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Abstract

The immune system has evolved into two main arms, the primitive innate arm that is the first line
of defense but relatively short-lived and broad acting, and the advanced adaptive arm that
generates immunologic “memory” allowing rapid, specific recall responses. T cell-independent
type-2 (TI-2) antigens (Ags) invoke innate immune responses. However, due to its “at the ready”
nature, how the innate arm of the immune system maintains tolerance to potentially abundant host
TI-2 Ags remains elusive. Therefore, it is important to define the mechanisms that establish innate
immune tolerance. This review highlights recent insights into B cell tolerance to theoretical self
TI-2 Ags, and examines how the B cell-restricted Siglecs, CD22 and Siglec-G, might contribute to
this process.
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B cell tolerance checkpoints that prevent autoimmune disease

During lymphocyte development, central tolerance mechanisms eliminate autoreactive T
cells in the thymus and B cells in the bone marrow. This prevents the vast majority of these
potentially destructive lymphocytes from inhabiting the periphery where they would
promote autoimmune disease. Nevertheless, a significant percentage of lymphocytes,
primarily B cells, escape negative selection and reside in peripheral lymphoid tissues [1, 2].
These B cells are generally characterized by a quiescent state of antigen (Ag) non-
responsiveness called anergy , have a shortened lifespan, and are found primarily within the
transitional B cell subsets that inhabit the spleen. It has been proposed that up to half of the
B cells generated in wild type mice undergo anergy once exposed to self Ags in the

periphery [3].

Maintenance of B cell anergy requires constant exposure to self Ag, as major B cell
phenotypic characteristics of anergy including shortened lifespan, enhanced basal
intracellular calcium levels, reduced IgM surface expression, and impaired trafficking of
internalized IgM are reversed when self Ag exposure is removed [1, 4-6]. B cell anergy
appears to be maintained through perpetual B cell Ag receptor (BCR) desensitization,
whereby the BCR signals poorly upon additional Ag stimulation and is partitioned away
from endocytic compartments required for Ag processing and stimulation of intracellular
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innate molecules such as toll-like receptors [6]. Thereby, anergic B cells specific for T cell-
dependent Ags cannot process and present Ag to helper T cells properly. These B cells thus
fail to receive necessary co-stimulatory signals from T cells and are rapidly turned over due
to accelerated apoptosis. The constant competition for B cell survival factors, including
BAFF (BLyS), are also likely to regulate homeostasis of the mature, transitional, and
anergic B cell pools [7]. Supporting this concept, transgenic mice overexpressing BAFF
develop autoimmune symptoms characteristic of lupus [8].

Persistence of the anergic B cell pool may function to fill “holes” in the peripheral B cell
repertoire, whereby subsequent BCR mutations or editing enables a shift in Ag specificity
and the participation of these cells in immune responses to pathogens. CD22 and Siglec-G,
B cell-restricted molecules, may serve as rheostats to maintain the proper balance of
transmembrane signals in this process. For example, CD22 negatively regulates B cell
signaling through the co-receptor CD40 [9-11], and B cells from Ca227/~ mice transgenic
for CD40 ligand that is constitutively expressed in the B lineage (CD154T¢ cg227")
proliferate spontaneously ex vivo [11]. Although both Ca227/~ and CD154T¢ mice develop
autoimmunity, the hallmark characteristic of CD1547C Ca227/~ mice is the abrogation of
isotype switching and 1gG autoantibody production [11]. This is explained by a dramatic
expansion of the IL-10-producing regulatory B10 B cell subset in the spleens of these mice.
Selective therapeutic depletion of this B cell subset in normal mice leads to heightened 1gG
responses to T cell-dependent Ags administered without adjuvant. Therefore, in the absence
of CD22 negative regulation, important compensatory mechanisms including expansion of
the regulatory B10 cell subset may maintain B cell tolerance by limiting pathogenic
autoantibody production and the severity of autoimmune disease [12].

This review highlights recent insights into another important aspect of B cell tolerance: how
non-responsiveness to potentially-abundant host TI-2 Ags is achieved. Bacterial TI-2 Ags
such as capsular polysaccharides stimulate B cell activation and antibody (Ab) production
independent of T cell help. However, these bacterial T1-2 Ags may be structurally similar to
molecules ubiquitously expressed by host cells, which would become accessible to Ag-
specific B cells by expression at tissue surfaces or when released from dead or dying cells.
Herein we describe how CD22 and Siglec-G appear to regulate tolerance to self-TI-2 Ags by
distinguishing these molecules from foreign TI-2 Ags, resulting in the suppression of
autoreactive B cell activation.

TI-2 Ags require unique tolerance mechanisms

Immune responses to T1-2 Ags are crucial for generating protective immunity to
encapsulated extracellular bacteria such as Streptococcus pneumoniae. These high molecular
weight Ags possess repetitive B cell epitopes and degrade slowly /in vivo, but do not require
associated T cell help or additional microbial products such as TLR agonists, and do not
have T cell epitopes that associate with MHC molecules [13, 14]. Elegant studies performed
over 20 years ago showed that TI-2 Ags must exceed a specific molecular mass and epitope
(e.g. hapten) valency to activate B cells [13]. TI-2 Ags exceeding these threshold
requirements produce an acute amount of BCR clustering, called an “immunon”, which is
capable of inducing B cell proliferation /n vivo. Multivalent BCR crosslinking by TI-2 Ags
induces rapid humoral immune responses, with 1gG3 representing the major 1gG isotype
produced in response to TI-2 Ags in mice [15, 16].

B cells responding to TI-2 Ags do not require a second co-stimulatory signal from helper T
cells for full activation in order to prevent autoimmunity. Therefore, unique tolerance
mechanisms may have evolved in order to optimize B cell responses to foreign T1-2 Ags
while suppressing B cell responses to self TI-2 Ags with similar activating potential. Among
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these possible mechanisms, humoral responses against pathogen TI-2 Ags are primarily
restricted to CD5* and marginal zone B cells [17-19]. These B cell subsets produce
relatively low affinity IgM Abs and have a limited capacity to become isotype-switched
memory B cells or long-lived plasma cells, suggesting that TI-2 Ags have a limited potential
for promoting pathogenic autoimmunity [19]. This likely explains why marginal zone B
cells display a diverse repertoire of BCR specificities that bind T cell-independent and —
dependent Ags, and some self-Ags [20]. Similarly, regulatory B10 cells share overlapping
phenotypic markers with CD5* and marginal zone B cells, and are significant source of
“natural” Abs [21, 22]. B10 cells also display a diverse repertoire of BCR specificities that
bind T cell-independent and — dependent Ags, and some self-Ags, which may allow them to
suppress humoral, cellular and innate immune responses to frequently encountered Ags [21].

Siglecs: Transmembrane receptors that modulate signal transduction

CD22

Siglecs are type-I transmembrane proteins that belong to the immunoglobulin (1g)
superfamily and function as mammalian lectins [23]. Their membrane-distal (N-terminal)
Ig-like domains bind species-specific sialic acid (Sia) motifs presented on protein and lipid
scaffolds. Siglecs regulate intracellular signaling pathways via conserved cytoplasmic
tyrosine motifs that become phosphorylated and recruit effector molecules in response to
intrinsic activation signals or ligand binding [23]. Siglecs that have been well described
include sialoadhesin (Siglec-1), CD22 (Siglec-2), and CD33 (Siglec-3). CD22 is a B cell-
restricted surface protein that modulates BCR signal transduction in mature B cells [24]. The
more recently described Siglec-G is also expressed by mature B cells, but primarily
influences signaling in the CD5* B1la cell subset [25-27]. Here we discuss how Siglecs
contribute to control of B cell function. We also examine recent data suggesting that CD22
and Siglec-G control B cell tolerance to self TI1-2 Ags [28]. The proposed models suggest
that CD22 and Siglec-G evolved to inhibit the generation of humoral immune responses to
self TI-2 Ags that are decorated with Sia ligands, while allowing for humoral responses to
foreign TI-2 Ags that lack these modifications.

Structure and expression

Ligands

Human and mouse CD22 have seven extracellular 1g-like domains [24]. The highest amount
of conservation occurs between the amino-terminal V-set Ig-like domain involved in ligand
binding, as well as the ~140 amino acid cytoplasmic domain which harbors conserved
tyrosine motifs, including immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that
recruit the potent phosphotyrosine and phosphoinositide phosphatases SHP-1 and SHIP [24,
29, 30] (Figure 1a). CD22 expression is B cell-specific and developmentally regulated in
both mice and humans, with the vast majority of mature peripheral B cells expressing CD22
[24]. In the spleen CD22 is expressed at high levels on follicular, mantle, and marginal zone
B cells, while germinal center B cells express CD22 weakly (Figure 1a). CD22 expression is
lost during B cell differentiation into plasma cells.

CD22 interacts with diverse Sia-bearing molecules expressed on various cell types,
including B and T cells, neutrophils, monocytes, and erythrocytes [31-33]. CD22 mediates
these cell-cell interactions through the recognition of A-linked oligosaccharides possessing
Sia residues [31]. Mouse CD22 binds ligands contain a.2,6-linked A-glycolylneuraminic
acid (NeuGc), whereas humans only express CD22 ligands in the form of A-
acetylneuraminic acid (NeuAc) [34-36]. B-galactoside a.2,6-sialyltransferase is a golgi
enzyme necessary for the generation of CD22 ligands [37], and ligand binding and
intercellular adhesion are eliminated by treating lymphoid and non-lymphoid target cells
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with neuraminidase [31]. Proposed CD22 ligands identified /n vitro include CD22 itself,
isoforms of CDA45, soluble IgM pentamers, haptoglobin, and Ly-6 proteins [38—40]. CD22 is
also reported to associate with the BCR [41], although it was recently suggested that cis
interactions between neighboring CD22 molecules have the greatest relevance in situ [42].

Transmembrane signaling

Proposed CD22 functions include regulation of transmembrane signaling, a sensing
mechanism for neighboring leukocytes, and B cell tissue localization [24]. The simultaneous
addition of CD22 monoclonal antibodies (mAbs) and anti-BCR Abs to human B cell
cultures results in more potent B cell proliferation than anti-BCR Abs alone [43], as does
pre-treatment of B cells with a solid-phase CD22 mAb prior to BCR stimulation [29]. Based
on this it was proposed that the physical sequestration of CD22 away from the BCR results
in “de-repression” of BCR signaling [44]. Supporting this, B cells from Ca227/~ mice
generate augmented intracellular [CaZ*]; responses after BCR engagement [29, 45-48], in
agreement with the identification of a CD19-CD22 regulatory loop that establishes B cell
signaling thresholds [49, 50]. Additional features of Cd227/~ mice are shorter B cell
lifespans, enhanced BCR-mediated apoptosis, and reduced numbers of circulating blood and
bone marrow B cells, but normal tissue migration patterns [9, 45, 47, 48].

CD22 ligand-binding domain interactions /n cis with other cell surface Sia-bearing
glycoproteins on B cells reportedly “masks” CD22 on the cell surface [51-53]. CD22
masking may provide continuous tonic suppressive signals, preventing B cell hyper-
activation through the BCR. CD22 masking is a readily reversible process, allowing CD22
to be redistributed to sites of cell-cell contact [31, 54]. CD22 is “unmasked” after B cell co-
stimulation via CD40, which may relieve CD22 negative regulation of BCR signaling within
germinal centers [53], where CD22 expression is also downregulated (Figure 1a).

Knock-in mice expressing either the CD22A1-2 or CD22AA CD22 mutants confirm the
importance of ligand-binding in maintaining B cell homeostasis [9]. CD22A1-2 mice
express a truncated CD22 protein that lacks both amino-terminal 1g-like domains, while
CD22AA mice express CD22 containing 2 point mutations in the first 1g-like domain that
abrogate ligand binding activity [55]. As in Cd227/~ mice, mature peripheral B cells and
recirculating bone marrow B cells in CD22A1-2 and CD22AA mice have high /n vivo
turnover rates [9]. Altered B cell homeostasis in these models suggests that CD22 ligand
binding serves as a sensing mechanism for endogenous Sia-decorated ligands (Figure 2a),
without which B cells become chronically stimulated and prematurely undergo apoptosis
[10]. Cell surface CD22 expression on mature B cells is also reduced in both CD22A1-2 and
CD22AA mice [9], indicating that ligand- binding activity retains optimal protein levels at
the cell surface. Nevertheless, [Ca2*]; responses, CD22 phosphorylation, and CD22/SHP-1
interactions following BCR stimulation ex vivoare normal in B cells from CD22A1-2 and
CD22AA mice, demonstrating that CD22 regulation of some key intracellular signaling
pathways through its cytoplasmic domain does not require ligand binding. This duality of
function for CD22 may serve as an example whereby a single molecule has evolved to have
multiple roles in transmembrane signaling.

A role in autoimmune disease?

A role for CD22 in tolerance was first suggested in an /n vitro study. B cell activation by
Ag- expressing target cells that co-expressed a2-6-Sia glycoconjugates was suppressed
when the B cells expressed CD22 [56]. The conclusion was that B cell negative regulation
by CD22 dampens reactivity to self-Ags, preventing autoreactive B cell activation. CD22
polymorphisms may also contribute to autoimmunity. At least three alleles of the Cad22 gene
have been identified [57, 58]. The Ca22%allele is uniquely found in some autoimmune-
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prone strains of mice, including DBA/1, DBA/2J, NZB, NZW, NZC, PL/J and AKR/J [59].
Likewise, a Ca22¢Lyh-8¢ allele was identified in BXSB mice that are lupus-prone [59].
Most polymorphisms of these alleles occur within the ligand-binding domain, suggesting
that alterations in CD22 ligand binding may contribute to autoimmunity. NZW mice also
synthesize aberrant Cd22 mRNAs that interfere with upregulated cell surface CD22
expression after LPS exposure [58]. Moreover, two independent Cd227~ mouse lines have
increased autoantibody production against double-stranded DNA, single-stranded DNA, and
histone complexes [11, 46, 60].

CD22 is the primary phosphoprotein associated with intracellular SHP-1 phosphatase in B
cells [49]. Motheaten (/me/me) mice that express no SHP-1 and motheaten viable (me“/me")
mice that express catalytically compromised SHP-1 have elevated levels of spontaneous
autoantibodies [61, 62]. B cells from both SHP-1-defective and Cd227/~ mice are hyper-
responsive to activation signals and have an IgM'© MHC class 11" phenotype [48, 63]. CD22
also negatively regulates CD19 function [49, 50], whereby CD22 deficiency coupled with
heightened CD19 signaling augments autoantibody production in mice [64, 65]. Thus,
impaired CD22 expression or function can alter B cell signaling thresholds and potentially
contribute to autoimmunity.

Structure and ligands

Function

Like CD22, Siglec-G is B cell-restricted, and broadly expressed by mature B cell subsets
[25]. Siglec-G is the mouse ortholog of human Siglec-10, having 5 extracellular Ig-like
domains and a cytoplasmic domain with 3 conserved tyrosine motifs, including one within a
consensus ITIM (Figure 1b). As with the multiple ITIMs of CD22, the Siglec-G ITIM likely
recruits SHP-1 to negatively regulate signaling, as already described for Siglec-10 [66]. Like
CD22, Siglec-G recognizes a.2-6 Sia residues of A-linked oligosaccharides [27]. However,
Siglec-G is unique in that it recognizes Sia ligands carrying both a2-3- and a.2-6-linkages
with similar affinities (Figure 2, [28]). The diverse ligand binding activity of Siglec-G along
with its structural differences from CD22 suggests that it has unique functions in regulating
B cell homeostasis and activation.

The CD5* Bla B cell population is enriched within the peritoneal and pleural cavities of
normal mice [67]. CD5* cells are uniquely expanded in Siglecg™~ mice, including within
the spleen [25], suggesting a more dominant role for Siglec G within this B cell subset than
in other B cell compartments. Supporting this, CD5* B cells from Siglecg™~ mice generate
augmented intracellular [Ca2*]; responses following BCR engagement [25]. CD22 and
Siglec-G also appear to have non-redundant functions as revealed in CD22 and Siglec-G
double-deficient (Cd22~ Siglecg™™) mice. B cells from Cd227'~Siglecg™~ mice are hyper-
proliferative to TLR agonists, and these animals develop augmented levels of anti-DNA and
anti-nuclear autoantibodies along with mild glomerulonephritis, all beyond that in mice with
single molecule deficiencies [68]. Siglec-G and Siglec-10 have also been shown to play a
role in the suppression of immune responses to danger-associated molecular patterns
(DAMPs) through their interactions with CD24, a process that appears to prevent tissue
damage by distinguishing DAMPs from pathogen-associated molecular patterns (PAMPS)
[69].

CD22 and Siglec-G may regulate B cell tolerance to self TI-2 Ags

Although foreign TI-2 Ags generally activate the marginal zone and CD5* B cell subsets
which produce relatively low affinity Abs, self TI-2 Ags may nevertheless evoke tolerance
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mechanisms to suppress cognate B cell activation. Without such mechanisms in place,
unencumbered activation of self-reactive B cells even within these largely innate-acting B
cell subsets would no doubt lead to autoimmune disease over time. While Sia-bearing
glycans are largely absent from most microbes, with the exception of some pathogenic
strains that may have evolved Sia expression as a means to subvert innate immune responses
[70], these glycans are ubiquitously expressed in nearly all animal tissues. This difference in
Sia expression between pathogen and host has led to the suggestion that B cell-restricted
Siglecs play a role in self/non-self discrimination to TI-2 Ags. It should be noted that
specific self TI-2 Ags have not been identified, but have been hypothesized to include
derivatives of living or dead host cells, such as cell membranes or membrane fragments,
which would theoretically harbor repetitive elements that are similar in structure to TI-2 Ags
derived from encapsulated bacterial surfaces [28].

It was recently shown that both CD22 and Siglec-G are able to recognize a model synthetic
TI-2 Ag harboring Sia motifs that have uniquely evolved in mammals [28]. In that study,
polyacrylamide (PA) served as the core multivalent backbone for Sia and non-Sia TI-2 Ag
conjugates. Using this model system, a TI-2 Ag composed of the “prototypic” mouse CD22
ligand NeuGca2-6Galp1-4GIcNAc (NeuGc) conjugated to PA (PA-NeuGc) bound well to
B cells from wild type mice. However, PA-NeuGc binding was reduced on B cells from
either Cd227~ or Siglecg™'~ mice, and was undetectable on B cells from Cd227~Siglecg™'~
mice, indicating that both Siglecs are involved in PA-NeuGc recognition. Thus, CD22 and
Siglec-G cooperatively mediate the binding of native Sia ligands that may modify currently
undefined self TI-2 Ags.

To test the hypothesis that self TI-2 Ags induce B cell tolerance via CD22 and Siglec-G, the
hapten nitrophenol (NP) was conjugated to synthetic TI-2 Ags. These conjugates included
PA alone (NP-PA), PA-NeuGc (NP-PA-NeuGc), and PA-NeuGc carrying an additional
modification of the molecule biphenyl-acetyl which appears to selectively augment CD22-
binding activity (NP-PA-bNeuGc). When immune responses to these T1-2 Ags were
measured in wild type mice, hapten-specific IgM and 1gG3 responses were robust for NP-
PA, but negligible for NP-PA-bNeuGc, and significantly reduced for NP-PA-NeuGc [28].
That NP-PA-bNeuGc more effectively inhibited humoral immunity than NP-PA-NeuGc was
attributed to its higher affinity for CD22. Remarkably, Siglecg™~ mice generated similar,
robust IgM and IgG3 anti-NP responses to both NP-PA and NP-PA-NeuGc. In wild type and
Cd227"~ mice however, IgM and 1gG3 responses to NP-PA-NeuGc immunization were
reduced relative to NP-PA, suggesting that Siglec-G played a dominant inhibitory role over
CD22 upon primary immunization with this model NeuGc ligand.

Additional experiments suggested that Sia TI-2 Ags do in fact induce B cell tolerance.
Immunization of wild type mice with NP-PA-NeuGc resulted in suppressed IgM and 1gG3
anti-NP responses upon secondary challenge with NP-PA. This effect was even more
striking when the NP-PA-bNeuGc conjugate was used, whereby mice were unresponsive to
secondary challenge with NP-PA for > 1 month. Primary 1gM and 1gG3 anti-NP responses
were even suppressed when NP-PA-bNeuGc was administered in Ribi adjuvant, which
contains TLR agonists and other proinflammatory agents, suggesting that self TI-2 Ags can
even prevent B cell activation during ongoing inflammatory responses. Importantly, the
expression of both CD22 and Siglec-G was required for optimal tolerance induction by NP-
PA-bNeuGc, as Cd227~ and Siglecg™~ mice each elicited significant IgM anti-NP
responses during secondary challenge with NP-PA. However, anti-NP 1gG3 responses
remained muted in Ca227/~, Siglecg™'~, and Cd227'~ Siglecg™'~ mice, which the authors
proposed may reflect the activity of an unidentified B cell Siglec bound by the high affinity
NP-PA-bNeuGc. Regardless, these studies provide compelling evidence that appropriately
sialylated NP-PA Ags are effective inducers of B cell tolerance, which may apply to natural
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self TI-2 Ags as well. The eventual identification of specific endogenous self TI-2 Ags will
allow this to be tested in future studies.

Models for CD22 and Siglec-G regulation of B cell tolerance to self Ags

CD22 and Siglec-G ligand binding might serve as global, Ag-independent desensitizing
mechanisms for the multitude of endogenous Sia-decorated self molecules, which regulates
tonic B cell signaling, subset development, and homeostasis (Figure 2a). In response to
foreign and self T1-2 Ags, the current data suggest a two step model regarding Siglecs and B
cell tolerance. First, tolerizing signals are muted when the BCR is heavily crosslinked by
foreign TI-2 Ags, as the BCR immunon is sequestered away from CD22/Siglec-G and their
inhibitory phosphatases (Figure 2b). By contrast, self TI-2 Ags suppress B cell activation
because they co-ligate the BCR and CD22/Siglec-G, bringing inhibitory phosphatases in
close proximity to the BCR complex, preventing immunon formation and positive activating
signals (Figure 2c). The latter scenario likely results in the apoptosis of some self TI-2 Ag-
specific B cells, although it appears that other B cells survive and are truly tolerized due to
alterations in important BCR-associated signaling pathways dependent on CD19 signaling
[28]. Whether this model applies to all TI-2 Ags as well as to self and foreign T cell-
dependent Ags is not clear.

Despite significant progress, gaps remain in our understanding of CD22 and Siglec-G
function. Also, the complex function of CD22 in B cell signal transduction adds complexity
to the interpretation of the new data suggesting a role in establishing tolerance. For example,
CD22 regulates some BCR-mediated signaling events through ligand-independent
mechanisms, and mice lacking CD22 ligand-binding activity have a reduction in marginal
zone B cells [9]. It remains to be explored whether Siglec-G molecules deficient in ligand-
binding activity function similarly. Thus, normal tolerance mechanisms may be altered in
unappreciated ways in Ca227/~ and Siglecg™'~ mice, potentially resulting in the clonal
deletion of T1-2 Ag-specific B cells from the periphery. Furthermore, while most B cells
express CD22 and Siglec-G (Figure 1), only a small fraction of B cells would be specific for
any given TI-2 Ag. Given this fact, coupled with the propensity of CD22 to rapidly
internalize from the cell surface [71, 72], it is reasonable to postulate that a major fraction of
self TI-2 Ags are bound and cleared by B cells independent of BCR ligation. From a
therapeutic standpoint, it also remains to be seen how efficiently an administered Sia-
bearing TI1-2 Ag would compete for CD22 and Siglec-G binding given the preponderance of
endogenous self TI1-2 Ags. Additional characterization of these processes should help clarify
operable tolerance mechanisms and rule out trivial explanations for the importance of CD22
and Siglec-G in both T cell-independent and — dependent immune responses.

Concluding remarks

CD22 and Siglec-G may maintain peripheral B cell tolerance through diverse mechanisms,
including ligand-mediated recognition of self TI-2 Ags, and the regulation and maintenance
of B cell subsets such as regulatory B10 cells, Bla cells, and marginal zone B cells [9-11,
25-28, 45-48, 60, 68, 73]. Thereby, modulating B cell homeostasis and activation by
altering the regulatory activities of CD22 and Siglec-G may be effective future strategies in
treating autoimmune disease. In support of this concept, the therapeutic efficacy of
intravenous Ig (IVIg) for autoimmune disease occurs at least partially through the
suppression of B cell activation via CD22, whereby the Sia-bearing fraction of 1VIg inhibits
BCR signaling and promotes apoptosis in human B cells [74]. A similar function for Sia-
bearing IgM complexed with Ag has been demonstrated utilizing primary mouse B cells
[75]. Furthermore, marginal zone B cells and CD5* B cells, each having a possible role in
the pathogenesis of some humoral autoimmune syndromes, are particularly susceptible to
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alterations in the expression and/or ligand-binding activities of CD22 and Siglec-G,
respectively [7, 9, 25, 26, 48, 68, 71, 73, 76]. Thus, targeting the ligand binding domains of
CD22 and Siglec-G with mAbs or ligand mimetics may be effective therapeutic agents
affecting B cell tolerance and subset distribution.
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Figure 1. CD22 and Siglec-G structure and expression
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The extracellular Ig-like domains and cytoplasmic tyrosine signaling domains of CD22 (a)
and Siglec-G (b) are indicated, along with their relative expression levels within lymphoid
compartments. Red indicates a high expression within specific anatomic structures or within
B cell lineages relative to low (pink) or lack of expression (white). NK, natural killer cells;

Mg, myelomonocytic lineage cells; PMN, neutrophils; DC, dendritic cells.
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Figure 2. Potential modelsfor B cell tolerance regulation by CD22 and Siglec-G

(a) Basal phosphorylation of CD22 and Siglec-G and interactions with endogenous Sia
ligands maintains B cell homeostasis, likely by balancing tonic signals generated through the
BCR on resting B cells. Recruited SHP-1 may dephosphorylate tyrosines of the BCR
ITAMs and downstream substrates such as CD19, while SHIP acts to dephosphorylate
specific inositol phospholipids involved in the generation of important second messengers.
A balance between these signals maintains B cell quiescence, optimizing peripheral
longevity. (b) During immune responses to foreign TI-2 Ags, the BCR of Ag-specific B
cells is crosslinked, while CD22 and Siglec-G are largely excluded from the BCR
signalosome. This leads to robust signaling by Syk recruited to the phosphorlated ITAMs of
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CD79, and also to optimal phosphorylation of CD19 (not shown), culminating in robust
downstream positive signals for B cell activation. CD22 and Siglec-G continue to balance
signals generated through the signalosome via SHP-1 and SHIP, preventing B cell hyper-
stimulation that may otherwise lead to apoptosis. (c) Self TI-2 Ags modified with Sia
ligands recognized by the BCR, CD22 and Siglec-G suppress B cell activation by co-
clustering these receptors. The phosphorylated ITIMs and other tyrosine-based signaling
sites of CD22 and Siglec-G recruit the inhibitory phosphatases SHP-1 and SHIP into the
BCR complex, preventing BCR immunon formation and the resulting positive signals that
induce proliferation and Ab production. These conditions are proposed to induce sustained
tolerizing signals through currently undefined mechanisms.
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