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T cells resulting from prolonged
signalling, usually caused by
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REVIEWS I

for B cells

Mechanisms of central tolerance

David Nemazee

B cells have an essential role in host defence via the pro-
duction of the antibody response to microorganisms.
Individuals lacking B cells fail to produce any antibodies
and are prone to serious infectious disease. Each B cell
carries a unique receptor for antigen (the B cell recep-
tor (BCR)) that is composed of the membrane-bound
form of its antibody. Upon antigen recognition by the
membrane-bound receptor, reactive B cells proliferate to
increase their numbers and differentiate to secrete their
specific antibody as one of five immunoglobulin classes:
IgM, IgD, IgG, IgA or IgE. In collaboration with CD4+
T follicular helper (T cells and other cell types, activated
B cells can also undergo somatic mutation of the vari-
able portion of the expressed antibody genes to alter and
improve antigen specificity and affinity. High-affinity anti-
bodies provide protection against many types of infection,
as well as immunity in response to vaccination. However,
antibodies that have ‘inappropriate” specificities for host
tissue can be pathogenic and are diagnostic of many auto-
immune or rheumatological diseases, such as systemic lupus
erythematosus (SLE), rheumatoid arthritis and insulin-
dependent type 1 diabetes. Therapeutic depletion of B cells
is often beneficial in diseases of this kind, probably because
it reduces antigen presentation to autoreactive T cells as
well as the production of harmful autoantibodies.

Under normal circumstances, autoreactive B cells are
regulated in several ways to decrease their frequency in
the B cell repertoire, their affinity for self-tissue or their
functionality. These immune tolerance mechanisms func-
tion at various stages of B cell development. Central tol-
erance refers to the regulatory mechanisms that occur at
the early stages of B cell development in the bone marrow;,
when B cells carry a surface antigen receptor of the IgM
class but are not fully mature. Later developmental stages
of B cells take place mainly in the spleen, lymph nodes

Abstract | Immune tolerance hinders the potentially destructive responses of lymphocytes to host
tissues. Tolerance is regulated at the stage of immature B cell development (central tolerance) by
clonal deletion, involving apoptosis, and by receptor editing, which reprogrammes the specificity
of B cells through secondary recombination of antibody genes. Recent mechanistic studies have
begun to elucidate how these divergent mechanisms are controlled. Single-cell antibody cloning
has revealed defects of B cell central tolerance in human autoimmune diseases and in several
human immunodeficiency diseases caused by single gene mutations, which indicates the relevance
of B cell tolerance to disease and suggests possible genetic pathways that regulate tolerance.

and other tissues, where B cells co-express IgM and IgD,
acquire the capacity to be fully activated, and are able to
respond productively with T cells and antigen to produce
high-affinity antibodies. Tolerance mechanisms that
occur at these later developmental stages are referred to as
peripheral tolerance. Although mechanisms of peripheral
tolerance — such as the induction of anergy, antigen recep-
tor desensitization or tolerance to antigens that co-engage
sialic acid-binding immunoglobulin-like lectin (Siglec)
inhibitory receptors'* — regulate the survival and acti-
vation of B cells after they exit the bone marrow, none of
these can be considered as fail-safe mechanisms; most
of the mechanisms of peripheral tolerance are reversible
because of the potential need for mature B cells to respond
to viruses and microorganisms that may carry similar
epitopes to self-antigens’. Therefore, central tolerance has
a key role in reducing the frequency of autoreactive cells
in the naive, pre-immune B cell repertoire.

A novel aspect of central tolerance that has attracted
recent research attention is the mechanism of receptor
editing, which permits ongoing immunoglobulin gene
recombination to modify the specificity of B cells carry-
ing autoreactive antigen receptors. At the same time,
receptor editing contributes to immune diversity by pro-
moting the use of antibody genes that initially rearrange
inefficiently. Apoptosis resulting from the recognition of
self-antigens also has a major role in central tolerance in
both B cells and T cells, as cells at early developmental
stages are particularly sensitive to this form of cell death.
Defects in these tolerance processes have been implicated
in the pathogenesis of autoimmune diseases and in cer-
tain immunodeficiency disorders. Here, I discuss the pro-
cesses that regulate autoreactive B cells as they emerge in
the bone marrow and the dysregulation of these processes
in disease states, based on studies in mouse models and
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Receptor editing

A process whereby ongoing
antibody gene recombination
promotes a change in the
specificity or expression of the
antigen receptor of a B cell;
receptor editing is usually
associated with central
tolerance.

Immunoreceptor
tyrosine-based activation
motifs

(ITAMs). Conserved motifs
(YXXL/IX 55 YXXL/I) On the
cytoplasmic tails of CD79A-
CD79B, CD3 proteins and
other immune system proteins
that become phosphorylated
upon receptor ligation and
recruit SYK and ZAP70.

humans. In particular, I describe how antigen receptor sig-
nalling in B cell development regulates the nature of the
receptor itself, aiding in receptor selection and correction,
to eliminate autoreactivity by reprogramming the antigen
receptor genes. This discussion requires a brief review of
B cell development, BCR signalling and V(D)] recombina-
tion. T also review several recent studies that assess central
tolerance mechanisms in mouse and human B cells, with
particular emphasis on the effects of single gene defects
(TABLE 1). This Review is not intended to cover studies that
exclusively focus on mature, peripheral B cells, although
such studies are occasionally mentioned when they help
to formulate ideas of relevance to immature B cells.

B cell development

B cells are generated in the bone marrow from pro-
genitor cells committed to the B cell lineage (known as
pro-B cells). B cell development is a complex process
that involves several differentiation steps (FIG. 1) con-
trolled by a network of transcription factors interacting
with environmental cues®. Each pro-B cell undergoes
independent rearrangement and assembly of diverse
variable (V), diversity (D) and joining (J) gene segments
of the immunoglobulin heavy (H)-chain locus’ (FIC. 2).
Rearrangement of the H-chain locus creates in each
B cell a variable exon with a unique sequence upstream
of the immunoglobulin constant (C)-region exons, and
drives the expression of H-chain protein. Sensing this
maturation step, the cells (now, by definition, pre-B cells
(FIC. 1)) then proliferate, exit the cell cycle and differenti-
ate to commence immunoglobulin light (L)-chain gene
recombination. This involves the assembly of V elements
to J elements in one of two L-chain loci, k or A, that pro-
vide a different downstream C region (FIC. 2). When a
B cell expresses L-chain protein, it pairs with the previ-
ously rearranged H chain and is expressed as membrane
immunoglobulin on the cell surface.

At this immature B cell developmental stage, B cells
express the membrane isoform of IgM, which is a dimer
of IgM H chain (p-chain) associated with L chain (FIC. 2).
Transport of IgM to the plasma membrane and antigen
recognition require the formation of a complex of the
membrane form of IgM with CD79A-CD79B (also
known as Iga-Igp)®. CD79A and CD79B are trans-
membrane proteins that carry on their cytoplasmic tails
tyrosine phosphorylation sites within immunoreceptor
tyrosine-based activation motifs (ITAMs), which are
important docking sites in signal transduction’. This
complex is the BCR (FIC. 3). On naive B cells, single
BCRs are probably present in equilibrium with dimers
or higher-order complexes®.

At this stage of immature B cell development, the
cell-surface antibody can bind antigens. In the bone
marrow microenvironment in which immature B cells
emerge, antigens that engage the BCR will almost always
be self-antigens, which makes regulation at this stage
essential. Ligation of the BCR by self-antigens promotes
signalling that triggers regulatory processes to reduce
self-reactivity. These processes are collectively known
as central tolerance, and the mechanisms by which they
are achieved are the main focus of this Review.

A brief history of B cell tolerance

In 1905, Morgenroth and Ehrlich found that haemolytic
antibodies could be produced by immunizing animals
with red blood cells from individuals of the same spe-
cies. They coined the term ‘horror autotoxicus’ to illus-
trate the potential of the antibody response to destroy
host tissue, and they suggested that mechanisms must
be in place to prevent this in healthy individuals. The
phenomenon of B cell tolerance to self-antigens was first
demonstrated in the 1970s and 1980s using elegant func-
tional assays to quantify the numbers and responses of
rare antigen-reactive B cells that were tracked based on
their ability to secrete specific antibodies (see REF. 5 for
a review of these early studies). However, these findings
were met with considerable scepticism, in part because
self-reactive B cells and antibodies could often be found
in normal individuals'. In addition, when tolerance could
be measured, it was difficult to distinguish between the
loss of self-reactive cells or their functional inactivation
or suppression.

Transgenic mouse technology developed some years
later provided the means to more readily visualize and
assess the fate of B cells in vivo'?. Transgene-driven expres-
sion of immunoglobulin H chains or L chains suppresses
endogenous immunoglobulin gene rearrangement and
expression, so B cells with the antigen specificity encoded
by the transgenes are produced in large numbers. In some
models, B cells that were programmed by the transgenes
to be autoreactive were functionally inactivated (rendered
anergic) when they developed in the presence of autoanti-
gen, but not in its absence®. As initially described, anergic
B cells had reduced expression of IgM on the cell surface,
starting at the immature B cell stage. In other transgenic
models, autoreactive B cells were eliminated from the sec-
ondary immune tissues of the spleen and lymph nodes,
but were detectable in the bone marrow as immature
B cells carrying low levels of surface receptor, which is
consistent with the central clonal deletion of autoreactive
cells occurring at the primary site of B cell generation'*¢.

At the time these experiments were carried out (in the
late 1980s and early 1990s), tolerance was presumed to be
achieved either by a form of cell destruction or through
functional inactivation®. Studies using transgenic mice
expressing anti-DNA antibodies, which are associated
with SLE, found that both deletion and anergy of auto-
reactive B cells could occur depending on the specificity
or affinity of the BCR for self-antigen'”**. These findings
led to the notion that the molecular presentation of the
autoantigen determines the mode of tolerance, with
multimeric or membrane-bound antigens promoting
B cell deletion and monomeric soluble antigens leading
to B cell anergy. These interpretations were strongly influ-
enced by the success of the clonal selection hypothesis®,
the central paradigm in the field, which posited that the
immune system is controlled at the level of cells carrying
distinct, clonally distributed antigen receptors. Notably,
it was thought that cells could be regulated only through
control of their growth, responsiveness, survival or death.

This view changed radically over the ensuing years
when it was found that central tolerance could occur by
receptor editing, a process in which ongoing L-chain
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Table 1 | Genes and proteins implicated in B cell central tolerance and receptor editing

Gene Model Comment Refs
ADA Human Deficiency hinders tolerance 133
AICDA Human and mouse Deficiency hinders tolerance 141,142
Bcl2 Mouse Enforced expression hinders tolerance 16,101
Bim (also known as Bcl2111) Mouse Deficiency hinders tolerance 99,160
Blnk Mouse Deficiency hinders editing 71
BTK Human and mouse Deficiency hinders tolerance 176-178
Cbland Cblb Mouse Deficiency promotes autoimmunity 155
CD19 Human and mouse Deficiency hinders tolerance 137,179,180
Cd45 Mouse Deficiency hinders tolerance 136,181
CIN85 (also known as Human cellline Knockdown promotes B cell survival 182
SH3KBP1)

Fkbp11 Mouse Overexpression hinders tolerance 183
Gadd45a Mouse Deficiency hinders editing 160
Hcls1 (encodes HS1) Mouse cell line Deficiency hinders apoptosis 184
IRAK4 Human Deficiency hinders tolerance 139
Irf4 Mouse Deficiency hinders editing 82
Itpkb Mouse Deficiency hinders tolerance 185
mir-148a Mouse Overexpression hinders deletion 160
miR-17~92 Mouse Overexpression hinders deletion 63,161
Myc Mouse Knockdown hinders positive selection 63
MYD88 Human Deficiency hinders tolerance 139
Nfkb (also known as Rela) Mouse Inhibition hinders tolerance 79,83
Nras Mouse Constitutive activity drives positive selection 186
Pik3cd (encodes p1109) Mouse Deficiency hinders positive selection 187
Pik3ca (encodes p110a) Mouse Constitutive activity drives positive selection 60
Pik3r1 (encodes p85a) Mouse Deficiency hinders positive selection 68
Plcg2 Mouse Deficiency hinders editing 188
Prkcd (encodes PKCS) Mouse Deficiency hinders deletion 104
Pten Mouse Deficiency hinders tolerance 61,63,160
PTPN22T Human Polymorphism hinders tolerance 129
Raf1 Mouse Constitutive activity suppresses editing 185
RAG1 Human Partial deficiency hinders tolerance 134
Rasgrp1 Mouse Deficiency hinders tolerance 189
Rasgrp1 or Rasgrp3 Mouse Deficiency hinders apoptosis 104
Syk Mouse Deficiency hinders positive selection 190,191
Syk and Zap70 Mouse Double deficiency hinders positive selection 54
TACI (also known as Human Mutation hinders tolerance 135
TNFRSF13B)

UNC93B Human Deficiency hinders tolerance 139

ADA, adenosine deaminase; AICDA, activation-induced cytidine deaminase; Bcl2, B cell leukaemia/lymphoma 2; Bink, B cell linker;
BTK, Bruton’s tyrosine kinase; CIN85, CBL-interacting protein of 85kDa; Fkbp11, FK506-binding protein 11; Gadd45a, growth

arrest and DNA-damage-inducible 45 alpha; Hcls1, haematopoietic cell-specific Lyn substrate 1; IRAK4, interleukin-1 receptor-
associated kinase 4; Irf4, interferon regulatory factor 4; Itpkb, inositol-1,4,5-trisphosphate 3-kinase B; mir-148a, microRNA-148a;
miR-17~92, microRNA cluster 17~92; MYD88, myeloid differentiation primary response 88; Nfkb, nuclear factor kappaB;

Pik3cd, phosphoinositide 3-kinase catalytic delta polypeptide; Pik3ca, phosphoinositide 3-kinase catalytic alpha polypeptide;
Pik3r1, phosphoinositide 3-kinase regulatory subunit polypeptide 1; Plcg2, phospholipase C gamma 2; Prkcd, protein kinase C delta;
Pten, phosphatase and tensin homologue; PTPN22 T, R620W allele of protein tyrosine phosphatase non-receptor type 22; RAG1,
recombination-activating gene 1; Rasgrp1, RAS guanyl-releasing protein 1; Syk, spleen tyrosine kinase; Zap70, zeta-chain-associated
protein of 70kDa; TACI, transmembrane activator and CAML interactor.
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Figure 1| B cell development. Pro-B cells in the bone marrow, which are derived from common lymphoid progenitor
(CLP) cells, initiate heavy (H)-chain gene rearrangement through expression of recombination-activating genes (RAG1
and RAGZ; collectively referred to here as RAG) and epigenetic modifications of the H-chain loci that promote
accessibility®. Productive H-chain gene assembly leads to the association of IgM H-chain (u-chain) protein with surrogate
light-chain (SLC) components A5 (also known as IGLL1) and Vpre-B, and surface expression of the pre-B cell receptor
(pre-BCR) in large pre-B cells'*2'%*, Pro-B cells can also undergo H-chain variable region (VH) replacement reactions,

whereby VH elements recombine to a conserved heptamer within the VH element of an already rearranged VD) exon

164

Spontaneous, antigen-independent triggering of the pre-BCR promotes progression to the large pre-B cell stage, which
involves downregulation of RAG expression and transient proliferation. Differentiation to the small pre-B cell stage
follows; at this stage, SLC components are downregulated, RAG is re-expressed and RAG activity is redirected to the
L-chain genes'®. L chains that pair with H chains trigger tonic BCR signalling, which promotes positive selection when

the BCR is non-autoreactive (part a) or receptor editing (parts b and c) when the BCR is autoreactive or if tonic signalling
is impaired. Editing can lead to exchange of one functional L chain for another, which can render the BCR innocuous and
allow developmental progression (part b), or to secondary rearrangements that prevent L-chain expression (part ), such
as out-of-frame joins that destroy the original L-chain gene but fail to replace it, which returns the cell to the pre-B cell
compartment?. Cells that go through positive selection enter the transitional B cell stage, at which stage B cells seem
to be extremely sensitive to apoptosis while losing the ability to edit the BCRY, Small pre-B cells and editing B cells have

asimilar turnover rate, which l interpret to indicate that they die ‘by neglect’ owing to prolonged insufficiency of

phosphoinositide 3-kinase (PI3K)-AKT activity.

gene recombination (FIG. 1) alters B cell specificity
and rescues autoreactive cells from deletion through
the replacement of one immunoglobulin L chain by
another'”%. Such genetic reprogramming uncouples
the fate of the B cell from that of its receptor and is more
properly referred to as receptor selection. Antibody
genes encoded by conventional transgenes (which are
randomly inserted into the genome) cannot be efficiently
edited because antibody gene recombination must occur
in c¢is no more than 2-3 million base pairs away from

immunoglobulin gene segments carrying recombination
signals. The development of transgenic mice in which
the antibody L-chain transgenes are targeted to the
physiological immunoglobulin locus revealed the effi-
ciency of receptor editing”?. The notion of anergy as a
mechanism of B cell tolerance also changed when it was
shown that anergic B cells in the peripheral lymphoid
organs had a reduced lifespan when in competition with
non-autoreactive B cells, such that over time the anergic
cells were effectively deleted***".
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Allelic exclusion

The phenomenon of
expression of only one of two
alleles despite the genetic
potential to express both.

In normal B cells, expression
of both alleles of the heavy
chain occurs at a frequency
of ~0.0001%, and the
frequency of light-chain
double expression is ~ 1%.

Positive selection

In the context of B cell
development, this refers to the
process whereby immature

B cells progress from a
programme of active light chain
gene recombination to a more
mature phenotype, which is
associated with the cessation
of recombination and
migration from bone marrow.

Tonic signal

The weak signal emanating
from a receptor in the absence
of its ligand.

G

Immunoglobulin A L-chain locus

36 5 35 4 H chain
R R Lo Kang L chain
[

REVIEWS

€ Membrane IgM

Cell
membrane

Figure 2 | Antibody gene assembly by DNA recombination between gene segments. The variable part of antibody
genes is composed of variable (V), diversity (D) and joining (J) elements on the locus encoding the heavy (H) chain (part a),
and V and ] elements on each of two loci encoding L chains, A and k’ (part b). Triangles show the recombination signal
sequences (RSSs) adjacent to the gene segments. Numbers above each element indicate the estimated sums of the
indicated gene elements arranged along the human immunoglobulin loci*®%, In addition to the coding element shown,
each V region has its own upstream promoter, leader exon and intron (not shown). Each V, D and ] element can recombine
as shown to generate many combinations of elements within a locus. On the H-chain locus, D-to-) rearrangements occur
first, followed by V-to-DJ recombination’. The cartoon of membrane IgM protein (part c) shows the approximate
placement of amino acid residues encoded by each element. Also shown is the transmembrane region of IgM and the
short cytoplasmic tail, which has the sequence Lys-Val-Lys. C, constant region.

These features, and related studies, led to a develop-
mental model of tolerance in which autoreactivity early
in B cell development results primarily in receptor edit-
ing, whereas later in B cell development, autoreactivity
is negatively regulated by decreasing the viability and
functionality of cells®. Several additional checkpoints of
various kinds have now been identified that limit B cell
reactivity, survival or function at later stages of develop-
ment*. As mentioned above, here I do not cover these
later stages of B cell development and focus solely on
recent advances in our understanding of central toler-
ance. However, to understand these processes, one must
delve into how BCR signalling controls not just receptor
editing and central tolerance but also B cell development
in general.

BCR signalling in B cell quality control

V(D)J recombination is inherently random and error-
prone, generating diversity, but often assembling genes
that are non-productive or that encode potentially
autoreactive antibodies. Moreover, although each B cell
has the genetic potential to simultaneously express two
different H chains and four or more different L chains
(two k and two A L chains in humans; two k and four
A L chains in mice), a B cell usually expresses a unique
H-chain-L-chain pair (known as allelic exclusion).
Maintaining a unique specificity of each B cell is thought
to be important for robust recognition of antigens and
for the specificity of the antibody response®. Signalling
through the BCR (FIC. 3) controls B cell development to
favour the expression on each B cell of a single H-chain-
L-chain pair that is of limited self-reactivity. Several
feedback mechanisms in pre-B cell development select
for cells expressing exactly one functional H chain by
sensing productive rearrangement, inhibiting further
H-chain gene rearrangements and promoting progres-
sion in development**!, thereby preventing the expres-
sion of two different H chains as well as preventing the

survival of those cells lacking any H chain. Functional
H-chain expression in pro-B cells is required for devel-
opmental progression, induction of transient pro-
liferation and the subsequent redirection of V(D)J
recombination to the L-chain loci. Similarly, functional
H-chain-L-chain expression provides signals that are
required for full B cell maturation, cessation of V(D)]
recombination, migration to the peripheral lymphoid
tissues and cell survival®’.

When small pre-B cells first express productive
immunoglobulin L-chain gene rearrangements and pro-
duce L chains that can assemble with H chains to form
surface IgM, they by definition become B cells that can
detect antigens for the first time. At this point in devel-
opment, a B cell has three options (FIG. 1). First, it can
undergo positive selection, which involves ceasing V(D)]
recombination and initiating maturation and migration
to the secondary lymphoid organs. Second, it can ignore
the expression of its BCR if the positive selection signal is
insufficient, for example if the H-chain-L-chain pairing
is inefficient or its expression is too low, thus continuing
ongoing L-chain rearrangements. Third, it can undergo
receptor editing or apoptosis if the BCR is ligated by
antigen present in the bone marrow (and hence, pre-
sumably, self-antigen). Ongoing immunoglobulin gene
rearrangement can alter BCR specificity, as outlined in
FIG. 4. These checkpoints provide a form of molecular
quality control, preventing the development of B cells
that fail to express a functional H-chain-L-chain pair
and limiting the numbers of B cells that carry two dif-
ferent H chains or have autoreactive H-chain-L-chain
combinations. These checkpoints thus rely on the ability
of the BCR to signal in different ways. In its unligated
form, the BCR seems to transmit a tonic signal that is
important for B cell survival and developmental matura-
tion*. The nature of the tonic signal has been best char-
acterized in naive splenic B cells, in which the BCR can
function as a signalling hub required for in vivo survival
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Figure 3 | B cell receptor signalling. In the assembled B cell receptor (BCR), CD79A-CD79B is weakly bound by Src family
kinases (SFKs). Antigen binding promotes tyrosine phosphorylation of CD79A and CD79B on their immunoreceptor
tyrosine-based activation motifs (ITAMs)*1%, Phosphorylated ITAMs recruit spleen tyrosine kinase (SYK) and upregulate its
kinase activity*'’°. CD19 functions as a BCR co-receptor, leading to tyrosine phosphorylation within YXXM motifs in the
cytoplasmic tail of CD19 that recruit the p85 regulatory subunit of phosphoinositide 3-kinase (PI3K)***>'7 (left). PI3K
activation mediated through this pathway or by the adaptor protein B cell adaptor for PI3K (BCAP)>> mediates
phosphorylation of phosphatidylinositol-4,5-bisphosphate (PtdInsP,), generating phosphatidylinositol-3,4,5-trisphosphate
(PtdInsP,), which recruits AKT, 3-phosphoinositide-dependent protein kinase 1 (PDK1), Bruton’s tyrosine kinase (BTK) and
other enzymes that are essential for signal propagation'’2 In a distinct pathway (right), B cell linker protein (BLNK)'”? functions
as a scaffold and substrate for SYK- and SFK-mediated phosphorylation, promoting the recruitment of phospholipase Cy2
(PLCy2), BTK, VAV guanine nucleotide exchange factor proteins'’* and growth factor receptor-bound protein 2 (GRB2).
Activated PLCy2 hydrolyses PtdInsP, to diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (InsP,), which promotes Ca?*
mobilization through the InsP; receptor (InsP,R) and opening of the plasma membrane Ca?* channel ORAI. DAG recruits
protein kinase C (PKC) isoforms and RAS guanyl-releasing proteins (RASGRPs). During positive selection of immature B cells,
AKT activity suppresses forkhead box protein O1 (FOXO1) nuclear localization, which turns off recombination-activating
gene (RAG) expression, and increases production of the transcription factor MYC, which (together with AKT) promotes cell
survival. Another BCR-triggered pathway involves the guanine nucleotide exchange factor son of sevenless 1 (SOS1), the
small GTPase RAS, the serine kinase RAF1, MAPK/ERK kinase (MEK) and extracellular signal-regulated kinases (ERKs). Ca?*
mobilization through InsP,R and ORAI promotes the activation of calcineurin and the nuclear localization of nuclear factor of
activated T cells (NFAT). PKC activation promotes activation of nuclear factor-kB (NF-xB). PI3K and its downstream activities
seem to be promoted in immature B cells by the unligated BCR, whereas BCR ligation activates the BLNK pathway transiently.
This leads to BCR internalization and reduced signalling through both pathways, and drives RAG expression, developmental
arrest and cell starvation. AP-1, activator protein 1; ER, endoplasmic reticulum; PTEN, phosphatase and tensin homologue;
STIM1, stromalinteraction molecule 1. Adapted with permission from REF. 175, F1000Research.

and can also facilitate signalling through Toll-like recep-
tors (TLRs)*~*. In newly formed B cells, antigen rec-
ognition leads to distinct signals through the BCR that
promote receptor editing and apoptosis?'. Cells that fail
to assemble any functional L chain or that inactivate
their L-chain gene in the process of receptor editing lack
all BCR signals and fail to mature®.

The simplest hypothesis for how such a mechanism
might work is a ‘Goldilocks’ model in which only BCR
signalling of intermediate strength promotes positive
selection. Small pre-B cells that lack a signal owing to the
absence of cell-surface BCR persist in a default state of
developmental arrest, with ongoing L-chain gene recom-
bination in an attempt to produce a functional BCR, but
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RAG1 and RAG2 have
non-redundant roles in
initiating V(D)J recombination
at recombination signal
sequences through their DNA
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Figure 4 | Recombination events associated with receptor editing on the immunoglobulin x locus can silence or
alter gene expression. The top line of the figure shows the germline configuration of gene segments in the human
immunoglobulin k (Igk) locus, with variable (V) and joining (J) elements flanked by recombination signal sequences (RSSs).
Also shown is the k deleting element (kde). The first rearrangement on a locus is known as the primary rearrangement.
Secondary rearrangement can silence the primary rearrangement; for example, in this case, V2 rearrangement to a
downstream ] element replaces the V4—] join. Note that some Vk genes rearrange by inversion rather than excision of
intervening DNA (not shown). When they are in-frame, secondary rearrangements can replace one functional V region
with another. However, like all immunoglobulin gene rearrangements, these rearrangements are often non-functional and
so can silence k light-chain protein expression rather than replace it. Out-of-frame primary rearrangements can similarly
be displaced by secondary rearrangements. Even loci that have ‘used up’ the | elements (arrow) can silence the locus by
subsequent kde recombination (bottom line). The kde has no coding function, but behaves as a non-functional, but
rearrangeable, ] element, leading to deletion of the constant (C) region and silencing of the locus. Such rearrangements
are often found in cells expressing A light chains. The A locus in humans has a similar organization, although a kde-like

element has not been identified.

having a limited lifespan of ~3 days in which to achieve
this. By contrast, positive selection would require a special
signal (discussed later in this section) transmitted by an
adequate level of unligated BCR on the plasma membrane
to promote developmental progression. Finally, newly
formed, autoreactive B cells encountering antigen will
at first signal excessively and then rapidly downregulate
surface IgM, leading to a reduced steady-state BCR signal
that mimics that of the pre-B cell and accordingly yields
ongoing L-chain recombination, which in this context
can change BCR specificity. In such a model, B cells
carrying BCRs that are incapable of positive selection
(owing to lack of surface expression or to autoreactivity)
would share with pre-B cells a short lifespan of ~3 days.
Within this time frame, ongoing L-chain recombination
can rescue both pre-B cells and non-selected B cells by
generating new BCRs that promote positive selection.
Consistent with this model, underexpression of surface
IgM and of many BCR signalling components promotes
ongoing L-chain gene recombination and receptor editing
even when the BCR itself is non-autoreactive®. Induced
deletion of surface IgM on B cells at this stage similarly
promotes ongoing L-chain recombination®.

Positive selection of innocuous B cells. How does the
unligated BCR induce positive selection? Many compo-
nents of the BCR signalling complex are preassembled
before antigen stimulation®. The unligated BCR pro-
motes phosphoinositide 3-kinase (PI3K) signalling in
immature B cells through tonic tyrosine phosphoryla-
tion of the adaptor proteins CD19 and/or B cell adaptor

for PI3K (BCAP) by Src family kinases (SFKs)*'~** and,
possibly, SYK and {-chain associated protein of 70 kDa
(ZAP70)*, and the subsequent recruitment of PI3K
through its p85 regulatory subunit® (FIC. 3). In splenic
B cells, SYK may be specifically excluded from unligated
BCRs*. It is unclear whether this is also true in immature
B cells undergoing positive selection, but if so, it might
provide a biochemical mechanism to distinguish ligated
versus unligated BCRs. Downstream of PI3K activity, the
expression of recombination-activating genes (RAGI and
RAG?2; collectively referred to here as RAG) is negatively
regulated by phosphatidylinositol-3,4,5-trisphosphate
(PtdIns(3,4,5)P,)-mediated activation of AKT, which
leads to phosphorylation of the forkhead box protein O1
(FOXO1) transcription factor and its sequestration from
the nucleus”-°. This pathway also promotes B cell sur-
vival®®®!. PI3K activity is opposed by phosphatase and
tensin homologue (PTEN), a phosphatase that catalyses
the reverse reaction and is particularly abundant in
immature B cells®**2. Defects in positive selection caused
by CD19 deficiency are substantially overcome by muta-
tion of PTEN®*®. A second, possibly related, pathway
implicated in positive selection involves a low level of
RAS activation. Defects in positive selection caused by
BCR underexpression can be compensated for by the
expression of active RAS, which promotes B cell develop-
mental progression and the upregulation of maturation
markers, and indirectly promotes PI3K activity and the
downregulation of RAG1 and RAG2 expression®’. The
RAS-extracellular signal-regulated kinase (ERK) path-
way may also regulate the essential B cell transcription
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Pre-BCR

(Pre-B cell receptor). The
complex formed when an
immunoglobulin heavy chain
pairs with the surrogate
light-chain components A5
and Vpre-B, allowing surface
expression of a complex
including CD79A-CD79B and
other signalling components.

BCR capping

(B cell receptor capping).
Theprocess whereby antigen
receptors on B cells
redistribute and aggregate on
the plasma membrane after
antigen recognition.

factor E2A (also known as TCF3)%. E2A is required for
RAG expression and L-chain gene accessibility, and its
effective levels are increased in pre-B cells and immature
B cells®*o*.

Negative selection and receptor editing. Next I consider
the mechanisms of negative selection through which
antigen encounter leads to tolerance. Consistent with
the Goldilocks model, upon BCR ligation there is down-
regulation of cell-surface expression of the BCR (BOX 1),
leading to greatly reduced PI3K signalling, nuclear local-
ization of FOXO1, increased RAG expression and recep-
tor editing®"°. The developmental arrest of autoreactive
B cells can be reversed by editing to swap an autoreactive
receptor for an innocuous one or by the withdrawal of
autoantigen''’. However, in opposition to the Goldilocks
model, the ligated BCR is believed to signal in a manner
that is distinct in some ways from BCR underexpression,
in that the BCR-associated kinases are more strongly
activated by the ligated BCR. This leads, through the
activation of B cell linker protein (BLNK), to the suppres-
sion of AKT activity, which in turn releases FOXOL1 to
promote RAG gene expression and receptor editing**”".
(It is unclear whether immature B cell fate differs in the
context of BCR ligation versus underexpression, although
the preferences of L-chain V-to-] rearrangements could be
affected through effects on locus accessibility.) This mech-
anism of negative selection leading to receptor editing is
analogous to the signals that promote primary L-chain
gene rearrangements in pre-B cells, with that checkpoint
being regulated by the pre-BCR. Because the pre-BCR
spontaneously signals owing to self-aggregation and/or
interactions with invariant host ligands, it is presumed
to have parallels to an autoreactive BCR™. In immature

Box 1| B cell receptor internalization triggered by antigen

Internalization of the B cell receptor (BCR) in immature B cells is poorly understood.
Most of what we know comes from studies of cell lines or mature B cells, in which BCR
internalization is important for the delivery of antigen to endocytic vesicles for
presentation in association with MHC class |l molecules. Upon antigen recognition,
the BCR rapidly associates with lipid rafts'*, leading to clathrin phosphorylation and
hence clathrin-mediated internalization'*’. Internalization is mediated by interactions
between the endocytic clathrin adaptor AP2 and motifs in CD79A-CD79B*414,
CD79A-CD79B and Src family kinases (SFKs) facilitate internalization of the BCR,
whereas spleen tyrosine kinase (SYK) seems to be dispensible!*****. Mice with a

B cell-specific deficiency of the E3 ubiquitin ligases CBL and CBLB have a significant
defect in internalization of cell-surface IgM and develop a lupus-like disease’**. CBL
and CBLB may be recruited to the BCR by the CBL-interacting protein of 85 kDa
(CIN85; also known as SH3KBP1), which is constitutively associated with B cell linker
protein (BLNK)™®. However, CIN85-deficient mice have no defect in BCR internalization,
possibly owing to the function of the related protein CD2AP**”. The adaptor BAM32
(also known as DAPP1) is recruited to the membrane by SH2 domain and pleckstrin
homology domain interactions, where it also contributes significantly to BCR
internalization®!. BAM32 internalization is associated with mitogen-activated protein
kinase activation'**'*8, whereas CIN85 internalization is associated with nuclear
factor-kB (NF-kB) activation®’. Despite these connections between BCR activation,
signalling and internalization, BCRs whose immunoreceptor tyrosine-based activation
motifs (ITAMs) are phosphorylated seem to be preferentially retained on the cell
surface, whereas internalized BCRs lack phosphorylation'*®. Thus, much more research
needs to be carried out to understand how BCR internalization occurs biochemically
and how it fits into the overall picture of central tolerance.

B cells, BCR signalling is opposed not only by the protein
and lipid phosphatase activities of enzymes such as SHP1
(also known as PTPN6) and PTEN”>" but also by argi-
nine methylation of CD79A. In the absence of a conserved
arginine in CD79A, B cell activation is enhanced and
development is impaired”. In an independent feedback
loop, the RAG-mediated double-stranded DNA breaks
that occur during immunoglobulin gene rearrangement
activate serine-protein kinase ATM and nuclear factor-xB
(NF-kB), which upregulate the transcription factor SPIC,
thereby inhibiting the expression of SYK and BLNK and
potentially providing a mechanism to limit the rate of
L-chain rearrangement and the number of alleles accessi-
ble’®”. In chicken DT40 cells, BLNK also has a role in BCR
capping’®, which downregulates BCR levels and presuma-
bly also reduces tonic signalling by BCR depletion. BCR
ligation also activates NF-kB signalling, which has been
implicated in receptor editing by promoting the accessibil-
ity of L-chain loci to RAG1 and RAG2 through induction
of interferon regulatory factor 4 (IRF4); in promoting RAG
expression; and in extending the survival of cells through
the induction of the serine/threonine protein kinase PIM2
(REFS 79-83). Overall, therefore, the signals that promote
receptor editing in autoreactive B cells seem to be similar
to those that initiate L-chain recombination in pre-B cells,
but additional signals may distinguish self-antigen liga-
tion of the BCR in immature B cells from those signals
driving ongoing immunoglobulin gene recombination
in pre-B cells.

Implications and limitations of editing. Receptor edit-
ing seems to occur in a significant fraction of develop-
ing B cells®®#%, but the proportion of B cells that edit
as a result of self-reactivity, as opposed to inefficient
positive selection, is difficult to measure. One study esti-
mated that ~20% of immature B cells have downregu-
lated expression of the BCR and are actively undergoing
tolerance-induced editing®.

Receptor editing is directional, as ongoing
L-chain gene recombination is not entirely random.
Rearrangements in each B cell tend to progress sequen-
tially over time from upstream to downstream Ji ele-
ments on the k L-chain loci, before continuing on A
L-chain loci***#-# (reviewed in REF. 21). There is prob-
ably also a progression from efficiently rearranged genes
to less efficiently rearranged genes®. Thus, receptor
editing contributes to the diversification of the antibody
repertoire and promotes A L-chain usage. A L chains
may have a specialized role in editing because of their
distinct physiochemical properties, including in the
complementarity-determining region (CDR)-L3 loop
formed by V-] joining®, and in some studies A chains
are particularly effective at quenching autoreactivity'>%2.
Editing also seems to take place on both alleles (and on
both k and A L chains), and so can sometimes lead to the
co-expression of two L chains and the escape of partly
self-reactive B cells from the bone marrow*¢.

Apoptosis in central deletion. Several lines of evidence
have highlighted the efficiency of receptor editing in cen-
tral tolerance*"*, which allows several attempts at editing
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Box 2 | The role of miRNAs in B cell central tolerance

Recent studies have investigated the role of microRNAs (miRNAs) in the regulation of

B cell tolerance. Remarkably, in IgM macroself mice, B cell-restricted overexpression

of either the miRNA cluster miR-17~92 or the individual miRNA miR-148a led to almost
complete escape of B cells from central tolerance'**!*!. miR-17~92 is a cluster of six
miRNAs that includes miR-19a and miR-19b-1, which share the same seed region and
mRNA targets. These two miRNAs seem to promote the breach in B cell tolerance by
downregulating expression of phosphatase and tensin homologue (PTEN)**. It was
independently found that miR-17~92 overexpression could substantially overcome the
developmental defects of CD19-deficient immature B cells®, which suggests that a
threshold exists at which phosphoinositide 3-kinase (PI3K) activity promotes expression
of the transcription factor MYC, which drives miR-17~92 expression and in turn
downregulates PTEN expression, thus tipping the balance of B cell signalling to promote
survival and positive selection. The effect of miR-148a on B cell tolerance was
independently identified in a functional screen of a retroviral library of 113 miRNAs by
transduction of haematopoietic stem cells followed by transfer into IgM macroself
mice'®. Of these 113 miRNAs, miR-148a led to the most potent escape from central
tolerance. Identified targets of miR-148a included growth arrest and DNA-damage-
inducible 45 alpha (Gadd45a), Bim and Pten, each of which was found to inhibit B cell
deletion in the bone marrow when knocked out. Moreover, tolerance was less efficient in
B cells with heterozygous deficiency of each one of these genes alone, indicating that
their protein products make a quantitative contribution to tolerance that is probably
under tight control. The precise mechanism by which GADD45a regulates tolerance is
unclear, but it is believed to promote apoptosis by facilitating the localization of BIM to
mitochondria'®. Interestingly, GADD45¢, like the recombination-activating genes
(RAGs) and BIM itself, is a target of forkhead box protein O (FOXO) transcription
factors'®”. These studies show that it may be possible to define a key set of genes that
regulate immune tolerance. Using similar techniques in different cell types at various
stages of their development, it might be possible to map and organize the genes into
pathways with the potential to provide insight into tolerance in health and disease.
TABLE 1 shows some of the genes that are implicated in B cell central tolerance in various
studies of gene overexpression or loss of function in humans and mice.

IgM macroself mice
Transgenic mice expressing a
custom-designed superantigen
reactive to the constant region
of IlgM, derived from a fusion
protein of single-chain
antibody fused to a part of
the lgG extracellular region
and transmembrane and
cytoplasmic regions of an
MHC class | molecule.

MicroRNAs

(miRNAS). Short (~22 bp)
RNAs that function by
downregulating mRNA
translation or stability and that
have important roles in many
cellular pathways.

Humanized mice

Severe combined
immunodeficient (SCID)

mice transplanted with
haematopoietic cells from
humans. These mice are useful
for carrying out experiments

on human immune cells in vivo.

to occur in a limited time. B cells that are experimentally
prevented from editing or that have H chains with fea-
tures that cannot be efficiently corrected by exchanging
L chains eventually undergo an apoptotic process'>'6694-%
(FIG. 1). Apoptosis in this population of B cells and in the
newly formed B cells that transition from bone marrow
to the spleen is thought to be largely driven by the pro-
apoptotic protein BIM and can be inhibited by enforced
expression of its anti-apoptotic binding partners, such
as B cell leukaemia/lymphoma 2 (BCL-2)?"'®. Enforced
BCL-2 expression facilitates receptor editing, which is
consistent with the notion that receptor editing is limi-
ted by BIM-dependent cell death'®'. BIM expression is
driven by FOXO family proteins'® in B cells, this prob-
ably involves FOXO1 together with E2A®, and so BIM
expression is presumably high in pre-B cells and editing
B cells and is decreased by PI3K-mediated activation of
AKT in positively selected B cells.

As newly formed B cells are more sensitive to antigen-
induced apoptosis than are mature B cells®, it has been of
interest to understand the differences in their signalling
biochemistry. BCR ligation in immature bone marrow
B cells leads to robust tyrosine phosphorylation and
Ca*" mobilization, despite reduced steady-state levels
of inositol-1,4,5-trisphosphate formation, compared
with more mature B cell stages'®. These differences are
probably the result of distinct levels of various BCR-
coupled signalling proteins'®'* and they correlate with
the increased sensitivity to apoptosis of immature B cells.

REVIEWS

Similar to control by receptor editing, the apop-
totic control of central tolerance is incomplete. Not all
self-antigens are accessible in native form to B cells in
the bone marrow. Antigens that are normally expressed
in peripheral tissues might conceivably be presented
to bone marrow B cells by antigen transport or ectopic
expression, for example, although there is little evidence
to support this. Some types of polyreactive B cell clearly
fail to induce receptor editing or deletion, such as the
major population of Bl cells in mice that are reactive
to phosphatidylcholine'®. It is unclear how B cells with
such specificities avoid negative selection, but presum-
ably the low affinities of their BCRs for antigen, or the
low accessibility or epitope density of their ligands, have
a role. B cells recognizing certain self-antigens may
engage activating or inhibitory co-receptors on B cells,
such as Siglecs or complement receptors, which could
potentially up- or down-modulate central tolerance to
certain classes of antigens®'%.

Superantigen screens for tolerance genes

Many mouse studies have identified defects in B cell
central tolerance, in terms of either receptor editing
or clonal deletion, in spontaneous models of SLE'”1%,
Sjogren syndrome'” and type 1 diabetes'’, although
there is as yet no real consensus as to the mechanisms
involved. As editing can both destroy and create certain
autoantibody specificities, insufficient as well as exces-
sive editing may be deleterious''""'2. Defects in apopto-
sis may also have a role. To assess the factors involved
in central tolerance more systematically, investigators
have begun screening for mutations that promote the
escape of B cells from tolerance. One way in which this
has been approached is to set up an in vivo selection sys-
tem in which all normal B cells are negatively selected
owing to engineered self-reactivity, such that tolerance
leads to the loss of these B cells. As mentioned above,
transgenic mice carrying autoreactive BCRs or super-
antigens reactive to the BCR are useful tools with which
to study B cell tolerance in vivo. In IgM macroself mice,
which carry a superantigen designed to bind to the IgM
C region, central tolerance without the option of escape
by receptor editing leads to a developmental block at
the immature B cell stage®. This powerful example of
in vivo negative selection facilitates testing of the effects
of mutations or gene overexpression in B cells on abro-
gating central deletion. This approach has been used
successfully to identify microRNAs (miRNAs), the over-
expression of which hinders tolerance induction, which
in turn facilitates the identification of miRNA target
genes that control tolerance (BOX 2).

Humanized mice. Most of the studies of normal immune
tolerance discussed so far have been carried out in mice.
It is important for our medical understanding in this
regard to verify that human cells behave similarly to
mouse cells (notwithstanding that most scientists do not
doubt that this is the case). The heterogeneity of human
genetics and environment presents a major challenge,
which has inspired some ingenious approaches, such as
the study of humanized mice. A recent study has combined
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\-Locus excision circles
Intervening DNA removed and
religated to itself by V-to-J
rearrangement in the
immunoglobulin A locus.

the use of humanized mice with the macroself antigen
approach to challenge human immune cells experimen-
tally. Central tolerance of human B cells was thus studied
directly in vivo using severe combined immunodeficient
(SCID) mice expressing a superantigen reactive to human
k L chains'"® that were reconstituted at birth with human
haematopoietic stem cells. Negative selection was docu-
mented in terms of markedly reduced numbers of B cells
expressing k L chain in the spleen, whereas numbers of
B cells expressing A L chain were increased. The develop-
ing B cells of the bone marrow showed signs of receptor
editing, including BCR downregulation, increased RAG
gene expression and increased secondary L-chain gene
recombination events, such as the use of downstream Jx
gene segments and L-chain A-locus excision circles. This
study not only showed that developing human B cells
use receptor editing as a mechanism of B cell central
tolerance but also suggested that among normal human
donors there is genetically determined variability in the
efficiency of tolerance induction. Defects in B cell central
tolerance have been associated with autoimmune disease
in mice and humans, including rheumatoid arthritis',
SLEM7108ILISIG and type 1 diabetes''®!'. The exciting
possibility of this type of experimental system is that it
may allow for the identification, under controlled con-
ditions, of fundamental differences in central tolerance
between normal and autoimmune donors.

Central tolerance in human B cells
Single-cell antibody cloning. In another fruitful approach
to studying B cell tolerance in humans, several recent
studies have quantified autoreactive B cells in normal
and diseased individuals to detect the elimination of
self-reactive B cells in the healthy state or the breaching
of tolerance checkpoints in disease. Serological analysis
has established that certain autoantibody profiles are
diagnostic for, and sometimes predictive of, diseases such
as SLE, rheumatoid arthritis and type 1 diabetes'”’. For
many years, researchers have attempted to identify and
enumerate autoreactive B cells using techniques such as
Epstein-Barr virus transformation'", tracking the usage
of V genes that are biased to be autoreactive'”, and flow
cytometry or cloning approaches'*'?!. However, most
recent studies have used the approach of cloning and
expressing antibody genes obtained from single human
B cells at different stages of their development.

This robust protocol involves the sorting of single
B cells, cloning of their individual antibody H-chain
and L-chain cDNAs, expression of the antibody in mam-
malian cells, and the analysis of antibody sequence and
reactivity®. Self-reactivity is assessed in this method
by antibody binding to lysate from human epithelial
type 2 (HEp-2) cells that is adhered to microwell plates.
Polyreactivity is defined as the ability of a particular
antibody, in a particular concentration range, to bind to
more than one of the following ligands: DNA, insulin or
lipopolysaccharide. In some cases, antibodies are tested
by immunofluorescence assay for antinuclear specifi-
city. Although the number of B cells that can be analysed
using the cloning and expression approach is limited,
the frequency of random B cells that score positive for

autoreactivity is surprisingly high. The frequency of
autoreactive B cells starts at 50-80% in early-stage B cells
of the bone marrow, then gradually decreases with devel-
opmental progression to ~10% in mature naive B cells of
normal adults''*'?2. The loss of autoreactive B cells with
increasing developmental maturity has been ascribed to
central tolerance, whereas increased levels of reactivity
have been associated with defective negative selection,
either by reduced receptor editing or impaired apoptosis.

Use of this assay, primarily by the laboratory of Eric
Meffre, has identified significant differences between
healthy and immunologically diseased humans in a
remarkable number of contexts'*. When used to assess
small samples of the immune repertoire in human auto-
immune disease, statistically significant increases in the
numbers of polyreactive or autoreactive B cells were
observed in patients with SLE"¢, rheumatoid arthritis'®,
type 1 diabetes'®, Sjogren syndrome'? and multiple scle-
rosis'*®, which is consistent with the possibility that these
diseases are caused in part by defects in B cell central
tolerance. However, the autoreactive antibodies that
are detected using this assay are usually non-mutated
and hence are unlike the affinity-matured, often highly
specific, autoantibodies that are characteristic of auto-
immune disease, such as those that bind DNA, chroma-
tin or small nuclear ribonucleoproteins'?’. Polyreactive
B cells of certain specificities are believed to be benefi-
cial, such as those reactive to bacteria or apoptotic cells,
whereas others may be potentially pathogenic. It is cur-
rently unclear if the autoantibodies that are diagnostic of
autoimmune disease are derived from non-autoreactive
cells that subsequently mutate during a T cell-dependent
response’®, or are selected from the relatively rare escape
or recruitment of high-affinity precursors. In any case,
the correlations between the disease states mentioned
above and defects in B cell central tolerance are striking.

One candidate gene contributing to increased levels
of pre-immune autoreactive or polyreactive B cells in
humans is the R620W variant of protein tyrosine phos-
phatase non-receptor type 22 (PTPN22)"* (also known
as the PTPN22 T allele), which is a risk factor for mul-
tiple autoimmune diseases'’. This PTPN22 variant
affects antigen receptor signalling'®’, which suggests that
intrinsic alterations in B cell signalling thresholds may
lead to defects in central tolerance. Consistent with this
possibility, mice carrying a mutation in Ptpn22 (R619W)
analogous to the disease-associated human PTPN22
allele (R620W) had a B cell-autonomous defect that could
promote autoimmunity and was associated with the pro-
tection of immature B cells from apoptosis'®'. Moreover,
in mice engrafted with human haematopoietic stem cells,
intrinsic expression of the R620W allele was sufficient to
impair B cell central tolerance'*.

Tolerance defects in immunodeficiency. The human
antibody cloning assay has similarly revealed defects in
the removal of autoreactive B cells in primary immuno-
deficiency diseases', such as in patients with X-linked
agammaglobulinaemia (XLA) (caused by deficiency in
Bruton's tyrosine kinase (BTK)), with deficiencies in inter-
leukin-1 receptor-associated kinase 4 (IRAK4), myeloid
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differentiation primary response protein 88 (MYD88),
UNC93B and adenosine deaminase'®, and even with a
hypomorphic mutation in RAGI, which is required for
antigen receptor gene assembly’**. Many patients with
common variable immunodeficiency (CVID) seem to
have dysregulated B cell central tolerance owing to null or
missense mutations in the gene encoding transmembrane
activator and CAML interactor (TACI; also known as
TNFRSF13B), which is a receptor for the B cell survival
cytokines APRIL (a proliferation-inducing ligand) and
BAFF (B cell-activating factor), but which also interacts
with TLR7 and TLRY (REF. 135), which are nucleic acid
sensors that induce an inflammatory response.

Several possibilities have been suggested to explain
these findings. In the case of mutations that impair
BCR signalling, B cell negative selection through edit-
ing or central clonal deletion may simply be incomplete.
Alternatively or in addition, B cells with impaired BCR
signalling and weakly autoreactive antigen receptors
might not only be permitted to survive by escaping nega-
tive selection, but also be preferentially selected, as was
demonstrated in the case of CD45-deficient mice'*. Such
effects may also explain the high levels of autoantibodies
in patients with CVID who lack the B cell-restricted
signalling molecule CD19 (REF. 137).

Indirect effects may also have a role in regulating B cell
tolerance. For example, B cell lymphopaenia often leads
to increased levels of the B cell survival factor BAFF as an
indirect result of its reduced consumption'*. Increased
BAFF levels have been shown in mice to promote the
survival and activation of autoreactive B cells even in
the absence of T cells'*. Altered microbial burden and
attendant inflammatory processes might also have a role
in altering B cell tolerance thresholds through changes
to the level of BAFF or other cytokines. It is unclear
how deficiencies in IRAK4, MYD88 or UNC93B hinder
B cell tolerance as these proteins are involved in TLR
signalling in B cells and other cells, and also have other
roles in innate immunity and inflammatory cytokine
responses'*’. However, studies from mice have implicated
TLRY signalling in promoting the death of B cells with
anti-DNA specificity'*. Perhaps most remarkably, acti-
vation-induced cytidine deaminase (AICDA; also known
as AID) — which is required for somatic mutation and
class-switch recombination in mature B cell responses
— has been implicated in promoting B cell central tol-
erance''*?, Because humans who retain mutational
activity while being deficient in H-chain class switching
(owing to carboxy-terminal AICDA truncation, CD40
ligand (CD40L) deficiency or the lack of UNG) lack com-
parable defects in tolerance, these data support the coun-
terintuitive concept that the point mutagenesis activity
of AICDA in developing B cells might have a role in pro-
moting the removal of autoreactive cells'. It has been
suggested that DNA lesions caused by AICDA activity

141

promote cell death through a p53-dependent pathway'*'.

Central tolerance as a barrier to immunity

In addition to limiting self-reactivity, B cell tolerance
might also hinder immune reactions to foreign anti-
gens to which reactivity might be desirable, such as
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vaccines. This possibility has been raised in connection
with the difficulty in neutralizing HIV, as some of the
rare, highly mutated broadly neutralizing antibodies
for HIV that have been identified from patients so far
also have reactivity to self-antigens'”. The implication
of this finding is that some conserved viral epitopes
might be selected to mimic host antigens as a way to
hinder the antibody response. Indeed, self-antigens that
cross-react with the broadly neutralizing HIV gp41-
reactive antibodies 2F5 and 4E10 have recently been
identified; studies of immunoglobulin knock-in mice
carrying these antibody specificities showed that the
B cells were eliminated by central tolerance (reviewed
in REF. 144). It is unclear whether the ability of some
patients infected with HIV to produce antibodies such
as 2F5 and 4E10 indicates that there is relaxed immune
tolerance during chronic HIV infection or if it repre-
sents an autoimmune-prone feature of the rare donors
from which these antibodies arise. Transiently relieving
central tolerance in the context of vaccination might
be a useful approach to raising antibodies in animals
or perhaps in anticancer therapy, but given the current
state of our knowledge regarding the mechanisms of
central tolerance, together with the strict safety stand-
ards applicable to any product for use in otherwise
healthy individuals, it is unlikely that such an approach
would be feasible for use in human vaccines.

Future directions

Defects in central tolerance are clearly associated with
autoimmune disease, although many of the details
need to be better understood to assess definitively the
extent to which such defects contribute to disease and
to define the extent to which they are B cell intrin-
sic. The immunodeficiency diseases that are associ-
ated with dysregulation of central tolerance provide
a new set of puzzles to be solved mechanistically, as
many of the findings are surprising and often coun-
terintuitive. The immune tolerance field is now enter-
ing the genomic era, in which the challenge before
us is to understand all of the molecular components
involved, starting with key genes whose absence pro-
motes a breach of tolerance, and to verify their func-
tions in signalling networks in human cells. The scale
of future studies involving single-cell sequencing of the
expressed antibody genes from human B cells is likely
to expand markedly with advances in technology, such
as droplet-based methods to enable high-throughput
paired H-chain-L-chain gene sequencing'*, with fur-
ther potential to provide insights into the mechanisms
of tolerance escape and B cell maturation in human
disease. Much still needs to be learned about BCR sig-
nalling and how it can be manipulated therapeutically.
This field is expanding rapidly as its importance is
becoming clearer in the understanding and treatment
of B cell neoplasms. Finally, it seems possible that a
fuller understanding of B cell central tolerance might
allow manipulations to transiently relax immune
tolerance in situations in which it might be advanta-
geous, such as in vaccine protocols for cancer or the
prevention of infectious diseases.
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