Chapter 3
Regulation of B-Cell Self-Tolerance By BAFF
and the Molecular Basis of Its Action

Sandra Gardam and Robert Brink

Abstract Signals delivered following the binding of BAFF to its receptor BAFF-R
are essential for the survival of mature conventional B cells. In order to main-
tain self-tolerance, B cells that express antigen receptors with significant reactivity
against self-antigens are prevented from receiving or responding to these survival
signals. The great majority of B cells produced from bone marrow precursors fail
to join the mature peripheral B-cell pool either due to their self-reactivity or due to
a stochastic failure to receive adequate survival signals from the limiting levels of
BAFF available in vivo. The tight control over BAFF expression plays an impor-
tant role in enforcing self-tolerance, as is illustrated by the escape of some self-
reactive B-cell clones and the production of autoantibodies that accompanies the
elevation of BAFF levels in vivo. Recent experiments have identified the molecular
basis for the unique dependence of B cells on survival signals delivered by BAFF.
In the absence of BAFF, B-cell survival is constitutively suppressed through the
cooperative actions of the TRAF2 and TRAF3 signal adapters. BAFF circumvents
this activity by triggering the recruitment of TRAF3 to BAFF-R and causing the
depletion of TRAF3 from the cell via a TRAF2-dependent mechanism. In this way,
critical B-cell survival signals such as the alternative NF-kB pathway are activated.
Sustained exposure to BAFF is normally required to maintain the activity of these
pathways and B-cell survival. However, this requirement is completely removed in
B cells that lack expression of TRAF2 or TRAF3.
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3.1 Regulation of Self-Reactive B Cells by BAFF

3.1.1 The Requirement for B-Cell Self-Tolerance

A fundamental characteristic of B and T lymphocytes is the rearrangement dur-
ing early lymphopoiesis of the genetic elements that ultimately encode the variable
regions of their cell surface antigen receptors. The essentially random nature of this
process allows for the development of lymphocyte “repertoires” with the collec-
tive ability to recognise and respond to epitopes on virtually any foreign organism
or antigen. The price of this diversity is the inevitable production of lymphocyte
clones with the ability to recognise components of the host itself. Activation of
these cells has the potential to lead to autoimmune destruction of host tissues and
must be avoided if the immune system is to protect but not harm the host. In the case
of B cells, the imperative is to prevent the differentiation of self-reactive B cells into
plasma cells, as these cells secrete soluble copies of the antigen receptor (antibod-
ies). Thus it is the differentiation of self-reactive B cells into plasma cells that leads
to the production of potentially pathogenic autoantibodies.

Self-tolerance is ultimately a very efficient process since the production of
pathogenic autoantibodies is a relatively rare phenomenon despite the fact that up to
75% of the B cells produced in humans have significant self-reactivity [1]. Because
T-cell help is usually required to drive the differentiation of B cells into plasma cells,
the production of autoantibodies is avoided to a large extent by maintenance of self-
tolerance within the T-cell compartment. However, cross-reactive foreign antigens
and T-independent stimuli both have the potential to trigger autoantibody produc-
tion independently of autoreactive T helper cells [2]. An important component of
self-tolerance, therefore, is the purging from the B-cell repertoire of clones that
possess significant self-reactivity. This can occur at several different stages during
B-cell development depending on the expression of the self-antigen recognised by
the self-reactive B cell and the nature of the interaction of self-antigen with the
antigen receptor (BCR).

3.1.2 Self-Tolerance Checkpoints During B-Cell Development

3.1.2.1 Immature Bone Marrow B Cells

Both the BCR expressed on the surface of B cells and the antibodies secreted upon
their differentiation into plasma cells are encoded by the immunoglobulin (Ig) heavy
and light chain genes. Rearrangement of Ig variable region genes occurs in the pro-
and pre-B cells located within adult bone marrow. Clones that successfully rearrange
their Ig genes and commence BCR expression in the bone marrow are referred to as
immature B cells (Fig. 3.1). Immature bone marrow B cells represent the first stage
of B-cell development where cellular fate is shaped by the interaction of the BCR
with the external antigenic environment. Foreign antigens are not usually encoun-
tered within bone marrow. However, B cells that bind strongly to widely expressed
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Fig. 3.1 Three major self-tolerance checkpoints during B-cell development and their potential for
reversal by BAFF overexpression. A simplified model of B-cell development is shown that also
indicates the three major Self-tolerance checkpoints (i.e. points at which self-reactive B cells are
eliminated). Antigen receptor (BCR) expression is shown for all cells after the pro-B-cell stage
and the relative levels of BAFF-R expression on these B cells is also indicated. The existence of
experimental evidence for reversal of self-tolerance at each of these checkpoints is shown (“Yes”
in this case indicates that some rather than all self-reactive B cells can be rescued from in vivo
deletion by expression of excess BAFF — see Section 3.1.4). Immature B cells in the periphery are
also referred to as “transitional” B cells and can be further subdivided into T1, T2, and T3 subsets
(see Section 3.1.2.2). To avoid complexity, these subsets have not been included in this Figure.
Mature B-cell subsets indicated are the follicular (FO) and marginal zone (MZ) populations

or bone marrow-specific self-antigens typically enter a process that either eliminates
their self-reactivity or ultimately results in cell death (Checkpoint 1, Fig. 3.1).

Recognition of self-antigen by immature bone marrow B cells often triggers
receptor editing. In this process, Ig gene rearrangements recommence in the imma-
ture B cell in an attempt to change the specificity of the self-reactive BCR [3, 4].
If successful, the newly non-self-reactive B cell is able to continue its development
and join the peripheral B-cell pool. However, strongly self-reactive B cells that do
not manage to change their specificity are blocked from developing further and sub-
sequently die [5, 6] (Fig. 3.1). The elimination of self-reactive clones at this point
in B-cell development appears to be the major mechanism by which B-cell self-
tolerance is enforced. Thus, whilst 75% of newly generated immature bone marrow
B cells are self-reactive, only 35% of the B cells that subsequently emerge from the
bone marrow remain so [1].

3.1.2.2 Immature to Mature B-Cell Transition in the Periphery

B cells that survive receptor editing and deletion within the bone marrow eventu-
ally emerge from this tissue and migrate into the periphery, predominantly to the
spleen (Fig. 3.1). These B cells are still not fully mature but pass through a number
of immature “transitional” stages (T1, T2, T3) for 1-2 days before either entering
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the mature peripheral B-cell pool or dying [7-9]. The great majority of immature
peripheral B cells do in fact die before they fully mature, due at least in part to
the further elimination of self-reactive clones at this juncture. Cells that enter the
mature B-cell pool are able to survive for weeks to months within the periphery and
occupy physiological niches within the peripheral lymphoid tissues such as the pri-
mary B-cell follicles of the spleen and lymph nodes as well as the splenic marginal
zone (Fig. 3.1).

As was discussed in Section 3.1.2.1, B cells that strongly interact with self-
antigen in the bone marrow are eliminated either by receptor editing or by clonal
deletion. However, B cells that interact more weakly with self-antigen can evade
both of these fates and migrate into the periphery. Nevertheless, weaker interactions
with self-antigen during early B-cell development can still have significant conse-
quences, such as rendering the B cell unresponsive (or “anergic”) to stimuli that
would normally result in cellular activation [10, 11]. The induction of anergy on its
own serves as an effective mechanism of B-cell self-tolerance as it greatly reduces
the chances of such cells undergoing plasma cell differentiation. In practice, how-
ever, anergic self-reactive B cells also fail to mature, survive for only a few days in
vivo, and are excluded from the follicular regions of peripheral lymphoid tissues in
which mature B cells normally reside [11-13]. Thus, although anergic self-reactive
B cells can emerge from the bone marrow, they are unable to join the long-lived
mature B-cell pool. Indeed, immature T3 B cells appear to represent the final stage
of differentiation for anergic self-reactive B cells [14]. Although it has not been
modelled experimentally, it is likely that self-reactive B cells that are “ignorant”
of their self-reactivity in the bone marrow but that bind strongly to self-antigen
upon their migration into the periphery also fail to make the transition from imma-
ture to mature peripheral B cell (Checkpoint 2, Fig. 3.1). The importance of this
self-tolerance checkpoint is emphasised by the observation that frequency of self-
reactive B cells drops from ~35% in immature peripheral B cells to ~15% in the
mature peripheral B-cell pool [1].

3.1.2.3 Marginal Zone B-Cell Development

The majority of mature B cells are said to have a follicular phenotype, characterised
by high levels of surface CD23 and IgD. These cells circulate around the body
through blood and lymph and, together with follicular dendritic cells, occupy the
primary follicles within secondary lymphoid tissues. Within the spleen, a separate
subset of mature B cells called marginal zone (MZ) B cells is also present. As their
name suggests, they occupy a separate MZ niche within the spleen that lies distal
to the follicle [15]. MZ B cells do not recirculate, are characterised by low expres-
sion of CD23 and IgD and high expression of CD21 and CD1d, and show a greater
propensity for activation and rapid antibody production compared to follicular B
cells. Although the precise lineage relationship between MZ and follicular B cells
remains unclear, it appears that follicular B cells can act as precursors of MZ B cells
at least under some circumstances [16, 17] (Fig. 3.1).
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A number of reports have suggested that the MZ B-cell compartment is enriched
for self-reactive B cells [18]. However, there are at least two instances where a
particular self-reactive BCR specificity is selectively eliminated from the MZ B-cell
compartment but not the mature follicular B-cell population [19, 20] (Checkpoint 3,
Fig. 3.1). Evidently, the development of MZ B cells is also a B-cell self-tolerance
checkpoint and possibly the one which operates with the highest stringency of the
three checkpoints considered here. The ease with which MZ B cells can be activated
and undergo plasma cell differentiation provides a clear rationale for this to be the
case.

The overall picture to emerge, therefore, is that self-reactive B cells can be
removed at three separate checkpoints points during their development depending
on the strength of the interaction of their BCR with self-antigen (Fig. 3.1). In this
way the self-reactive B cells that pose the greatest threat to the host are eliminated
at the earliest checkpoint in the bone marrow, whereas those that are potentially
less dangerous are deleted in the periphery at the immature to mature transition or
specifically removed from the MZ compartment only [15].

3.1.3 Points of Action of BAFF and BAFF-R During B-Cell
Development

The constitutive expression of BAFF in secondary lymphoid tissues is essential for
sustaining the long-term survival of mature B cells in vivo. Thus mature B cells are
rapidly deleted when their access to BAFF is blocked in adult mice [21, 22] and
mature B cells are virtually absent in mice that do not express BAFF [23]. On the
other hand, both the survival and numbers of mature B cells are greatly increased
in transgenic mice that overexpress soluble BAFF [24, 25]. Thus, although BAFF
is a potent B-cell survival factor, its normal expression in vivo is limiting and not
designed to result in maximal B-cell survival.

BAFF is capable of binding to three receptors: BCMA (B-cell maturation anti-
gen), TACI (transmembrane activator and calcium modulator and cyclophilin lig-
and interactor), and BAFF-R (BAFF receptor, also known as BR3), all of which are
expressed on B-lineage cells at various points during development [26]. Analysis of
mice specifically deficient in the expression or function of each of the three recep-
tors for BAFF demonstrate that BAFF-R is completely responsible for delivering
pro-survival signals to mature B cells by BAFF. Thus mature B cells are largely
absent in mice that do not express BAFF-R or express it in a functionally inactive
form [27-29], whereas mature B cells numbers are either unaffected or increased in
mice lacking BCMA or TACI, respectively [23, 30-32].

In contrast to the situation for mature B cells, immature bone marrow B cells and
their immediate peripheral descendents remain unaffected by both the absence of
BAFF and its overexpression in vivo [23-25]. Thus B-cell development up until the
T2 transitional stage does not require BAFF-dependent survival signals. Consistent
with this is that fact that BAFF-R, the pro-survival BAFF receptor for mature B
cells, is virtually absent from newly generated and T1 B cells and is only expressed
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at high levels on B cells as they near the mature B-cell transition [33] (Fig. 3.1).
Not surprisingly therefore, the absence of BAFF-R expression does not effect the
development of immature B cell populations in bone marrow or the periphery
[28, 29].

As discussed above, over half of the immature B cells that enter the periphery do
not make the transition into mature long-lived B-cell pool but instead die around the
transitional T2 stage [8, 9, 34]. The fact that BAFF is both required for the transition
of immature to mature B cells and is present in limiting amounts in vivo provides
an explanation for this phenomenon. Thus if the levels of BAFF available in vivo
cannot sustain the survival and maturation of all the B cells that enter the periphery,
then competition for BAFF should indeed result in the attrition of B cells at the T2
transitional stage. Consistent with this proposition is the observation that raising the
availability of BAFF in vivo results in a substantial increase in the proportion of T2
cells that enter the mature B-cell pool [33].

In addition to its role in regulating the immature to mature B-cell transition,
BAFF also appears to be particularly important for the generation and maintenance
of the MZ B-cell compartment. This is evident both from the particular suscepti-
bility of MZ B cells to depletion of BAFF in adult mice [22] and the preferential
expansion of this mature B-cell subset in mice that overexpress BAFF [24]. Indeed
overexpression of BAFF is not only associated with the accumulation of MZ B cells
in their natural location in the spleen, but also with the appearance of MZ phenotype
cells in other tissues including lymph nodes, blood, and salivary glands [35].

3.1.4 BAFF and the Regulation of B-Cell Self-Tolerance
Checkpoints

As well causing B-cell hyperplasia, transgenic overexpression of BAFF in mice is
associated with a number of autoimmune phenomena including autoantibody pro-
duction [24, 25, 35]. In addition, high levels of BAFF have been associated with a
number of human autoimmune diseases [26, 35, 36]. The possibility that the over-
expression of BAFF may precipitate autoimmunity by circumventing the normal
processes of B-cell self-tolerance has therefore received significant attention and
is summarised below in relation to the three key B-cell self-tolerance checkpoints
described in Section 3.1.2.

3.1.4.1 Immature Bone Marrow B Cells

As described in Section 3.1.3, the immature bone marrow B-cell compartment
develops independently of BAFF or BAFF-R and is unaffected by the overexpres-
sion of BAFF in vivo. It seems unlikely therefore, that elevation of BAFF levels
would interfere with the normal elimination of strongly self-reactive B cells that
occurs during this early stage of development. This has been confirmed experimen-
tally by the demonstration that the deletion of B cells recognising membrane-bound
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self-antigen in the bone marrow (Checkpoint 1, Fig. 3.1) proceeds normally in trans-
genic mice overexpressing BAFF [20].

3.1.4.2 Immature to Mature B-Cell Transition in the Periphery

Several earlier studies have shown that self-reactive B cells that would normally
be deleted at the immature to mature B-cell transition in the periphery can mature
and survive if they do not have to “compete” with non-self-reactive B cells [11-13].
Since limiting BAFF expression normally regulates the transition of B cells through
this developmental bottleneck, this observation suggests that self-reactive B cells
may normally be deleted around the T2 stage due to reduced responsiveness to, and
thus inability to compete for, the limiting BAFF-survival signals available in vivo.

This possibility has been examined by reducing the availability of BAFF in
vivo via the administration to mice of a soluble version of the BCMA extracellu-
lar domain [37]. This treatment reduced the survival of all B cells but particularly
affected the survival of self-reactive B cells that recognised soluble self-antigen with
high affinity. In other words, these cells were indeed more dependent on BAFF for
their survival than the majority of B cells. This study also showed that these self-
reactive cells bound less BAFF per cell when competing non-self-reactive B cells
were present [37]. This data therefore supported the idea that contact with self-
antigen can reduce B-cell responsiveness to BAFF, and thus make the self-reactive
B cells incapable of obtaining sufficient survival signals within a normal repertoire
due to the limiting levels of BAFF present in vivo. Because these self-reactive B
cells do survive and mature in the absence of competition, their responsiveness to
BAFF is reduced rather than eliminated. This model predicts, therefore, that eleva-
tion of BAFF levels in vivo may indeed rescue self-reactive B cells that are normally
deleted at the immature to mature B-cell transition (Checkpoint 2, Fig. 3.1).

This prediction has been directly tested using BAFF transgenic mice. In this case,
self-reactive B cells recognising soluble self-antigen in the presence of competing
non-self-reactive B cells were rescued from deletion at the T2 transitional B-cell
stage and matured into follicular B cells in the presence of excess BAFF [20]. How-
ever, if the self-reactive B cells were deleted slightly earlier during their maturation,
they were resistant to rescue by the increased levels of BAFF expressed in these
mice [20]. It appears, therefore, that self-reactive B cells that are normally deleted
prior to entering the mature compartment can be rescued by increased expression of
BAFF, but only if their normal point of deletion is close to this transition. This is
likely to be due to the fact that the expression of the pro-survival BAFF-R increases
during early maturation and peaks just prior to the mature transition (Fig. 3.1), giv-
ing the cells that reach this point the best chance of responding to BAFF [20].

An interesting aspect of the deletion of self-reactive B cells at the immature to
mature transition is that these cells are prevented from entering the follicle and are
primarily found in the T-cell area of the spleen [11-13]. Because FDCs are located
within the heart of B-cell follicles and are known to express BAFF [38], it was
thought that these or some other cells localised within the follicle may provide
a critical source of B-cell survival signals that cannot be accessed efficiently by
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self-reactive B cells excluded from the follicle. The possibility that such a mecha-
nism may underlie the reduced ability of self-reactive B cells to compete for survival
signals has been investigated [39]. It was found that self-reactive B cells that lacked
expression of the chemokine receptor CCR7 were not excluded from the follicle
but were still deleted prior to entering the long-lived mature B-cell pool. Thus the
inability of such self-reactive B cells to compete for BAFF-mediated survival signals
does not result from reduced access to BAFF brought about by follicular exclusion.
It is more likely that contact with self-antigen renders these B cells intrinsically
hyporesponsive to BAFF survival signals.

3.1.5 Marginal Zone B-Cell Development

Unlike the deletion of self-reactive B cells at the immature to mature B-cell tran-
sition, the prevention of self-reactive B cells from entering the MZ compartment
(Checkpoint 3, Fig. 3.1) does not require competition from a non-self-reactive B-
cell population [19]. This on the one hand indicates that deletion of self-reactive B
cells prior to MZ differentiation is relatively stringent, an assertion supported by the
relatively low avidity of self-antigen required for this form of deletion [20]. What
this also means, however, is that competition for limiting BAFF is unlikely to be
the mechanism for deletion of self-reactive B cells prior to their entry into the MZ
compartment. Nevertheless, the potent activity of BAFF in expanding the MZ B
cell compartment when it is overexpressed in vivo suggests that deletion of self-
reactive B cells at this point may indeed be compromised by the presence of excess
BAFF.

This question has been investigated by observing the effects of transgenic over-
expression of BAFF on the fate of self-reactive B cells that recognise soluble self-
antigen with relatively low affinity. Whilst these cells are normally excluded from
the MZ B-cell compartment, overexpression of BAFF restored them to this com-
partment in similar numbers to when their self-antigen was absent [20]. As well as
being more easily activated by antigen, the physiological positioning of MZ B cells
next to the marginal sinus means that they are more readily exposed than follicu-
lar B cells to polyclonal stimuli such as LPS and CpG that are typically associated
with blood-borne pathogens [40]. Thus the promotion into the MZ compartment
by excess BAFF of self-reactive B-cell specificities that are normally restricted
to the follicle may well contribute to the autoimmunity associated with BAFF
overexpression.

In summary, the ability of BAFF overexpression to rescue self-reactive B cells
from deletion is limited to those cells normally deleted relatively late in their mat-
uration. The ability of self-reactive B cells to be rescued by BAFF is most likely
determined by their expression of BAFF-R, which peaks around the point during B-
cell maturation where BAFF-mediated rescue begins to operate [15, 20] (Fig. 3.1).
Equally important, however, is the strength of the interaction between the BCR and
the self-antigen. Thus, as is exemplified by the ability of BAFF overexpression to
prevent the deletion of intermediate but not high-affinity self-reactive B cells from
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the MZ compartment [20], excess BAFF is likely to rescue only peripheral self-
reactive B cells that sit relatively close to the normal thresholds (e.g. antigen avidity)
that determine whether or not a self-reactive B cell will be deleted.

3.2 Signalling BAFF-Dependent B-Cell Survival

The critical role of BAFF in regulating B-cell homeostasis and self-tolerance has
resulted in an extensive investigation of the signalling events triggered by BAFF in
B cells. Because primary B cells require BAFF for their survival, analysis of their
responses to BAFF has proved difficult. Some of the major insights have come from
in vivo mouse models in which B cells either lack expression of or express consti-
tutively active versions of key signalling molecules. These types of analyses have
indicated that activation of members of the NF-kB family of transcription factors is
critical. Of particular importance appears to be the activation of the alternative (NF-
kB2/p52) NF-kB pathway, which is mediated entirely by BAFF signalling through
BAFF-R in resting primary B cells [41, 42] (Fig. 3.2). This pathway is essential
for normal B-cell survival and recent experiments have revealed that the proximal
regulators of the alternative NF-kB pathway in fact determine the BAFF-dependent
nature of primary B-cell survival [43]. There is some evidence that BAFF-R can
activate the canonical (NF-kB1/p50) NF-kB pathway and that this pathway may
also play a role in BAFF-mediated B-cell survival (Fig. 3.2). In fact, like BAFF or
BAFF-R-deficient mice, mice doubly deficient for both NF-kB1 and NF-kB2 lack
mature B cells [44], whereas the single knockout mice have less severe phenotypes
[44—47]. The exact nature of the events downstream of the NF-kB pathways and the
relative importance of the BCR and BAFF-R in activating them are yet to be fully
resolved.

3.2.1 The NF-kB Signalling Pathways

The operation of the NF-kB transcription pathways in immune cells has been
recently reviewed elsewhere [48]. Briefly, the NF-kB transcription factor family
consists of five proteins. NF-kB1 and NF-kB2 are synthesised in long precursor
forms, p105 and pl00, respectively, and are subsequently processed via partial
degradation by the proteasome to form the active subunits, p5S0 and p52, respec-
tively. This occurs constitutively for p105, whilst p100 processing requires the deliv-
ery of specific activation signals. The remaining members of the family are the Rel
proteins: RelA (also known as p65), RelB, and c-Rel. The Rel proteins contain trans-
activation domains capable of initiating transcription when they form dimers with
p50 or p52 and bind to DNA in the nucleus. In the absence of signalling, pre-formed
NF-kB dimers are held inactive in the cytoplasm. Upon signal initiation, nuclear
localisation signals in the dimers are revealed, facilitating their migration to the
nucleus to activate gene transcription (Fig. 3.2).
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Fig. 3.2 The NF-kB signalling pathways. Canonical (left) and alternative (right) NF-kB activation
in B cells contributes to B-cell survival (see Section 3.2.1 for details). Whilst BAFF-R is capable
of initiating both pathways, it is probable in a physiological setting that the BCR is responsible for
the majority of activation of the canonical pathway in naive primary B cells

3.2.1.1 The Canonical NF-kB Pathway

Following the constitutive processing of p1035, the active subunit pS0 forms dimers
predominantly with RelA or c-Rel. These dimers are held inactive in the cytoplasm
by inhibitors of NF-kB (Ik-B) proteins, which mask their nuclear localisation sig-
nals. Receptors that strongly initiate canonical NF-kB signalling, such as the BCR
and CD40, utilise a variety of signal adapters to cause the activation of the Ik-B
kinase (IKK) complex. This complex consists of a regulatory unit (IKKy, also know
as NEMO) and two kinases (IKKa and IKKp) that are capable of phosphorylating
Ik-B proteins. Once phosphorylated, Ik-B proteins are degraded by the proteasome,
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releasing pSO0/RelA or p50/c-Rel dimers that can migrate to the nucleus and initiate
gene transcription (Fig. 3.2).

3.2.1.2 The Alternative NF-kB Pathway

The precursor form of NF-kB2, p100, contains a carboxy-terminal region that is
rich in ankyrin repeats and bestows it with inhibitory properties similar to those of
the Ik-B proteins. Thus p100 forms dimers in the cytoplasm, usually with RelB,
and prevents its own nuclear localisation prior to processing. Activation of the alter-
native pathway requires the serine-threonine kinase NF-kB-inducing kinase (NIK).
Accumulation of NIK protein appears to be the critical event in this pathway, with
increased levels of NIK subsequently resulting in phosphorylation and activation of
IKKa. Neither IKKB nor NEMO are required for activation of the alternative NF-
kB pathway. Rather IKKa alone is thought to be responsible for the phosphorylation
of p100 at serines 866 and 870, which then initiates its proteasomal processing to
p52 [49]. Liberated p52 remains in a heterodimer with RelB and together they can
translocate to the nucleus (Fig. 3.2). The alternative NF-kB pathway is activated
with slower kinetics compared to the canonical pathway and is primarily triggered
through members of the TNF receptor (TNFR) superfamily such as LT-BR, CD40,
and BAFF-R.

3.2.2 The Contribution of the Canonical NF-kB Pathway to B-Cell
Survival

BAFF is able to activate canonical NF-kB signalling, but does so weakly and pri-
marily via TACI [50]. However, evidence does exists for a low level of activation
via BAFF-R [50, 51] raising the possibility that this pathway may contribute to the
ability of BAFF to promote B-cell survival. The kinetics of the NF-kB1 pathway
initiated by BAFF-R are considerably slower than is observed for strong activators
of this pathway such as TNF and CD40L, and it has been suggested that BAFF-R
may utilise NIK to activate the canonical as well as the alternative NF-kB pathway
[52] (Fig. 3.2).

The importance of canonical NF-kB pathway in B-cell survival has been demon-
strated by the fact that B-cell-specific ablation of NEMO results in a paucity of
mature B cells [51]. However, this phenotype is not as severe as BAFF-R defi-
ciency, confirming that the canonical NF-kB pathway is not the only pathway down-
stream of BAFF-R contributing to survival. Interestingly, NEMO-deficient B cells
contained decreased amounts of alternative NF-kB pathway components, p100 and
RelB. Processing of this reduced amount of p100 to p52 did occur in these cells, sug-
gesting the alternative pathway was active [51]. There is evidence that the expression
of both p100 and RelB is under the influence of canonical NF-kB dimers [53-55].
As such the impaired survival of mature B cells in the absence of NF-kB1 activ-
ity could be ascribed at least in part to a role for this pathway in controlling the
transcription of alternative pathway components.
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To determine if canonical NF-kB signalling alone is sufficient to allow B cells
to survive past the immature to mature checkpoint in the periphery, a mouse line
was produced with constitutive activation of the canonical pathway in B cells via a
constitutively active IKKP protein [51]. When crossed on to the BAFF-R-deficient
background, this facilitated rescue of the mature B-cell compartment in the absence
of alternative NF-kB pathway activation.

Whilst activation of the canonical NF-kB pathway appears to be an important
factor in the survival of primary B cells, it is difficult to determine the extent to
which this is due to the actions of BAFF. B-cell survival also depends on signals
that constitutively emanate from the BCR, a known activator of the canonical NF-
kB pathway [56]. Given the relatively poor activation of this pathway by BAFF-R, it
is probable that it is the BCR that is primarily responsible for the canonical NF-kB
activity observed in resting B cells [57]. On the other hand, the primary function of
BAFF/BAFF-R signalling appears to be activation of the alternative NF-kB pathway
(Fig. 3.2).

3.2.3 The Alternative NF-x B Pathway Is the Major Contributor
to B-Cell Survival Downstream of BAFF-R

BAFF-R is responsible for virtually all of the alternative NF-kB pathway activa-
tion in mature B cells [41, 42] and it is this pathway which has been most strongly
been associated with B-cell survival. Thus Nfi b2~ mice are viable but display a
deficiency of peripheral B cells [47, 58] and B cells lacking NF-kB2 fail to survive
when provided with BAFF ex vivo [42]. In addition, mature NF-kB2-deficient B
cells fail to survive in mixed bone marrow chimeras when they are forced to “com-
pete” with wild-type B cells [59]. Taken together, these results confirm that, while
the canonical pathway may contribute to survival, the alternative pathway is of pri-
mary importance in promotion of B-cell survival by BAFF. At this point, however, it
remains unknown what gene targets are activated by the alternative NF-kB pathway
in order to promote B-cell survival.

3.2.3.1 TRAF Proteins Are Fundamental Regulators of NF-kB2 Signalling

A phenotype similar to mice, which transgenically overexpress BAFF has recently
been described in mice that lack B-cell expression of the signal adapters TNFR-
associated factors 2 or 3 (TRAF2 or TRAF3) [43, 60, 61]. These mice display
an expanded B-cell compartment, a surfeit of marginal zone B cells and hyper-
activity of NF-kB2 in B cells, leading to the proposition that TRAF2 and TRAF3
negatively regulate BAFF signalling and NF-kB2 activation. In the case of TRAF3,
this conclusion is consistent with previous in vitro observations. First, TRAF3 is
the only TRAF to be recruited to BAFF-R [62]. Second, overexpression studies
have shown that TRAF3 inhibits NF-kB2 activation via a number of TNFR mem-
bers [63]. Third, studies in transformed B-cell lines have indicated that TRAF3
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constitutively interacts with NIK and catalyses its proteasomal degradation, thereby
inhibiting processing of p100 [64]. Finally, TRAF3-deficient mice display early
post-natal lethality [65], a phenotype that is counteracted by crossing to the Nfib2 7~
background [66].

More unexpected was the phenotype of the mice containing TRAF2-deficient B
cells. Overexpression of TRAF2 or its recruitment to members of the TNFR super-
family has been shown to activate the canonical NF-kB and JNK pathways [67-69]
and a negative regulatory role for TRAF2 had not previously been described. Addi-
tionally, TRAF2 is not recruited to BAFF-R, so its involvement in signalling by
this receptor has not been recognised before. However, it is clear from the con-
ditional deletion approach [43, 61] that TRAF2 negatively regulates NF-kB2 sig-
nalling initiated by BAFF-R in primary B cells. In fact, removal of TRAF2 from B
cells completely rescued mature B-cell development in BAFF-deficient mice [43].
Thus, the removal of this potent suppressor of B-cell survival pathways on its own
was sufficient to activate these pathways and allow peripheral B cells to pass the
immature to mature checkpoint. These B cells contained hyperactive NF-kB2 acti-
vation, but no significant changes in NF-kB1 activity [61] consistent with the propo-
sition that the primary role for BAFF in B-cell survival is to activate the NF-kB2
pathway.

3.2.3.2 Unravelling the Proximal Signalling Events That Allow TRAFs
to Suppress NF-kB2 Signalling

Production of mice with B cells doubly deficient in TRAF2 and TRAF3 revealed
a phenotype not more severe than single deletion of either of these genes [43].
This indicated that TRAF2 and TRAF3 play cooperative and non-redundant roles
in suppressing B-cell survival pathways. However, there is no precedent for these
molecules acting in such a manner, raising the question of what molecular mecha-
nisms underpin this activity.

TRAF2 and TRAF3 are both capable of interacting with NIK but do so at sep-
arate sites on NIK [64, 69, 70] and only TRAF3 can bind to BAFF-R. In vitro
studies using transformed B-cell lines have indicated that TRAF3 binds NIK and
facilitates its degradation in proteasomes [64]. How this occurs and what the role of
TRAF2 remains open to question. TRAF proteins contain RING finger domains,
zinc-chelated structures that can mark proteins for proteasomal degradation by
catalysing the attachment of ubiquitin moieties via their lysine-48 side chains [71].
However, ubiquitin ligase activity associated with the TRAF3 RING finger domain
has not been reported. The TRAF2 RING finger does have ubiquitin ligase activ-
ity but only appears to catalyse attachment of ubiquitin molecules via lysine-63, a
process associated with the building of signalling scaffolds rather than proteasomal
degradation [72—74]. However, TRAF2 can interact with cellular inhibitor of apop-
tosis protein 1 (c-IAP1), a ubiquitin ligase that is capable of catalysing lysine-48
ubiquitination [75]. Recent data showed that both c-IAP1-deficient and TRAF2-
deficient MEFs contained higher amounts of NIK and increased levels of p100
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processing [76]. Furthermore, c-IAP1 was shown to be capable of mediating degra-
dation of NIK and the TRAF2-binding site present in c-IAP1 was essential for this
function [77]. It is likely, therefore, that TRAF2 constitutively suppresses B-cell sur-
vival by recruiting c-IAP1 to NIK to facilitate its degradation. TRAF3 binding must
also be required for this process although its precise role remains to be elucidated
(Fig. 3.3a).

BAFF-R

c-lAP1

TRAF2 \
&Lh TRAF3

NIL : .

degradalion

L] ]
" .
No NF-xB2 Activation

CELL DEATH

c-lAP1

TRAF2

l -~

TRAF2

NF-kB2 Activation

CELL SURVIVAL

Fig. 3.3 A model of the proximal signalling events that regulate NF-kB2 activation downstream
of BAFF-R. (a) When BAFF is absent, TRAF2, TRAF3, and c-IAP1 cooperate to ubiquitinate
NIK leading to its proteasomal degradation. Under these circumstances NIK levels are too low to
initiate NF-kB2 signalling and the B cell dies. (b) BAFF binding to BAFF-R recruits TRAF3 to
the receptor and it is subsequently depleted from the cell in a TRAF2-dependent manner. Without
the contribution of TRAF3, constitutive NIK degradation is reversed. NIK accumulation ultimately
initiates NF-kB2 signalling and facilitates B-cell survival
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3.2.3.3 BAFF Is an Obligate Survival Factor for B Cells Because It Reverses
the Suppression of NF-kB2

Despite the constitutive suppression of NF-kB2 signalling by the actions of TRAF2,
TRAF3, and c-IAP1, B cells can survive due to the ability of BAFF to reverse this
suppression via the depletion of cellular TRAF3 (Fig. 3.3b). This was first demon-
strated in transformed B-cell lines, which showed extensive proteolysis of TRAF3
upon BAFF, consequent accumulation of NIK, and thus promotion of NF-kB2 pro-
cessing [64]. It was subsequently demonstrated that TRAF3 is depleted during the
development of normal primary B cells concurrent with the acquisition of BAFF-R
expression and dependence on BAFF for survival. Furthermore, this depletion of
TRAPF3 failed to occur in BAFF or BAFF-R-deficient mice [43]. An additional role
for TRAF2 in this process was indicated by the fact that depletion of TRAF3 was
inactivated during the development of TRAF2-deficient B cells [43].

These data therefore reveal dual roles for TRAF2 in regulating BAFF signalling
in B cells. TRAF2 on the one hand appears to constitutively recruit c-IAP1 to NIK
to facilitate NIK degradation and thus suppress NF-kB2 activation, a role it coop-
erates with TRAF3 to perform (Fig. 3.3a). BAFF-R signalling lifts this suppression
by recruiting TRAF3 to its cytoplasmic domain and initiating its depletion from
the cell, a process that also requires TRAF2 (Fig. 3.3b). It is possible that TRAF2
recruits c-IAP1 or another ubiquitin ligase to TRAF3 to facilitate its degradation.
However, the exact mechanism by which TRAF3 is depleted from the cell and
TRAF2’s role in this process remain unclear.

In line with the above description of the proximal signalling events link-
ing BAFF-R with NF-kB2 activation and thus survival in B cells, studies in
human patients suffering multiple myeloma have identified mutations in a num-
ber of the key regulatory molecules discussed here [78, 79]. Thus, mutations were
found which inactivated or deleted TRAF2, TRAF3, or c-IAP1, and also muta-
tions that elevated the expression of or caused increased activation of NIK or
NF-kB2. These findings lend support to the theory that these signalling events
occur similarly in human and mouse B cells and do indeed impact on B-cell sur-
vival to the point of potentially contributing to B-lineage tumours when they are
mutated.

3.2.4 Other Intracellular Mediators of B-Cell Survival Initiated
by BAFF

Whilst NF-kB2 signalling is the primary survival pathway activated by BAFF and
BAFF-R signalling, exactly how it facilitates B-cell survival is not clear. Studies
have aimed to identify genes that are up-regulated by BAFF or proteins that are mod-
ified and may promote survival. Apart from TRAF3, the only signalling molecule
known to be recruited to BAFF-R is the adapter protein Actl [80]. This protein
is thought to act as a negative regulator of BAFF-mediated B-cell survival but its
mechanism of action also remains unclear. Either the recruitment of Actl or the
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activation of NF-kB2 signalling or both may modulate the following downstream
events that promote B-cell survival.

3.2.4.1 Increasing Glycolysis

BAFF signalling can initiate the phosphorylation of Akt [81, 82], which promotes
cell survival by increasing glucose uptake and glycolysis [83]. Microarray analysis
has also revealed that BAFF stimulation of mature B cells causes the upregulation of
a panel of glycolytic enzymes [81], thus promoting metabolism of glucose and other
nutrients [82]. This may represent one direct method by which BAFF signalling can
facilitate the survival of B cells. Both phosphoinositide 3-kinase (PI3K) and protein
kinase C p (PKCP) were shown to be important in activating Akt following BAFF
stimulation [81].

3.2.4.2 Modulation of Pro- and Anti-apoptotic Proteins

A number of studies have indicated that BAFF upregulates the expression of anti-
apoptotic members of the Bcl-2 family of proteins in B cells, including Bcl-2, Bcl-
xL, and A1/Bfl-1 [33, 84, 85]. At the same time, BAFF signalling also downreg-
ulates the expression of pro-apoptotic family member Bim and so counteracts the
upregulation of this molecule induced by BCR signalling [86]. These combined
actions of BAFF almost certainly play an important role in sustaining B-cell sur-
vival. The importance of Bim downregulation in particular is suggested by the fact
that BAFF-transgenic and Bim ™" mice both exhibit B-cell hyperplasia and autoim-
munity [24, 25, 86] and that Bim ™~ B cells are relatively resistant to antigen-induced
cell death [87]. Many of the anti-apoptotic Bcl-2 family proteins are regulated by
NF-kB transcription factors [33, 85, 88, 89] suggesting that these proteins may rep-
resent important targets of the NF-kB pathways stimulated by BAFF.

PKC3 is a pro-apoptotic enzyme that exerts its effects in the nucleus. Mice lack-
ing PKC3 expression exhibit dramatic B-cell hyperplasia and systemic autoimmu-
nity [90], again similar to BAFF-transgenic mice. Further analysis showed that B
cells that did not express PKCS failed to undergo peripheral deletion in response to
soluble self-antigen [91]. A connection with BAFF-mediated survival signals was
subsequently established when it was found that the pro-apoptotic translocation of
PKC3 to the B-cell nucleus could be inhibited by BAFF [92]. Thus, BAFF signalling
cannot only regulate the levels of pro- and anti-apoptotic proteins but can potentially
modulate their functions within B cells.

3.3 Conclusions

It is clear that the intracellular signalling pathways triggered by BAFF play a
critical role in regulating B-cell homeostasis and can have significant effects on
the enforcement of B-cell self-tolerance. Whilst not discussed in detail here, it is
likely that improper activation of these signalling pathways also makes a significant
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contribution to cancer in the B-cell lineage [26]. There still remains much to learn
about the critical events involved in the regulation of BAFF-dependent survival sig-
nals. A challenge for the future will be to determine whether our increasing knowl-
edge of these pathways can be used to develop more effective treatments for autoim-
mune and neoplastic diseases involving B cells.
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