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0850
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0855
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0855
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0860
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0860
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0860
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0860
http://refhub.elsevier.com/S0952-7915(16)00003-0/sbref0860

	Regulation of germinal center responses, memory B cells and plasma cell formation—an update
	Introduction
	Overview of the B cell response to antigen in vivo
	Regulators of GC B cells
	Regulators of B cell memory
	Regulators of ASC differentiation and maintenance
	Post-transcriptional and epigenetic regulation
	Concluding remarks
	References and recommended reading
	Acknowledgements


