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The mammalian immune system has an extraordinary potential for making receptors that sense

and neutralize any chemical entity entering the body. Inevitably, some of these receptors recognize
components of our own body, and so cellular mechanisms have evolved to control the activity of these
‘forbidden’ receptors and achieve immunological self tolerance. Many of the genes and proteinsinvolved
are conserved between humans and other mammals. This provides the bridge between clinical studies
and mechanisms defined in experimental animals to understand how sets of gene products coordinate
self-tolerance mechanisms and how defects in these controls lead to autoimmune disease.

Our immune system is the body’s sixth sense. It can react to any chem-
ical structure imaginable to fight off every possible microorganism.
The receptors coordinating this feat are antibodies expressed on the
surface of B cells as B-cell receptors (BCRs) and T-cell receptors
(TCRs) displayed on T cells. Huge receptor diversity is encoded in the
mammalian genome by two processes of somatic genome modifica-
tion that occur selectively in lymphocytes. First, V(D)] recombination
assembles unique BCR and TCR genes from three separate gene seg-
ments, the variable (V), diversity (D) and joining (]) genes, during B-
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Figure 1| Four cellular strategies are used toregulate self-reactive

at different points during B- and T-cell differentiation. a, The cellisdeleted
through induction of cell death. b, The receptor is edited to one that is less
self-reactive. ¢, Blochemical or gene-expression changes intrinsically
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and T-cell differentiation. This takes place in the ‘central lymphoid tis-
sues, which are principally the bone marrow for B cells and the thymus
for T cells. Second, somatic hypermutation substitutes single
nucleotides of BCR genes during a late phase of the immune response
in peripheral lymphoid tissues (such as the spleen, lymph nodes and
tonsils). A significant fraction of the receptors generated by both these
processes bind to one or more self components in the body — a by-
product of a deliberately random receptor-generating process.
Between 20 and 50% of TCRs and BCRs generated by V(D)] recombi-
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Figure 2 | A map of the cellular checkpoints regulating s elf-reactive
receptars. The range of different BCRs or TCRs, with varying degrees of
avidity for self antigens, are denoted by different colours as marked in the

2 cellular mechanismsare shown by red numbers.
BCR tolerance mechanisms in central lymphoid organs: (1) Arrest of
immature B-cell maturation; (2) BCR light chain editing by V(D)]
recombination; (3) Death and deletion of immature B cells.
TCR tolerance mechanisms in central lymphoid organs: (4) TCR a-chain
editing by V(D)J recombination; (5) Death and deletion of semi-mature T cells.
Intrinsic regulation of self-reactive receptors by anergy and biochemical

tuning: (6) BCR tuning/anergy; (7) TCR tuning/anergy.
Extrinsic regulation of self-reactive receptors by competitive

mechanisms: (8) Follicular exclusion of B cells; (9) B-cell competition for

nation bind with a potentially dangerous affinity to a self antigen .
Since only 3-8% of the population develops an autoimmune disease®,
it is remarkable that this enormous burden of self-reactive receptors is
so well regulated in most of us.

Each lymphocyte usually produces only a single receptor out of the
billions possible. Experiments have established that if this receptor is
self reactive, then four cellular strategies are employed to deal with
them (Fig. 1). First, the cell displaying the ‘forbidden) or self-reactive,
receptor can be triggered to die, as originally envisaged in Burnet’s
concept of clonal deletion. Second, a cell bearing a forbidden recep-
tor can ‘edit’ the offending receptor by further V(D)] recombination
or somatic hypermutation to display a different receptor that is not
self reactive®. Third, intrinsic biochemical and gene-expression
changes can reduce the ability of the cell to be triggered by self-reac-
tive receptors. This is generally termed clonal anergy or tuning™*.
Finally, even if the cells have evaded the three mechanisms above, col-
lectively called immunological ignorance; extrinsic controls can limit
the danger of self-reactive receptors. These extrinsic controls limit the
supply of essential growth factors, costimuli, pro-inflammatory medi-
ators and other factors, and also indude active suppression by regula-
tory T (Ty) cells, through a mechanism that is poorly understood. The
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BAFF; (10) T-cell competition for IL-7.

Extrinsic regulation of self -reactive receptors by limiting immunogenic co-
stimuli: (11) Controls on availability of extrafollicular T-cell help;

(12) Control of TLR ligands and signalling; (13) B-cell death induced by
FASL from T cells; (14) BCR inhibition of plasma-cell differentiation;

(15) Control of B ligands and other costimulatory molecules; (16) T-cell
death induced by FASL; (17) T-cell suppression by Ty cells.

Regulation of self-reactive receptors in follicles: (18) Control of ICOS and
follicular T helper cell differentiation; (19) BCR-induced death of germinal-
centre B cells; (20) Germinal-centre B-cell death from competition for
follicular T helper cells.

Tolerance of self-reactive at the final effector phase: (21) Control
of autoantibody accumulation and inflammation in tissues.

latter topic is reviewed separately in this issue by Kronenberg and
Rndensky (page 598).

These four mechanisms act as checkpoints on the pathway leading
to the production of secreted antibodies and effector T cells. The cel-
lular map in Fig. 2 derives primarily from experiments tracing the fate
of forbidden receptors and the cells bearing them in mice that had
exceptionally high frequencies of receptor for particular antigens. In
humans, cells with self-reactive receptors are too heterogeneous and
infrequent to visualize these cellular mechanisms at work. The gulf
between experimental animals and the clinic is now being bridged by
the discovery of individual genes and proteins that are essential both
for specific cellular tolerance mechanisms in mice and for preventing
autoimmunity in humans. Here, we review the state of the field, fol-
lowing the map shown in Fig. 2. We focus on how our understanding
of cellular and gene maps of self tolerance and immunity will guide
rational solutions to autoimmune disease.

BCR tolerance mechanisms in central lymphoid organs

Analysis of transgenic mice with a restricted repertoire of BCRs
revealed a series of cellular events that are triggered immediately
after an immature B cell displays a self-reactive receptor in the bone
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Figure 3 | Integration of intrinsic and extrinsic apoptotic controlsdeletes
cells with self-reactive BCRs. Three are shown of what is likely to
be acontinuum. a, A BCRwith no self-reactivity, where BCR and BAFFR
survival pathways dominate. b, A BCR with intermediate self-reactivity,

marrow. If the strength of receptor crosslinking and intracellular sig-
nalling exceeds a certain threshold, the immature B cell rapidly inter-
nalizes the offending BCR and temporarily halts its maturation
programme®'*", This has three consequences. First, homing recep-
tors, such as CDé62 ligand (CD62L), are not expressed. Such recep-
tors are needed for B cells to enter the lymph nodes™. Second,
receptors for B-cell-activating factor (BAFF), a circulating cytokine
required to sustain peripheral B-cell survival, are poorly induced™.
Third, RAG1 (recombination-activating gene 1) and RAG2, which
encode the core enzymes for V(D)] recombination, continue to be
expressed. This allows the BCRs to be edited by rearranging a
replacement BCR light chain®".

Ifa B cell with a forbidden receptor fails to edit to a less self-reactive
receptor, cell death occurs within 1-2 days, either in the bone marrow
or shortly after arriving in the spleen'®. The process of donal deletion
may result partly from growth-factor withdrawal, owing to low expres-
sion of BAFF receptors on immature B cells. Deletion also involves
BCR-induced cell death through increasing the levels of BIM (BCL-2-
interacting mediator of cell death). This pro-apoptotic factor inhibits
essential B-cell survival proteins from the BCL-2 family™* (Fig. 3c).
Interestingly, BIM-deficient mice spontaneously produce anti-DNA
autoantibodies after a latent period of many months™.

It is not known whether defects in BCR editing or deletion con-
tribute to human autoimmunity. Antibodies that recognize human
nuclear antigens and DNA — such as those found in patients with sys-
temic lupus erythematosus (SLE) — are more frequently borne by the
subset of immature B cells with little or no surface BCR in human bone
marrow”. This suggests that the BCRs have been internalized and pro-
vides evidence for conservation in humans of the processes described
above. As opposed to B cells producing antibodies to systemic anti-
gens, which can be regulated in this way, B cells bearing autoantibod-
ies to organ-specific antigens'® such as those causing Graves' disease
are not encountered in the bone marrow. The failure to edit or delete

where BCR signalling activates survival and death pathways, so that death
dominatesunless increased BAFF issupplied. ¢, A BCR with avid self-
reactivity, where BCR internalization and maturation arrest cripples the
BCR and BAFFR survival pathways, while BIM induction promotes death.

this important class of self-reactive BCRs may put extra pressure on
other mechanisms described below.

TCR tolerance mechanisms in central lymphoid organs
Receptor editing and cellular deletion also accompany V(D)] recom-
bination in developing T cells in the thymus®, although deletion
appears to be the predominant process. Unlike BCRs, which are
designed to recognize native antigen, TCRs are selected to recognize a
composite ligand comprising peptide fragments of antigen bound to
MHC molecules. Composites of self peptides and MHC are displayed
on the surface of cortical thymic epithelial cells, and TCRs that weakly
bind these ligands trigger maturation signals that inhibit RAG gene
expression (thereby closing off the option of editing)'®, increase TCR
cell-surface expression and induce the expression of homing receptors
for chemokines found in the thymic medulla and the peripheral lym-
phoid tissues. The thymic cortical epithelium isunique in supporting
this essential process of positive selection, through as yet unknown
factors®. A minority of self-reactive TCRs trigger an editing process; in
this case, TCRs are ted, RAG expression continues and the
offending TCR «-chain is replaced or diluted with a second a-chain
that is less self reactive®.

As positively selected thymocytes move from the cortex towards
the medulla, they continue to test their TCRs for self reactivity, but
now this occurs on medullary thymic epithelial cells and dendritic cells
of haemopoietic origin® (Fig. 4). These medullary cells express T-cell
costimulatory molecules, such as CD80 (also known as B7.1) and
CD86 (B7.2), the ligands for CD28. At this point, TCRs that bind
strongly to self-peptide-MHC combinations trigger the death (nega-
tive selection) of thymocytes. The crucial role of medullary cells in
ensuring self tolerance is clearly illustrated in studies of mice where
medullary MHC molecules are missing or B7 molecules are missing or
blocked by antibodies. In such animals, T cells with self-reactive TCRs
reach the periphery and cause systemic inflammatory conditions
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Figure 4 | Map of pathways for
deleting T cells with strongly
and wealdy self-reactive TCRs
inthe thymus. Two examples
are shown of what islikely to be
acontinuum:

a, a TCR with weak self
reactivity, where TCR and IL-
7R pro-survival pathways
dominate; b,a TCR with
strong self reactivity where
TCR-induced BIM and FAS
death pathways predominate.
Similar pathwaysalso act in
mature peripheral T cells,
where co tion for limiting
IL-7 and self-peptide/MHC,
and induction of B7 ligands for
CD28, add extra levels of
extrinsic control.

resembling graft-versus-host disease*'”. The well established associa-
tion between particular MHC molecules and susceptibility to specific
autoimmune diseases may stem from inefficient presentation of par-
ticular self peptides during this phase of TCR deletion**"*. Develop-
ment of peripheral nerve-specific autoimmunity in CD86-deficient
non-obese diabetic (NOD) mice™ may arise from a similar problem
with thymic deletion of nerve-specific self peptides.

A strong connection between thymic TCR deletion and human
autoimmune disease has been forged by understanding the function
of the autoimmune regulator (AIRE) gene. Crippling mutations in the
human gene are responsible for autoimmune polyendocrine syndrome
1 (refs 21,22), an infrequent but devastating disorder that targets many
discrete organs. Corresponding Aire mutations in mice cause similar,
albeit milder, organ-specific autoimmunity™* and a marked failure to
delete organ-specific TCRs in the thymus because tissue-specific genes
are not switched on in rare medullary thymic epithelial cells*-%.
Promiscuous expression of many different tissue-specific proteins,
such as insulin, was noted in rare medullary thymic cells over a decade
ago. This expression was proposed as a way to couple central thymic
tolerance mechanisms to peripherally expressed self proteins™. The
crucial role of this mechanism is established by the severe autoimmune
syndrome in AIRE-deficient humans, and it may explain why inher-
ited promoter variants that decrease thymic expression of the insulin
gene are associated selectively with autoimmune diabetes in
humans®=,

A less-defined abnormality of medul.lary thymic epithelium
appears to be responsible for myasthenia gravis, where hyperprolifer-
ative or neoplastic thymic epithelial cells that display subunits of the
acetylcholine receptor activate T cells and precipitate the formation of
circulating anti-acetylcholine receptor autoantibodies®. Surgical
removal of the thymus in some cases cures the autoimmunity.

The signalling events involved in negative selection of T cells are
still poorly understood. The tyrosine kinase ZAP70 ({-chain-associ-

Cortical epithelial cell

Medullary epithelial cell Medullary dendritic cell

ated protein kinase of 70 kDa) is required for thymocyte deletion
because partial deficiency of ZAP70 in mice allows cells with forbid-
den TCRs to escape death and cause a systemic inflammatory disorder
resembling rheumatoid arthritis™. The onset of negative selection also
requires GRB2 (growth-factor-receptor-bound protein 2) (ref. 32) and
MINK (misshapen-Nck-interacting kinase (NIK) related kinase) (ref. 33)
plus intense but transient activation of ERK (extracellular signal-reg-
ulated kinase) and prolonged p38 and JNK (Jun kinase) activation'.
At the distal end of the pathway, deletion partly requires induction of
BIM expression at the messenger RNA and protein level'’. BIM antag-
onizes BCL-2 and related proteins to release pro-apoptotic BAX and
BAK, which are also required for deletion™. Deletion also involves
induction of members of the Nur77 family of orphan nuclear recep-
tors, and TCR-induced thymocyte death is blocked by a dominant-
negative Nur77 mutant®. Induction of BIM and Nur77 expression and
cell death in thymocytes with forbidden TCRs is selectively defective
in the NOD mouse strain, owing to the cumulative T-cell-intrinsic
effects of four of the chromosomal loci that contribute to diabetes sus-
ceptibility in this strain®. The resistance of NOD thymocytes to dele-
tion, observed in three separate experimental systems*”*, thus
appears to be an important component of the susceptibility of this
strain to a range of autoimmune diseases.

The combination of strong stimulatory signals through TCR and
CD28 is, paradoxically, a potent trigger of nuclear factor-xB (NF-«B)
activation, the pro-survival pathway that induces expression of BCL-
2 proteins in mature peripheral T cells*’. NF-«B activation may coun-
teract BIM-induced cell death (Fig. 4), and indeed gene-expression
profiling demonstrates specific induction of NF-xB genes in semi-
mature thymocytes with self-reactive TCRs™. Strong TCR engage-
ment also induces expression of an extracellular protein, FAS ligand
(FASL, also known as CD95L), and triggers T-cell death indepen-
dently from the BIM/BCL-2 mechanism through FASL-FAS interac-
tion and the caspase-8 proteolytic cascade. The requirement for this
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pathway in thymocyte deletion, though, is still debated***. The severe
systemic autoimmune syndromes that develop in mice lacking BIM",
and in both mice and humans with defects in FASL and FAS®, under-
score the crucial roles of BIM and FAS at several T- and B-cell toler-
ance checkpoints.

Marked disruption of thymic deletion by defects in a single gene,
exemplified by homozygous AIRE deficiency, is an informative but
apparently rare cause of human autoimmune disease. More com-
monly, autoimmune disease reflects subtle decreases at multiple points
in the thymic deletion pathways (summarized in Fig. 4), as seen in the
NOD mouse" It is striking that loss of one copy of a key gene, suchas
Aire® and Bim", in this pathway is sufficient to create a small but mea-
surable decrease in the efficiency of deletion. Equally small changes in
insulin gene expression in the thymus correlate with human suscepti-
bility to type 1 diabetes®”. These findings indicate that the process of
thymic deletion is on a knife-edge rather than buffered by a large
safety margin for deleting forbidden receptors. Therefore, there is
likely to be large individual variation in the efficiency of deleting par-
ticular TCRs among people.

Intrinsic regulation by anergy and biochemicaltuning

In addition to deletion and editing, self-reactive receptors are regulated
in primary and secondary lymphoid tissues by intrinsic biochemical
changes in the cells displaying them. Several intrinsic cellular mecha-
nisms of anergy are well documented in B cells with self-reactive BCRs
(refs 7, 11, 44; Fig. 1c). The first is decreased display of self-reactive
BCRs on the cell surface, varying from as little as 50% to more than
99% reduction, owing to accelerated endocytosis (M. Blery, unpub-
lished observations) and blocked transport of new BCRs out of the
endoplasmic reticulum®. Partly independent from receptor downreg-
ulation, self-reactive BCRs activate tyrosine kinase signalling poorly,
limiting cell survival because of weak NF-kB1 activation. The self-
reactive BCRs nevertheless continue to signal for BIM induction to
promote death* and to ERK pathways that block Toll-like receptor 9
(TLR9)-induced differentiation into plasma cells'. Each of these
changes is reversible if the BCR stops binding to the self antigen, as
would occur if the BCR is edited to lose self reactivity through somatic
hypermutation in germinal centres.

Two other mechanisms of molecular feedback dampen self-reac-
tive BCR signalling. Purely biochemical tuning involves proteins that
increase the threshold for B-cell activation and are expressed consti-
tutively regardless of BCR specificity. An example is the recruitment
of the tyrosine phosphatase SHP1 (SH2-domain-containing protein
tyrosine phosphatase 1) to the activated BCR through the cell-surface
proteins CD22 and PD1. Another example is the recruitment of the
lipid phosphatase SHIP (SH2-domain-containing inositol-5-phos-
phatase) to the activated BCR through Fc receptor-y (refs 7, 48).
Defects in either of these pathways dysregulate responses to foreign
and self antigens, and create susceptibility to spontaneous autoanti-
body production. The changes in gene expression that occur selec-
tively in cells bearing self-reactive BCRs are a second adaptation. An
example is expression of the CD5 cell-surface protein induced selec-
tively by self-reactive BCRs, which provides an additional inhibitory
receptor to recruit SHP1 and inhibit BCR signalling and activation®.

Biochemical and genetic feedback loops are equally important for
tuning T cells because all the T cells that leave the thymus will have
been selected to have a moderate degree of TCR self reactivi
Whereas antigen-receptor downregulation is generally less marked in
self-reactive T cells than B cells, expression of the inhibitory receptor
CD5 is induced to 10-50-fold higherlevels in self-reactive T cells than
in B1 cells or anergic B cells. CD5 levels are dynamically adjusted on
individual thymic and peripheral T cells in proportion to the strength
of TCR self reactivity, downregulating the response of TCRs to self
peptides to avoid T-cell activation or deletion®™*'. Expression of
another inhibitory receptor, cytotoxic T-lymphocyte antigen 4
(CTLA4), is induced at a high threshold of TCR self reactivity and
inhibits T-cell activation by competing with CD28 for ligation with B7

molecules and by transmitting inhibitory signals*****, Lack of CTLA4
causes massive accumulation of self-reactive T cells in peripheral lym-
phoid and nonlymphoid tissues, both by disrupting intrinsic regula-
tion of TCR-induced proliferation™* and by impairing the suppressive
function of Ty cells. Subtle functional variants of the CTLA4 gene are
associated with susceptibility to thyroid autoimmunity and type 1 dia-
betes in humans and mice®™.

Increased expression of the ubiquitin ligases CBL-B, GRAIL and
ITCH can also accompany chronic TCR signalling in vitro®>°. These
proteins interfere with TCR, CD28 and cytokine receptor signalling by
tagging the TCR-CD28 or cytokine receptor signalling molecules with
ubiquitin. This tag can trigger endocytosis and alter intracellular traf-
ficking of TCRs, promote proteolytic degradation of receptors or sig-
nalling subunits, or allosterically interfere with signalling™<"*=4°, It is
not known whether these ubiquitin ligases are induced to higher lev-
els in strongly self-reactive T cells in vivo. But their importance for pre-
venting autoimmunity in rodents is clear: cbl-b deficiency coupled
with a particular MHC haplotype causes type 1 diabetes in the KDP
(Komeda diabetes prone) rat strain®’. Mice lacking Itch, or cbi-b and its
dose relative c-chl, develop large numbers of activated T cells and pro-
duce high titres of autoantibodies™*°. Although the animal studies
indicate crucial roles for anergy and tuning, little is known about the
genes involved in human autoimmune disease other than the associa-
tion with CTLA4 variants discussed above.

Extrinsic regulation of self-reactive receptors

A significant fraction of self-reactive BCRs and TCRs fail to be edited
or trigger deletion in primary lymphoid tissues, either because the self
antigens are bound with only low avidity or because they are not suffi-
ciently abundant in the primary lymphoid organs. For receptors with
intermediate avidity for self antigens, the risk they pose for autoim-
munity may not overshadow their potential use in fighting infection.
B cells with receptors that fall into this zone undergo a conditional type
of clonal deletion that is extrinsically regulated through competition
with B cells bearing less self-reactive BCRs (ref. 62). The recently
revealed molecular basis*** for this illuminates general principles of
broad significance (Fig. 3b).

The survival of peripheral B cells depends on BAFF, which is pro-
duced in limiting quantities primarily by radioresistant lymphoid stro-
mal cells**. BAFF activates its receptor, BAFFR, on B cells and triggers
an increase in the activity of the transcription factor NF-«B2, which
maintains peripheral B-cell survival through induction of BCL-2

ion'**, BAFF also induces expression of the serine—threonine
kinase, PIM2 (refs 46, 65), which has potent pro-survival effects by
phosphorylating and inhibiting the activity of the pro-apoptotic pro-
tein BAD®. Constant engagement of self-reactive BCRs, below the
threshold required to trigger maturation-arrest in the bone marrow, is
still sufficient to increase BIM expression and consequently elevate the
survival requirement for BAFF (ref. 46; Fig. 3b). With large numbers
of circulating B cells, the self-reactive cells fail to receive enough BAFF
and are competitively deleted. This mechanism provides a ‘survival of
the fittest’ process that can select against subtle differences in affinity
for self antigen®™. Conversely, self-reactive BCRs are more likely to sur-
vive when competition for BAFF is reduced, for example, in states of
B-cell lymphopenia, or when BAFF synthesis is increased during
infection or in pathological conditions'****. In a dinical setting, par-
tial antagonism of BAFF may be a particularly powerful way to
enhance autoimmune B-cell sensitivity to natural tolerance mecha-
nisms. It may also be a valuable adjunct to B-cell-depleting therapeu-
tics, such as anti-CD20 (Rituxan), which might otherwise increase
BAFF availability.

In common with B cells, the survival of mature T cells depends upon
continuous signalling in the peripheral lymphoid tissues. Keeping T
cells alive requires TCR signalling through contact with ubiquitous
MHC ligands as well as exposure to interleukin-7 (IL-7) (refs 67-69).
Normally, IL-7 levels are low and maintain T cells in interphase, and
strongly self-reactive TCRs trigger only a transient proliferation that is
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overwhelmed by BIM-induced cell death™. In the case of T lymphocy-
topenia, however, IL-7 levels rise and amplify TCR signalling, causing
naive T cells to proliferate and fill up ‘space. Such homeostatic prolifer-
ation may activate T cells reactive to tissue-specific antigens and pro-
mote migration of these cells into extralymphoid sites, thereby risking
the development of autoimmune disease at these sites. This scenario
may explain why T lymphocytopenia predisposes people to autoim-
mune disease. Thus, some children with limited T- and B-cell produc-
tion owing to a partial loss of RAGI or RAG2 V(D)] recombinase
activity develop Omenn's e, a massive expansion of peripheral
T cells that infiltrate the skin and intestine, which resembles graft-ver-
sus-host disease™. In Wiskott—Aldrich syndrome, lymphopenia and
defective T-cell function are accompanied by an array of autoimmune
and inflammatory conditions”. Relaxation of competitive regulation
may also explain the development of thyroid autoimmunity in one-
third of patients with multiple sclerosis treated with the lymphocyte-
depleting antibody, CAMPATH-1H (ref. 72). T-cell lymphopenia isan
essential contributing factor to autoimmune diabetes susceptibility in
the BB rat strain™* and is implicated in causing autoimmunity in the
NOD mouse™.

Extrinsic regulation by limiting immunogenic costimuli
Antibody responses specific for many antigens depend upon B cells
receiving two signals in short succession: signal one from the antigen
binding to the BCR, and signal two from T helper cells. The T-cell sur-
face protein CD40 ligand (CD40L) and secreted cytokines IL-2, IL-4,
IL-5 and IL-21 comprise the second signals for B-cell proliferation and
differentiation into antibody-secreting plasma cells’*”. Owing to
thymic tolerance, the capacity of T cells to provide help for self-reac-
tive B cells is limited. Nevertheless, signal two from T helper cells
responding to foreign antigen can be misdirected to self-reactive BCRs
that cross-react with a component of a microorganism or recognize a
self component that associates with microbial components. It can also
be misdirected by delivery of helper signals to bystander B cells. How-
ever, even in the rare instances when infection can be shown to trigger
autoantibody diseases, notably Guillain-Barré syndrome, where cross-
reactivity between antigens from Campylobacter jejuni and compo-
nents of peripheral nerves elicits neuropathic autoantibodies™, only
one in 1,000 infected individuals develop the autoantibodies. The
resistance of 99.9% of people must be accounted for by efficient B-cell-
intrinsic tolerance mechanisms.

A second pathway for antibody production involves the signalling
of B cells through contact with stimulatory ligands released by
microorganisms, notably bacterial flagellins, cell-walllipopolysaccha-
rides and unmethylated CpG dinucleotides. These are recognized by a
set of TLRs on B cells™, and can partially substitute for T-cell help to
allow antibody control of many microorganisms even in T-cell-defi-
cient individuals. Relatively little is known about how TLR signalling
is dampened to ensure that the threshold for stimulation is high
enough to stop activation of self-reactive B cells. Experiments in mice
have shown that dysregulated activity of the TLR9 pathway (which
senses CpG DNA), owing to pathological accumulation of circulating
IgG-self-DNA complexes, is a potent driver of the production of
autoantibodies against IgG and DNA (ref. 80). TLR9 signalling may
explain the production of anti-DNA autoantibodies in a subset of

given procainamide (a drug used to correct an irregular heart-
beat), through interference with DNA methyltransferases that mask
CpG motifsin our own DNA (ref 81). It may also explain why SLE can
sometimes be treated with chloroquine, an inhibitor of TLR9 sig-
nalling. Inadequate clearance of apoptotic cells with exposed CpG
DNA and other nuclear antigens may account for the striking associ-
ation between SLE and genetic deficiencies in classical complement
pathway components™.

Activation of mature T cells requires a combination of TCR ligation
plus a costimulatory signal. T-cell tolerance is favoured when antigen
is recognized without immunogenic costimuli. Although there are
multiple T-cell costimuli, interaction of CD28 on T cells with the B7

proteins CD80 and CD86 on antigen-presenting cells is especially
important®, Expression of B7 proteins and other costimulatory lig-
ands is induced on the surface of B cells and dendritic cells in response
to TLR signalling and potentiates the survival and clonal expansion of
T cells, in part by activating the NF-kB1 pathway and inducing the
expression of BCL-2-related pro-survival proteins”’. When B7-CD28
signalling is blocked, TCR-induced proliferation is cut short and T-cell
death ensues, as a result of either BIM expression or FAS-FASL sig-
nalling*>**, Blocking B7-CD28 costimulation is thus a promising
avenue to switch immune responses into tolerance, for example by
using a competing soluble receptor for B7 proteins such as a CTLA4-
immunoglobulin fusion protein (see the review in this issue by Feld-
mann and Steinman, page 612). This treatment may also interfere with
tolerance by decreasing thymic deletion, Ty function (see the review
by Kronenberg and Rudensky, page 598) and intrinsic T-cell regula-
tion by CTLAA.

Regulation of self-reactive receptors infollicles

Each of the checkpoints described above deals with self-reactive recep-
tors generated by V(D)] recombination in the primary lymphoid
organs; however, self-reactive BCRs are also generated in a second
wave of receptor-gene diversification through somatic utation
in germinal-centre follicles of peripheral lymphoid tissues®** (Fig.
2). Somatic hypermutation poses a particularly severe threat of
autoimmunity for three reasons. First, this process can markedly
increase the affinity of antibodies for self antigens, so that the same
concentration of secreted antibody may cause 100-fold more damage.
Second, the follicular pathway of B-cell differentiation generates long-
lived plasma cells and memory cells, which can continue to produce
antibody indefinitely*. Third, autologous DNA, an important self-
antigen target in SLE, is presented by the numerous apoptotic cells® in
germinal centres, and organ-specific self components are trapped and
displayed as immune complexes on follicular dendritic cells in autoim-
mune disease””, where they represent a powerful potential stimulus
for autoantibody production.

In animal models of SLE, most, if not all, anti-double-stranded
DNA antibodies are somatically mutated, and the pattern of somatic
mutations indicates that autoreactive B cells are positively selected for
higher affinity”. Germinal centres and hypermutated, autoantigen-
specific BCRs form in ectopic sites immediately adjacent to sources of
autoantigen in a range of human autoimmune diseases™*’, as well as
arising in lymph nodes that drain organs affected by autoimmunity in
experimental animals*.

Remarkably little is known about the mechanisms that normally
deal with self-reactive BCRs arising in germinal centres or how these
are disrupted in human autoimmunity. Self-reactive BCRs induce
subtle differences in B-cell responsiveness to the opposing chemokine
gradients between follicles and extrafollicular zones'“**, excluding
them from follicles and thus minimizing their participation in germi-
nal-centre responses. Rapid deletion of B cells within germinal centres
can be induced in less than 4 hours — comparable to or faster than the
rapid death of self-reactive thymocytes — when the BCR binds to an
antigen that is not recognized by the T cells in the germinal centre™*".
In common with deletion of thymocyte and extrafollicular B cells,
deletion of germinal-centre B cells may involve the induction of BIM
expression or trigger the FAS death receptor. Like extrafollicular B
cells (Fig. 2), self-reactive B cells in the germinal centres may be extrin-
sically regulated by competition for BAFF, or by competition for
CD40L, IL-21 and ICOS (inducible T-cell costimulator) signals from
follicular T cells (see below). Cells with cross-reactive BCRs that rec-
ognize both self and foreign antigen™ would, in principle, be able to
survive, but self-antigen-induced BIM expression would put them at
a disadvantage when competing with cells bearing purely foreign reac-
tive BCRs whose BCR engagement is less chronic and more tightly
linked to T-cell help.

The small subset of CD4* T cells found in germinal centres fol-
lows a unique programme of differentiation compared with their
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extrafollicular counterparts. Like extrafollicular helper T cells, fol-
licular T cells express CD40L, which is required to sustain survival
and proliferation of germinal-centre B cells™. Follicular T cells, how-
ever, also display high levels of ICOS, which is speciﬁm].ly required

to help germinal-centre antibody responses in mice and humans™*,

Follicular T cells also require costimulation through OX40L (ref. 94)
and an intracellular signalling adaptor for the SLAM family of co-
stimulatory receptors, SH2D1a (also known as SAP) (ref. 95). The
fact that antigen stimulation in the absence of microbial TLR ago-
nists, as would normally occur for self antigens, does not induce T-cell
entry into follicles™ suggests that strict regulation of follicular T-helper
cell differentiation may block self-reactive T cells from delivering
help to germinal-centre B cells. Recently, we discovered a novel ubig-
uitin ligase, Roquin, that is essential for repressing ICOS expression
in T cells. When Roquin is defective in mice, self-antigen-directed
follicular T-cell help becomes uncontrolled, generating large num-
bers of germinal centres and extraordinary levels of autoantibody
production®. These advances begin to open up analysis of the toler-
ance checkpoints controlling autoantibody selection during the cru-
cial germinal-centre phase of antibody evolution.

Self-reactive receptor tolerance at the final effector phase
Even when high-affinity antibodies do form and circulate in sufficient
quantity to cause disease upon transplacental transfer to a foetus, there
isoftenlittle or no disease in individuals with these antibodies™. More-
over, when pathology does occur, it is often limited to focal points,
illustrated by the circumscribed skin lesions in pemphigus despite
ubiquitous skin distribution of the target autoantigen. Analysis of a
mouse model of rheumatoid arthritis shows that even when sufficient
autoantibody is present in the circulation, its capacity to localize in
joints to produce joint pathology depends on inflammatory cascades
involving Fc receptors, mast cells, neutrophils and complement™'",
There is clearly considerable scope for tolerating self-reactive recep-
tors even at this level, and much more research is needed into this
phase of regulation.

Concluding remarks

Although many self-tolerance mechanisms exist, defects in a single
checkpoint, such as AIRE, can lead to autoimmune disease. The clini-
cal manifestation is nevertheless seen only after a latent period of many
years and then only against a few proteins or organs. There are obvious
parallels here with inherited defects in tumour-suppressor genes,
favouring the view that successive and parallel tolerance checkpoints
provide back-up mechanisms to control all but a few exceptional for-
bidden receptors. There seems to be hundreds of genes such as AIRE,
BIM, ZAP70, CBLB, FAS and ROQUIN involved in these checkpoints,
and most of the candidate genes are yet to be discovered on the basis
of the rate at which new autoimmunity genes are currently being iden-
tified. Since heterozygous mutation in any one of these genes may pre-
dispose a person to autoimmunity, the sheer number of genes involved
may collectively account for the ~5% of people with autoimmune dis-
ease despite a low population frequency for heterozygous mutations in
any one of these genes. Population-wide scans based on common
DNA polymorphismswill not be effective tools to identify predi

ing defects of this type: instead, exon resequencing of individuals with
autoimmune disease will be required.

Regardless of whether predisposition to autoimmunity is caused
by rare or common genetic variants, interventions aimed at prevent-
ing or treating autoimmunity will need to be tailored to correct weak
cellular checkpoints, shore up back-up mechanisms and avoid doing
more harm by interfering with these mechanisms and thus exacer-
bating the breakthrough of forbidden receptors. The development of
thyroid autoimmunity through lymphopenia as a result of antibody
therapy in multiple sclerosis patients’ and the development of sys-
temic autoimmunity when B7 molecules are blocked in experimental
animals'” highlight the risks. Well-targeted interventions require a
more complete map of the cellular mechanisms and genes underpin-

ning self tolerance, and more ways to test for individual variation. The
conserved genes and proteins now laid out by mammalian genome
sequencing, and the relative ease of moving back and forward
between human and rodent gene analysis, provide the vehicle for
solving both of these challenges. |
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