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antigens, kept in control by Tregs.

Central and peripheral tolerance
mechanisms keep autoreactive
lymphocytes in check

The clonal selection theory of adaptive
immunity remains the conceptual frame-
work of modern immunology and states
that the immune system develops to rec-
ognize external antigens while avoiding
self-antigens (1). If clonal selection is not
properly maintained, pathological autoim-
mune consequences may arise. Lympho-
cytes are composed of T and B cell popu-
lations that are generated in two different
organs (thymus and BM, respectively) that
independently take care of self/nonself dis-
crimination. In the thymus, T cells are edu-
cated to paradoxically recognize but also
avoid self-recognition through successive
positive and negative selection. The final
outcome of this process is the emigration
of a pool of CD4 and CD8 naive T cells, as
well as a population of Tregs to the periph-
ery. Less than 10% of T lymphocyte precur-
sors that pass through the thymus make it
to the periphery, as most die of neglect at
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Central and peripheral tolerance checkpoints are in place to remove
autoreactive B cell populations and prevent the development of
autoimmunity. In this issue of the JCI, Pala and colleagues reveal that
individuals with the X-linked immunodeficiency Wiskott-Aldrich syndrome
(WAS) have opposite alterations at central and peripheral B cell checkpoints:
a more stringent selection for central tolerance, resulting in reduced
numbers of autoreactive cells at the emergent immature B cell stage,

and a relaxed selection for peripheral tolerance, resulting in an increased
frequency of autoreactive cells in the mature naive B cell compartment.
Moreover, reinstatement of the WAS gene in these patients restored both B
cell tolerance checkpoints. These results suggest that, in a normal situation,
mature naive B cells undergo a positive selection step driven by self-

the positive selection step. These intrathy-
mic selection stages have been rather well
defined, even though the MHC-associated
peptides involved in positive selection have
not yet been fully characterized (2). Elegant
transgenic models have shown that, for B
cells, the purging of potentially dangerous
anti-self B cell clones (negative selection)
not only takes place in BM during their gen-
eration but also at the periphery after B cells
have reached their mature state. Removal
of autoreactive B cells involves modifica-
tion of the specificity of the B cell receptor
(BCR) through editing of its V,-encoding
gene or the elimination of the B cell by clonal
deletion. Anergy has also been described as
a third mechanism for eradication of errant
B cells and implies a functional inactivation
of their signaling capacity (3, 4).

More recently, cloning and expression
of the BCR from single human B cells has
allowed quantification of the extent of neg-
ative selection taking place in BM and in the
periphery at both the immature and mature
B cell differentiation stages (5). Strikingly,
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the results have shown that around 70% of
precursor B cells produced in the BM display
autoreactive specificities against self-anti-
gens, such as cytoplasmic and nuclear cel-
lular constituents, and are polyspecific, with
the ability to bind different antigenic struc-
tures. After B cells have passed through the
two tolerance checkpoints in BM and at the
periphery, around 20% of the remaining B
cells recognize self-structures (Figure 1). It
has been argued that the major function of
these anti-self antibodies is the active clear-
ance of tissue and cell debris constantly
generated by dying cells (6). Previous work
by Eric Meffre and colleagues has dissected
in detail the molecular signals involved in
these two selection checkpoints by study-
ing patients who display primary immuno-
deficiency diseases (7). The conclusion from
these studies was that central tolerance is
mainly controlled by intrinsic B cell signals
involving the BCR and TLRs, while periph-
eral tolerance is controlled by extrinsic sig-
nals that are essentially produced by Tregs.

Wiskott-Aldrich syndrome
patients provide new

insight into B cell tolerance
checkpoints

In this issue, Pala and colleagues add
another twist to the story by studying
patients with Wiskott-Aldrich syndrome
(WAS), an X-linked primary immuno-
deficiency that is characterized by both
cellular and humoral defects, along with
an increased risk of developing autoim-
munity and lymphomas (8). The WAS
gene-encoded product is a key regula-
tor of actin polymerization, and several
studies in both murine models and indi-
viduals with WAS have shown that WAS
deficiency induces alterations in the Treg
and effector T cell compartment, as well
as dysfunctional removal of autoreactive
B cells (9). Pala et al. now show that there
is, rather unexpectedly, a decreased fre-
quency of autoreactive new emigrants/
transitional B cells coming out of the
BM in WAS patients, which suggests that
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Figure 1. GT corrects abnormal B cell tolerance checkpoints in patients with WAS. Autoreactivity, as
measured through the Hep-2 cell binding assay, is controlled at two steps: in the BM at the transition
from pre-B to immature B cell stage (central tolerance) and at the periphery (evaluated in blood) at
the transitional/immature to mature B cell stage (peripheral tolerance). In healthy donors (HDs),

70% of pre-B cells are autoreactive, with the central tolerance checkpoint reducing the proportion

of autoreactive immature B cells to 40%. Following transition to the periphery, peripheral tolerance
checkpoints result in autoreactivity in only 20% of the mature B cell population (5). B cells in WAS
patients have an unusual profile with enhanced negative selection at the central tolerance checkpoint
and relaxed negative (i.e., increased positive selection) at the peripheral checkpoint. Both anomalies
are corrected after GT to restore a functional WAS gene.

these cells are hyperreactive to stimu-
lation through their BCR and thus have
a lowered threshold for negative selec-
tion, a hypothesis validated for patients’
mature B cells (8). Conversely, peripheral
tolerance in these patients was impaired,
with a surprising reversal in the frequency
of autoreactive cells compared with the
immediate B cell precursor subset (Figure
1). The enhanced frequency of autoreac-
tive B cells was likely due to the presence
of a defective Treg population observed in
the absence of the WAS gene.

WAS is among an increasing list of
hematopoietic diseases for which gene
therapy (GT), through corrected expres-
sion of the affected gene in hematopoietic
stem cells of the patients, has potential to
lead to a durable disease remission (10,
11). Pala and colleagues further demon-
strated that such GT in individuals with
WAS restores a normal immune system
and a normal pattern of autoreactivity
among B cells (Figure 1). This group has
also reported a similar restoration of tol-
erance checkpoints in patients with ade-
nosine deaminase deficiency after correc-
tion by GT (12). Nevertheless, the effect
of GT appears particularly striking in the
present case, considering that only partial
correction of the lymphoid compartment
was achieved at the time points studied
(between one and two years after stem cell

transfer), with 50%-70% of the lymphoid
compartment and only 50% of B cells
expressing the corrected gene (13).

Conclusions and remaining
questions

This study by Pala et al. is the first obser-
vation, to our knowledge, of a genetic
defect that has opposite consequences on
the two tolerance checkpoints for B cells.
These results clearly indicate that these
two checkpoints must involve different
mechanisms and different cells; the results
also shed some light on the somehow still
mysterious stage of B cell positive selec-
tion. Autoreactive B cell clones are abnor-
mally augmented in the periphery of WAS
patients, suggesting that positive selection
of follicular B cells by self-antigens is tak-
ing place, but in normal conditions, this
population is maintained at a certain quan-
titative and qualitative level by Tregs (14).
The question remains asto how Tregs exert
their control on naive B cells that express
an anti-self BCR. They could act by direct
suppression (15) or, most likely, through
the control of effector T cells, as suggested
by the defect in B cell peripheral tolerance
observed in SAP-deficient patients who
display a functional Treg population but a
T cell population that is resistant to Treg-
mediated suppression (16). Such anti-self
T cells therefore escape the thymus and
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can be activated by self-antigens. In the
absence of Tregs, these anti-self T cells
can generate harmful autoreactive clones
and also give surviving signals to autoim-
mune B cells presenting their cognate self-
antigens. Paradoxically, as shown in mice,
the same anti-self T cells may also induce
FAS-dependent elimination of autoim-
mune anergic B cells that have migrated to
the splenic T cell zone (17).

The general picture of B cell check-
point tolerance reveals a very subtle
equilibrium with a complexity that gives
insight into the difficulties encountered
when trying to find the etiology of toler-
ance breakage during an autoimmune
process. In conclusion, these data provide,
to our knowledge, the first strong experi-
mental evidence that, like T cells, a large
fraction of follicular B cells in the periph-
ery have been positively selected by self-
constituents. As proposed for T cells, the
presence of these same self-antigens in the
periphery could allow B cells to constantly
check their tonic signaling status.
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