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Abstract

Mature B cells generate protective immunity by undergoing immunoglobulin (1g) class switching
and somatic hypermutation, two Ig gene-diversifying processes that usually require cognate
interactions with T cells that express CD40 ligand. This T cell-dependent pathway provides
immunological memory but is relatively slow to occur. Thus it must be integrated with a faster, T
cell-independent pathway for B cell activation through CD40 ligand-like molecules that are
released by innate immune cells in response to microbial products. Here we discuss recent
advances in our understanding of the interplay between the innate immune system and B cells,
particularly at the mucosal interface. We also review the role of innate signals in the regulation of
Ig diversification and production

B cells: at the interface between innate and adaptive immunity

The mammalian immune system comprises of innate and adaptive branches that integrate to
mount sophisticated responses that combat invading pathogens, while preserving
homeostasis at mucosal sites colonized by non-invasive commensal bacteria [1]. Dendritic
cells (DCs), monocytes, macrophages, granulocytes, natural killer (NK) cells and epithelial
cells of the innate immune system mediate fast but non-specific responses after recognizing
generic microbial structures through germline gene-encoded receptors, often referred to as
pattern recognition receptors (PRRs) [2, 3]. In contrast, T and B cells of the adaptive
immune system mediate specific, but temporally delayed responses, after recognizing
discrete antigenic epitopes through somatically recombined receptors [4]. Remarkably, the
innate and adaptive immune systems are functionally linked by mechanisms that were
originally predicted by Charles Janeway Jr. in his unified model of the immune response [2].
According to this model, innate immune cells instruct T and B cells to initiate adaptive
immune responses upon sensing highly conserved microbial molecular signatures through
PRRs, including Toll-like receptors (TLRs) [5-7]. However, TLRs might not be the only
PRRs capable of delivering instructing signals to T and B cells; indeed some studies did not
confirm a role for TLRs in the control of adaptive immunity [8]. One possibility is that the

© 2011 Elsevier Ltd. All rights reserved

Correspondence: Andrea Cerutti, M.D. IMIM-Hospital del Mar, Barcelona Biomedical Research Park, Av. Dr. Aiguader 88,
Barcelona 08003, Spain. Phone: (+34) 933-160-389 Fax: (+34) 933-160-410 acerutti@imim.es or andrea.cerutti@mssm.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cerutti et al.

Page 2

innate immune system utilizes distinct PRR signaling pathways in relation to the specific
composition of the immunizing antigen [9].

Similar to innate immune cells, B cells also express TLRs [10]. B cell-intrinsic TLRs seem
to cooperate with adaptive Ig receptors not only to achieve rapid humoral immunity, but also
to preserve long-term humoral memory [11-13]. This cooperation is particularly developed
in extrafollicular B cells that are positioned at the interface between the sterile milieu of the
body and the external environment [14, 15]. Such “frontline” B cells include peritoneal B-1
cells and splenic marginal zone (MZ) B cells [16]. In the mouse, B-1 cells constitute a
distinct lineage of self-renewing B cells that are produced during fetal life and are mostly
localized in the peritoneal cavity, spleen and intestine [17]. B-1 cells generate innate (or
“natural™) adaptive immunity by spontaneously releasing large amounts of polyspecific IgM
and IgA antibodies that provide a first line of defense against viral and bacterial infections
[17]. Recent findings indicate that humans also have a subset of B cells that are functionally
equivalent to mouse B-1 cells [18]. Similar to B-1 cells, MZ B cells express polyspecific
antibodies that recognize T cell-independent (T1) antigens with low affinity [14, 19, 20].
These antigens do not require CD4* T helper cells to activate B cells and include microbial
TLR ligands (type-1) and microbial polysaccharides with repetitive structure (type-2) [21].

Importantly, both B-1 and MZ B cells are characterized by a state of active readiness, which
involves elevated TLR expression, as well as expression of “innate” Ig receptors with poorly
diversified antigen-binding variable regions that can recognize multiple highly conserved
microbial products [14, 19, 20]. B-1 and MZ B cells also show elevated responsiveness to B
cell-activating factor of the TNF family (BAFF) and a proliferation-inducing ligand
(APRIL) [22, 23], two B cell-stimulating factors released by innate immune cells in
response to microbial TLR ligands [24-26]. Unlike extrafollicular B-1 and MZ B cells,
follicular B cells (also called B-2 cells) produce monospecific IgM, IgG and IgA antibodies
that recognize T cell-dependent (TD) antigens with high affinity. These antigens include
microbial proteins and typically require CD4" T helper cells to activate B cells. However,
growing evidence indicates that conventional follicular B cells can also utilize BAFF and
APRIL to initiate rapid Ig responses, particularly at the mucosal interface [27, 28]. In this
review, we discuss the mechanisms by which TLR ligands cooperate with BAFF and APRIL
to induce Ig diversification and production in systemic and mucosal B cells.

Ig diversification and production

Ig gene diversification is essential for B cells to mount protective humoral responses.
Mature B cells diversify their g genes through class switch recombination (CSR) and
somatic hypermutation (SHM), two processes that require the DNA-editing enzyme
activation-induced cytidine deaminase (AID) [29]. SHM introduces point mutations within
V(D)J exons, thereby providing the structural correlate for selection of high-affinity Ig
mutants by antigen [30], whereas CSR replaces constant p (C,,) and Cs exons encoding IgM
and 1gD with C,, C,, or C,; exons encoding 19G, 1gA, or IgE, thereby providing antibodies
with novel effector functions without changing antigen specificity [31]. In humans, a non-
canonical form of CSR from C,, to C; also exists and generates B cells specialized in IgD
production [32]. Most antigens initiate CSR and SHM in the germinal center of lymphoid
follicles [33], a specialized microenvironment that fosters antigen-driven cognate
interactions between B cells and CD4* T helper cells that express CD40 ligand (CD40L)
[34].

Engagement of CD40 on B cells by trimeric CD40L causes recruitment of TNF receptor-

associated factor 2 (TRAF2), TRAF3, TRAF5 and TRAF6 adaptor proteins to the
cytoplasmic tail of CD40 [35]. Such recruitment is followed by activation of an 1B kinase
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(IKK) complex that triggers phosphorylation and proteasomal degradation of inhibitor of
NF-kB (1xB) [36]. The resulting IxB-free p50—p65 and p50-c-Rel NF-kB complexes
translocate from the cytoplasm to the nucleus to initiate germline Ig gene transcription as
well as transcription of the gene encoding AID [31]. Germline 1g gene transcription renders
the intronic switch (S) regions, which are located upstream of each of the C,, C,, or C
genes, a substrate of AID, which in turns generates multiple DNA lesions that are ultimately
processed into double-stranded DNA breaks [31]. Fusion of DNA breaks within S, and a
recombining S,, S, or S region induces looping-out deletion of the intervening DNA,
thereby deleting C,, and Cs while juxtaposing C,, C,, or C to the VDJ exon [31]. The
mechanism by which AID targets the cryptic switch-like o3 region upstream of Cg remains
unknown [32, 37].

Ig responses through TD and Tl pathways

High-affinity and class-switched B cells that emerge from germinal centers undergo
selection by antigen exposed on follicular dendritic cells (FDCs) and thereafter differentiate
into long-lived memory B cells, which enter the circulation, and Ig-secreting plasma cells,
which home to the bone marrow or mucosal effector sites such as the intestine [38]. This TD
pathway requires at least 5-7 days to develop, a delay that could prove fatal in the presence
of blood-borne or mucosal infections. To compensate for this limitation, B-1 cells and MZ B
cells generate IgM, as well as 1gG and IgA antibodies through a faster TI pathway that
involves recognition of highly conserved microbial products by low-affinity Ig receptors and
TLRs [15-17, 19]. DC and epithelial cells also recognize microbial products and in response
release BAFF and APRIL, two CD40L-related CSR-inducing factors that cooperate with Ig
and TLR ligands to activate B cells [24-26, 39]. The sequence of events leading to Tl
activation of innate B cells remains unclear, but one possibility is that T1 antigens such as
LPS or CpG DNA predominantly trigger TLRs when present at high concentration [40].
When present at low concentration, T1 antigens may engage both TLRs and innate Ig
receptors [40]. In this context, microenvironmental co-signals from BAFF and APRIL
receptors would integrate with signals from 1g receptors and TLRs to optimize B cell
survival, Ig production, 1g diversification and plasma cell differentiation [41].

Although TI pathways usually generate unmutated Igs that recognize multiple microbial
antigens with low affinity, T1 pathways can also give rise to hypermutated Igs with
relatively high affinity for specific microbial antigens, at least in humans. Indeed, human
splenic MZ B cells express VV(D)J genes that contain somatic mutations, albeit to a lesser
degree than germinal center B cells, and encode 1gs that recognize polysaccharides from
encapsulated bacteria [14, 42]. The mechanism by which human MZ B cells undergo SHM
remains unknown, but growing evidence suggests the involvement of CD40-independent
signals from microbial TLR ligands [43]. Consistent with their ability to trigger AID
expression and CSR [12, 13, 44, 45], signals from TLRs induce SHM in precursors of
human MZ B cells [46-48]. Similarly, TLRs elicit SHM in extrafollicular B cells from
autoimmune-prone mice [49, 50] and in a subset of bone marrow B cells from wild type
mice [51, 52]. The involvement of BAFF and APRIL in TI pathways for SHM is currently
unknown, but seems probable, because BAFF and APRIL cooperate with TLR ligands to
induce AID expression in B cells [39, 45, 53].

The participation of PRRs other than TLRs in Ig CSR, SHM and production seems likely,
although only few data are currently available. Similar to TLRs [54], NOD (nucleotide
oligomerization domain)-like receptors (NLRS) might play an important role in Ig responses
against respiratory viruses [55]. These viruses can elicit neutralizing Ig responses in a Tl
manner [56], but the role of NLRs in T Ig production remains unknown. Also mannose C-
type lectin receptors (MCLRs) such as dendritic cell-specific ICAM3 grabbing nonintegrin
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(DC-SIGN) can deliver TI activating signals to a subset of B cells upon exposure to viral
glycoproteins such as gp120 from HIV envelope [57]. Clearly, further studies are needed to
fully understand the role of NLRs, MCLRs and other PRRs in the activation of systemic and
mucosal B cells.

Innate Ig-inducing factors in mucosal B cells

In addition to enhancing the antigen presenting function of DCs [58], TLRs stimulate DCs,
as well as macrophages, granulocytes and epithelial cells, to release BAFF and APRIL [27,
28, 32, 45, 53, 59]. These innate CD40L-related molecules cooperate with TLR ligands to
induce CSR from IgM to IgA in “frontline” B cells that inhabit the mucosal interface and
namely the intestine [15, 25, 60]. The intestinal mucosa is inhabited by large communities of
commensal bacteria that are kept outside the sterile milieu of our body by various immune
strategies that generate protection without causing inflammation. A notable non-
inflammatory strategy for mucosal defense involves TI production of IgA antibodies by
follicular and extrafollicular B cells.

Mucosal follicular B cells

IgA is the most abundant antibody in intestinal secretions and its production mainly takes
place in mucosal lymphoid follicles such as Peyer's patches. Together with isolated
lymphoid follicles, Peyer's patches have a less stringent requirement for cognate T-B cell
interaction than systemic lymphoid follicles [61-63]. Instead, mucosal follicles are highly
dependent on innate microbial signals, as lack of the TLR-associated adaptor protein
myeloid differentiation primary response gene 83 (MyD88) disrupts intestinal IgA responses
[27, 28, 64]. Recent evidence shows that microbial signals stimulate IgA production in B
cells from Peyer's patches through a mechanism involving FDCs (Figure 1a). Indeed, signals
from TLRs trigger FDC release of BAFF and APRIL as well as production of matrix
metalloproteases (MMPs) that promote cleavage of active transforming growth factor-§ 1
(TGF-pB1) from a membrane-bound precursor known as latency-associated peptide [27, 28].
By activating SMAD transcription factors, TGF-B1 initiates germline C, gene transcription,
which is essential to initiate IgA CSR [25]. TLR-activated FDCs also release the chemokine
CXCL13, which attracts follicular B cells expressing the chemokine receptor CXCR5 [27,
28]. Intestinal FDCs become particularly proficient in these responses as a result of their
exposure to retinoic acid [28], a vitamin A-derived immuneoregulatory molecule produced
by epithelial cells in response to microbial TLR ligands [65].

Together with B cell-intrinsic signals from TLRs, signals from BAFF, APRIL and TGF-p1
receptors would not only enhance local TD IgA responses [66, 67], but would also initiate
IgA CSR and production in a TI manner [28, 66]. In Peyer's patches, innate IgA responses
are further augmented by DCs that express TNF and inducible nitric oxide synthase
(TipDCs) [64, 68]. When activated by TLR ligands, TipDCs release BAFF, and APRIL, as
well as nitric oxide, a compound that up-regulates the expression of the type-1l TGF-f
receptor on follicular B cells [64]. In isolated lymphoid follicles (Figure 1b), lymphotoxin 3
(LTP) from TLR-activated lymphoid tissue-inducer cells stimulates local stromal cells to
release tumor necrosis factor (TNF) as well as DC-attracting chemokines such as CCL19
and CCL21 [27]. In these DCs, TNF promotes production of active TGF-B1 [27]. In the
presence of TLRs signals, BAFF and APRIL are produced by stromal cells and DCs, and
cooperate with TGF-p1 to induce Tl IgA CSR and production [27].

Mucosal extrafollicular B cells

Extrafollicular B cells from the intestinal lamina propria can also undergo IgA CSR and
production in response to microbial products, although less efficiently and at a lower
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frequency than follicular B cells [15, 25, 69, 70]. In the lamina propria (Figure 1c), B cells
undergo IgA CSR and production in response to BAFF, APRIL, IL-6, IL-10, TGF-B1 and
retinoic acidproduced by TipDCs and a subset of DCs expressing TLR5 (a PRR for
microbial flagellin) but not other TLRs [53, 70, 71]. Signals from TLRs also stimulate
TipDCs to release nitric oxide, which in turn enhances TipDC production of BAFF and
APRIL in an autocrine manner [64]. Additional innate factors involved in the induction and/
or amplification of TI antibody responses are IFN-o/f and thymic stromal lymphopoietin
(TSLP). IFN-a/B is an antiviral and immunoenhancing cytokine produced by plasmacytoid
DCs in response to TLR ligands [72]. In addition to augmenting BAFF and APRIL release
by myeloid DCs [73], IFN-a/p increases the expression of TLR7 (a receptor for viral single-
stranded RNA) in naive and memory B cells, thereby accelerating TLR7-induced plasma
cell formation and Ig production [74, 75]. TSLP is an IL-7-like cytokine produced by
epithelial cells that up-regulates production of BAFF and APRIL in myeloid DCs [45, 53,
76]. Interestingly, TSLP also augments myeloid DC release of IL-10, an anti-inflammatory
cytokine that promotes IgA CSR and production in human B cells [45, 53, 77].

Innate Ig-inducing signaling pathways
TACI and TLRs

BAFF and APRIL trigger CD40-independent IgM production, CSR and plasma cell survival
and differentiation by engaging transmembrane activator and calcium-modulating
ciclophilin-ligand interactor (TACI) [22, 39, 64, 66, 67, 73, 78-80]. This receptor triggers
productive signals only after undergoing high order oligomerization in response to soluble
capsid-like BAFF 60-mers (20 trimers) or cell-bound APRIL oligomers that are associated
with heparan sulphate proteoglycans [26]. Such multimeric ligands would be mostly
released by innate immune cells in response to microbial TLR ligands and might be critical
for TACI to initiate T1 Ig responses (Box 1). Under steady-state conditions, however, innate
immune cells and stromal cells would instead release soluble BAFF and APRIL trimers
(Figure 2a), which deliver powerful survival signals to B cells and plasma cells via the
BAFF receptor (BAFF-R) and B cell maturation antigen (BCMA) for which APRIL is a
ligand [26]. Indeed, BAFF-R and BCMA have less stringent oligomerization requirements
than TACI [26]. In addition to favoring expression of membrane-bound versus soluble
BAFF and APRIL multimers (Figure 2b), microbial TLR ligands also induce up-regulation
of TACI expression on B cells, particularly on B-1 and MZ B cells specialized in fast Ig
responses [23, 39, 81-83]. TLRs further cooperate with TACI by converging on NF-«xB
signalling (Figure 3), which is critical for the induction of AICDA and germline Ig gene
transcription, two events essential for CSR [25]. Such cooperation might explain why TACI
requires B cell-intrinsic co-signals from TLRs to efficiently activate Ig production [39].

The interconnectivity of TACI with TLR pathways may have further layers of complexity
(Figure 3). Engagement of TACI by APRIL triggers recruitment of the TLR-associated
adaptor protein MyD88 to a highly conserved cytoplasmic domain of TACI distinct from the
canonical cytoplasmic Toll-IL-1 receptor (TIR) domain of TLRs [39]. Interaction of TACI
with MyD88 is followed by activation of a TLR-like pathway that involves IL-1 receptor-
associated kinase-1 (IRAK-1), IRAK-4, TRAF6, TGF-p-associated kinase 1 (TAK1) and
IKK [39]. As seen in the CD40 pathway [35], TACI- or TLR-activated IKK induces nuclear
translocation of NF-xB by triggering phosphorylation and degradation of IkBa [39]. TACI
further activates NF-xB by recruiting TRAF2 [84], an adaptor protein that plays an
important role in CSR [85]. In general, these findings suggest that TACI and TLRs converge
on MyD88 and TRAF adaptor proteins to optimize Ig diversification and production in
frontline B cells.
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BAFF-R and BCMA

BAFF and APRIL further activate B cells through BAFF-R and BCMA [24, 26]. The
mandatory role of BAFF and BAFF-R in the survival of peripheral B cells is well known
[24, 26]. Yet, BAFF-R also plays an important role in cell growth (Box 2) as well as Ig
diversification and production. Indeed, mouse B cells lacking BAFF-R show less induction
of AID expression and CSR upon exposure to BAFF, suggesting that BAFF-R delivers Ig-
diversifying in addition to B cell survival signals [78]. This possibility would be consistent
with in vivo data pointing to a role of BAFF-R in both follicular and extrafollicular Ig
responses [86, 87]. Signals from BAFF-R mostly rely on ligand-induced recruitment of
TRAF3 to BAFF-R (Figure 3), which is followed by degradation of TRAF-3 through a
mechanism involving interaction of TRAF3 with TRAF2 and mucosa-associated lymphoid
tissue lymphoma translocation protein 1 (MALT1) [88-91]. In the absence of TRAF3, the
enzyme NF-kB-inducing kinase (NIK) activates an alternative NF-xB pathway that involves
proteosomal degradation of p100 to p52 and translocation of p52-RelB complexes from the
cytoplasm to the nucleus [90-93]. While essential for the activation of genes involved in B
cell survival, p52 and RelB are not important for the induction of genes mediating CSR [94],
suggesting that BAFF-R utilizes an alternative pathway to up-regulate AID expression and
germline 1g gene transcription [78]. Consistent with this possibility, BAFF-R can also
activate the canonical NF-xB pathway through a mechanism that remains unclear [73, 95].

As for BCMA, this receptor enhances plasma cell survival, plasma cell differentiation and B
cell antigen presentation by recruiting TRAF proteins and activating NF-xB [96-98]. The
role of BCMA in Ig diversification and production is unknown, but lack of BCMA does not
seem to affect the induction of CSR by BAFF or APRIL [78]. Yet, BCMA might regulate
post-CSR events, including the differentiation and survival of mucosal IgA-secreting plasma
cells [99]. Consistent with this possibility, intestinal epithelial cells and DCs express large
amounts of APRIL [53], which mediates plasma cell survival through BCMA [100, 101].

Immunodeficiencies involving TACI, BAFF-R and TLRs

Consistent with an important role of TACI in Ig diversification and production, some
individuals with deleterious TACI substitutions suffer from recurrent infections by
encapsulated bacteria and have less serum IgM, IgG and IgA (hypogammaglobulinemia)
and impaired IgG responses to Tl antigens such as capsular polysaccharides [102-104] (see
also Box 1). Also patients with deleterious BAFF-R substitutions suffer from recurrent
infections and hypogammaglobulinemia, and also have less circulating B cells [105], which
are normal or increased even in TACI-deficient patients [102, 103]. No primary
immunodeficiencies involving BCMA have been identified thus far.

Unlike patients with deleterious TACI substitutions, patients lacking MyD88 or IRAK-4 (a
kinase downstream of MyD88) have recurrent infections with pyogenic bacteria, including
encapsulated bacteria, but do not develop hypogammaglobulinemia and their responses to Tl
antigens such as capsular polysaccharides are impaired only sporadically in vivo [39, 1086,
107]. However, human TLRs and TACI recruit both MyD88 and IRAK-4 to trigger Tl Ig
diversification and production in vitro [12]. One possibility is that human TLRs and TACI
utilize a MyD88-independent pathways to initiate T1 1g responses and a MyD88-dependent
pathways to sustain T1 Ig responses over time. Alternatively, MyD88-dependent pathways
might be important to optimize the class and affinity of T1 Ig responses. A better
understanding of these issues would require a systematic analysis of intestinal and
respiratory Ig responses in patients with deleterious TACI, MyD88 or IRAK-4 substitutions.
In mice, lack of TLRs or MyD88 impairs intestinal T1 IgA production [28, 64], whereas lack
of TACI impairs systemic TI IgM, 1gG and IgA production [108], but has unclear effects on
respiratory T1 IgA production [67]. In light of these findings, it is likely that the contribution
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of TLR and TACI to mucosal immunity varies depending on the type of antigen (viral
versus bacterial, soluble versus particulate) and the route of immune challenge.

Concluding remarks

B cells represent a unique component of the adaptive immune system as they express both
specific Ig receptors and non-specific PRRs, including TLRs. This dual recognition system
facilitates the initiation of 1g diversification and production through either a TD pathway
involving CD40L or a Tl pathway involving BAFF and APRIL. TD and TI pathways are not
rigidly compartmentalized, as both require co-signals from Ig receptors, cytokine receptors
and TLRs for efficient B cell activation. In addition, there is crosstalk between TD and Tl
signals to optimize 1g diversification, Ig production and memory B cell survival [11, 53, 66].
Although the heterogeneity and plasticity of the B cell signaling systems reviewed here
might seem complex, more details of the role of innate signals in the generation of
immunoprotective and immunoregulatory B cells continue to emerge [54, 109]. Given the
key role of B cells in generating immunity and homeostasis at mucosal sites, a better
understanding of innate B cell-stimulating signaling networks will help to develop novel or
more effective vaccines against mucosal pathogens, including human immunodeficiency
virus [60]. Innate B cell-stimulating signals are further implicated in the survival and
expansion of autoreactive and neoplastic B cells [24, 26, 110] and therefore a more complete
knowledge of such signals will also be critical to devise better treatments against
autoimmune disorders and lymphoid tumors.

Box 1. TACI delivers Ig-inducing signals to B cells

TACI triggers CD40-independent Ig CSR and production by activating the classical NF-
«B pathway in B cells [39, 73, 111-113]. Multiples lines of evidence show the
importance of TACI in the induction of Ig responses in vivo. In mice, TACI deficiency
reduces serum IgA under steady-state conditions and impairs IgM, 1gG and IgA
responses to Tl antigens [108]. Consistent with this, APRIL-deficient mice show
decreased intestinal IgA production [114], whereas APRIL-transgenic mice show
enhanced IgM and IgG responses to Tl antigens [115]. Notably, lack of TACI also
increases peripheral B cell numbers [108, 116], possibly because TACI inhibits BAFF-R
and CD40 signaling in addition to stimulating CD40-independent Ig production [117]. In
humans, deleterious mutations of one or both TACI alleles are associated with about 8%
of cases of common variable immunodeficiency (CVID), a primary immunodeficiency
that predisposes to bacterial infections by impairing steady state as well as antigen-
induced IgM, 1gG and/or IgA production [102, 104]. Unlike TACI-deficient mice, CVID
patients with heterozygous or homozygous mutations affecting the extracellular or
transmembrane domain of TACI show defects in both Tl and TD arms of humoral
immunity, indicating that TACI is more important for Ig production in humans than is in
mice [103]. Although generally impairing Ig production in vitro [39, 102], TACI
substitutions do not always cause disease in vivo. Indeed, about 2% of the normal human
population carries a mutant TACI allele [118]. In addition, CVID develops most of the
times in the absence of TACI substitutions and a heterozygous TACI substitution did not
segregate with disease in one case of familial CVID [102, 103, 118, 119]. Furthermore,
in the case of two brothers with identical homozygous TACI substitution, CVID was
present only in one brother, whereas the other brother had low serum Igs but no disease
[102]. Thus, although having a negative impact on Ig production, TACI substitutions
seem to require additional genetic and/or environmental factors to cause disease.

Box 2. BAFF-R delivers growth signals to B cells
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BAFF-R facilitates the growth (i.e., increase of volume) of B cells by activating the
protein kinase mammalian target of rapamycin (mTOR) in the context of mMTOR complex
1 (mMTORCYL), a signaling module that also comprises regulatory associated protein of
mTOR (Raptor) [120]. BAFF activates mTORCL1 through protein kinase AKT1, also
called protein kinase B (PKB) [120, 121]. BAFF phosphorylates AKT1 via
phosphoinositide 3 kinase (PI3K)-mediated activation of phosphoinositide-dependent
kinase 1 (PDK1) [120]. BAFF would further elicit PI3K-independent phosphorylation of
AKT1 through protein kinase C g (PKCB) and mTOR complex 2 (mMTORC?2), a signaling
module that comprises rapamycin insensitive companion of mTOR (Rictor) [120-122].
Well-characterized downstream targets of mTORC1 are S6 kinase 1 (S6K1) and
eukaryotic initiator factor 4E (EIF4E) binding protein 1 (4EBP1) [120, 122]. After being
phosphorylated by mTORC1, S6K1 activates ribosomes and augments protein synthesis,
whereas 4EBP1 releases EIF4E, which then promotes mRNA translation [120, 122].
Interestingly, 4EBP1 is also phosphorylated by PIM2, a kinase induced by signaling via
NF-xB2, highlighting the presence of a close interplay between BAFF-induced survival
and growth signals in B cells [120]. In this regard, it must also be noted that the PI3K-
AKT1 pathway downstream of BAFF up-regulates the transcription of the gene encoding
myeloid cell leukemia-1 (MCL-1), a short-lived member of the B cell lymphoma-2
(BCL-2) protein family critical for the survival of peripheral B cells [120]. Furthermore,
BAFF increases the translation of MCL1 by activating mTORC1 and mitigates the
destabilization of MCL-1 by activating AKT1, which in turn relieves the negative
regulation of MCL-1 as imposed by glycogen synthase kinase p (GSKp) [120]. In
conclusion, alternative NF-kB signaling, PI3K-AKT1-mTOR signaling and up-regulated
expression of MCL-1 are critical events in the induction of survival and growth signals in
B cells exposed to BAFF. It remains unknown whether the PI3BK-AKT1-mTOR pathway
also contributes to Ig diversification and production.
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Figure 1.

BAFF and APRIL signaling networks in B cells. (a) TLR-activated epithelial cells (ECs)
from Peyer's patches release retinoic acid (RA), which “primes” TLR-activated FDCs to
produce BAFF, APRIL, the B cell-attracting chemokine CXCL13 as well as MMPs. These
enzymes generate active TGF-B1 from latency-associated peptide (LAP). As well as
producing additional BAFF and APRIL, TLR-activated TipDCs release nitric oxide (NO),
which up-regulates TGF-B1 receptor (TGFBR) on B cells. In the presence of B cell-intrinsic
TLR signals, engagement of TACI, BAFF-R and TGFBR by BAFF, APRIL and TGFf
stimulates IgA CSR and secretion. (b) Lymphoid tissue inducer (LTi) cells from isolated
lymphoid follicles release LT, which enhances production of TNF and DC-attracting
chemokines in local TLR-activated stromal cells (SCs). TNF up-regulates the expression of
MMPs and release of TGF-B1 in TLR-activated DCs, which also secrete BAFF and APRIL
as TLR-activated SCs do. BAFF, APRIL and TGF-p stimulate follicular B cells as in (a). (c)
TLR-activated ECs from the lamina propria release BAFF, APRIL and TSLP, which elicits
BAFF, APRIL as well as IL-10 production, in TLR-activated myeloid DCs. NO from TLR-
activated TipDCs further enhances DC production of BAFF and APRIL. Another DC subset
releases RA and IL-6, which promote IgA secretion. BAFF, APRIL and TGF-f stimulate
follicular B cells as in (a) together with engagement of IL-10R, IL-6R and retinoic acid
receptor (not shown). APRIL, a proliferation-inducing ligand; BAFF, B cell-activating
factor of the TNF family; CSR, class switch recombination; DC, dendritic cell; FDC,
follicular dendritic cell; MMP, matrix metalloprotease; TACI, transmembrane activator and
calcium-modulating ciclophilin-ligand interactor; TLR, Toll-like receptor.
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Figure 2.

Modalities of B cell activation by BAFF and APRIL. (a) Constitutive DC and stromal cell
(SC) release of soluble BAFF trimers (upper half) stimulates survival in follicular (FO) and
MZ B cells. BAFF trimers predominantly elicit signals through BAFF-R. Constitutive DC
and SC release of APRIL (bottom half) supports plasma cell survival in the bone marrow
(BM) and perhaps intestinal lamina propria (LP). APRIL trimers predominantly signal
through BCMA. (b) TLR-induced DC and stromal cell (SC) release of abundant BAFF and
APRIL trimers causes formation of virus-like BAFF multimers and HSPG-bound APRIL
multimers, which induce IgM production, 1gG IgA and IgE CSR, Ig secretion, survival and
differentiation by signaling through TACI as well as BCMA and BAFF-R in B cells and
plasma cells. HSPGs are in particularly expressed on SCs and plasma cells. APRIL, a
proliferation-inducing ligand; BAFF, B cell-activating factor of the TNF family; BCMA, B
cell maturation antigen; CSR, class switch recombination; DC, dendritic cell; HSPG,
heparan sulphate proteoglycan; MZ, marginal zone; TACI, transmembrane activator and
calcium-modulating ciclophilin-ligand interactor; TLR, Toll-like receptor.
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Figure 3.

BAFF and APRIL signaling pathways in B cells. Soluble BAFF multimers or cell-bound
APRIL multimers trigger recruitment of TRAF2, TRAF5 and TRAF6 to TACI, thereby
activating an IKK complex that mediates phosphorylation of IxBa, followed by proteasomal
degradation of I1xBo. In the absence of 1kBa, p50-p65 and p50c-Rel (not shown), NF-xB
dimers translocate from the cytoplasm to the nucleus, where they activate genes involved in
Ig CSR and production. A TACI highly conserved (THC) domain also recruits MyD88
similarly to TLR4 (expressed by mouse but not human B cells), TLR7, TLR8 and TLR9,
which are receptors for microbial lipolpolysaccharide (LPS), single-stranded RNA and CpG-
rich DNA. These TLRs are particularly abundant in B cells and recruit MyD88 through a
TIR domain. MyD88 signals from TACI and TLRs activate IKK through IRAK-1, IRAK-4,
TRAF6, TAK-1, TAB-1 (TAK-1-binding protein 1), and TAB-2 (TAK-1-binding protein 2).
Soluble BAFF trimers induce recruitment of TRAF3 to BAFF-R, followed by TRAF3
degradation through a mechanism involving interaction of TRAF3 with TRAF2 and
MALT1. In the absence of TRAF3, NIK elicits phosphorylation of p100, followed by
processing of p100 to p52 and translocation of p52-RelB complexes from the cytoplasm to
the nucleus, where they activate genes involved in B cell survival. BAFF-R can also activate
the canonical NF-xB pathway through a mechanism that remains unclear. CSR, class switch
recombination; IkB, inhibitor of NF-xB; IKK, IkB kinase; IRAK, IL-1 receptor-associated
kinase; MALT1, mucosa-associated lymphoid tissue lymphoma translocation protein 1;
MyD88, myeloid differentiation primary response gene 88; NIK, NF-kB-inducing kinase;
TIR doman, Toll-1L-1 receptor domain; TRAF, TNF receptor-associated factor.
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