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Abstract

The best studied mechanisms of B cell tolerance are receptor editing, clonal deletion and anergy. All
of these mechanisms of B cell tolerance depend on the induction of signaling downstream of the B
cell receptor by self-antigens. However another important and distinct mechanism of B cell tolerance
involves the repression of antigen receptor signaling rather than its induction, utilizes the Lyn Src-
family kinase, the SHP-1 tyrosine phosphatase, inhibitory members of the Siglec family and a
carbohydrate modifying enzyme that is capable of negatively regulating B cell receptor activation
known as sialic acid acetylesterase.

One major reason for attempting to view autoimmune diseases through the prism of enzymes
that regulate immunological tolerance is that enzymes are particularly suitable targets for
therapy. Verdine and colleagues divide all therapeutics into two categories — protein
therapeutics and small molecules (1). Protein therapeutics include antibodies, cytokines, and
receptor-Ig fusion proteins and these target only extracellular molecules such as growth factor
receptors or integrins. Small molecules, on the other hand, can only target a subset of proteins
— proteins that posses a surface hydrophobic pocket (1). Targets containing such surface
hydrophobic pockets are estimated to constitute only 10-15% of all known proteins, and a
large fraction of these are enzymes. Some of the most important drug targets in diseases of
immunological interest are enzymes. In this review we will examine the role of a hitherto poorly
studied enzyme and the pathway that it regulates to mediate a distinct mechanism of B cell
tolerance.

We will initially consider the most widely studied mechanisms of B cell tolerance, which may
be categorized as tolerance mechanisms that depend on the induction of B cell receptor (BCR)
signaling by self-antigen. The rest of the review will focus on a distinct mechanism of B cell
tolerance that involves the repression of BCR signaling, and depends on the activity of sialic
acid acetylesterase (SIAE), a negative regulator of B cell signaling, functioning in a pathway
that requires the synergistic function of the Lyn tyrosine kinase and the SHP-1 tyrosine
phosphatase (2). The function of SIAE is opposed by a yet to be identified sialic acid 9-O-
acetyltransferase. This mechanism of peripheral B cell tolerance is one that is not addressed
by conventional antigen receptor transgenic and knockin approaches to the study of tolerance,
which typically examine tolerance to high affinity model self-antigens. Unlike all the other
“conventional” mechanisms of tolerance, this SIAE-linked process depends not on BCR
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signaling itself but on inhibitory receptors that attenuate BCR signaling. SIAE may also be
particularly relevant from a human autoimmunity standpoint.

BCR signal strength and positive and negative selection events during B cell

ontogeny

The pre-BCR selects developing B lineage cells that have made in-frame rearrangements of
their Ig heavy chain genes and helps mediate allelic exclusion at the Ig heavy chain locus in
these selected cells. Pre-BCR selected cells then go on to rearrange their Ig « light chain genes.
Subsequently, many different cell-fate decisions are mediated by BCR signaling. BCR
signaling may be antigen-independent, and these signals from the receptor in the absence of a
ligand are often referred to as tonic signals. It may also be initiated by self-antigen of relatively
high affinity that can contribute to the induction of self-tolerance mechanisms in immature B
cells. Activation of B cells by self-antigen, presumably of lower affinity than that of tolerogenic
self-antigens, (or possibly by self-antigen that is not available to immature B cells but can be
accessed by mature B cells), can influence lineage commitment events in developing B cells,
in a manner akin to positive selection in T cells.

An immature B cell that has productively rearranged its k light chain locus initially generates
tonic BCR signals if it does not immediately encounter self-antigen. These tonic BCR signals
can contribute to the shut-off of Rag gene expression and thus complete the processes of allelic
and isotypic exclusion by terminating rearrangement at all Ig loci. Tonic signals may also
contribute to the emigration from the bone marrow to the spleen of the majority of newly
generated B cells (3-5). While self-tolerance mechanisms in immature B cells depend on self-
antigen mediated BCR signaling that is stronger than tonic signaling, as cells mature these
central tolerance mechanisms presumably cease to operate. In more mature B cells the tickling
of B cells by self-antigen of differing affinities may contribute to lineage commitment events
such as the follicular versus marginal zone B lymphoid cell fate decision (6). There is a
continuum of BCR signal strength that contributes to both positive and negative selection
events during B cell development.

B cell tolerance mechanisms that depend on the induction of BCR signaling

There are three widely studied mechanisms of B cell tolerance: receptor editing, deletion, and
anergy. In all of these mechanisms, either enhanced BCR signaling or repetitive BCR signaling
by a self-antigen drives the tolerance induction process. Receptor editing and deletion represent
central tolerance mechanisms whereas anergy is initiated in a central or peripheral lymphoid
organ but is completed in the periphery. Receptor editing involves the reactivation or continued
expression of Rag genes when an autoreactive B cell encounters a high affinity, likely
multivalent, self-antigen, which results in continued Rag gene expression that induces further
light chain gene rearrangement and the deletion of the previously auto-reactive
immunoglobulin light chain gene (7,8). The “new” light chain in an edited B cell may be either
a k light chain or a A light chain. All A light chain expressing B cells are believed to represent
cells that have gone through the process of receptor editing.

An alternative mechanism of central tolerance is the deletion of self-reactive B cells, and this
may occur in immature B cells in the bone marrow or in transitional B cells in the spleen (9—
11). Another mechanism of tolerance revealed from studies involving BCR transgenic mice is
referred to as anergy (12). Anergic self-reactive B cells are particularly dependent on BAFF
(B cell activating factor of the tumor necrosis factor family) for survival in follicles and have
a shortened lifespan (13,14).
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The earliest mouse models involving B cell receptor transgenes typically involved the insertion
of DNA concatemers into random euchromatin sites which favored expression. Transgenes
encoded relatively high affinity B cell receptors for selected model antigens. When such mice
were crossed into the appropriate membrane bound antigen transgenic mouse (in which the
model self antigen was functionally multivalent), even if editing occurred, as we can now infer
it did, the editing process did not have the ability to recombinationally delete the transgenic
self-reactive light chain that was integrated at some site other than the k light chain locus itself
(9,10). Although the earliest transgenic models described deletion-dependent tolerance,
deletion perhaps occurred because the editing process in this model system could not eliminate
the self-reactive (transgenic) light chain. Once BCR knockin models became available, and
the introduced rearranged self-reactive light chain was integrated in the endogenous « locus,
it became apparent that relatively high affinity multivalent self antigens preferentially drive
receptor editing, while soluble high affinity antigens appear to be capable of both inducing
receptor editing and anergy (15-17). It is possible that the recognition of some self-antigens
is largely dependent on the Ig heavy chain, and in these cases deletion may be crucial for
tolerance. Most data suggests however that receptor editing is probably the major mechanism
of central B cell tolerance.

The majority of developing human B cells are self-reactive (18) and defects in receptor editing
have been in described in patients with systemic lupus erythematosus and type | diabetes
(19). Mice carrying allelic variants of the SLAM family Slel gene are more susceptible to lupus
and it is presumed that these mutant mice have a poorly explained defect in BCR signaling that
leads to defective receptor edition and/or deletion (20).

Peripheral B cell tolerance mediated by the repression of BCR signaling by
the SIAE-Siglec-SHP-1 pathway

Siglecs are sialic acid binding Ig domain containing lectins (reviewed in 21). A prominent and
well-studied Siglec in B cells is CD22 or Siglec 2. CD22 binds to N -glycans that contain sialic
acid in a2,6 linkage to an N-acetyllactosamine moiety, and is rapidly phosphorylated on
cytoplasmic inhibitory tyrosines by Lyn, a Src family tyrosine kinase, and this is followed by
the recruitment of SHP-1, an SH2 domain containing tyrosine phosphatase to immunoreceptor
tyrosine-based inhibitory motifs (ITIM) on the cytoplasmic tail of CD22 (22-26). Although
initial studies on B cell lines and tonsillar B cells demonstrated that in activated B cells CD22
associates with membrane immunoglobulins including both IgM and 1gG depending on the B
cell involved (27), the “physiologically relevant” ligand for CD22 has variously been reported
to be CD45, or CD22 itself and this issue has remained somewhat controversial and will be
addressed further below (28,29).

SIAE is an enzyme that removes O-acetyl moieties from 9-O-acetylated sialic acid (30,31).
We have demonstrated recently that SIAE is a protein that can localize to the cell surface or
be secreted following overexpression in vitro, but nonetheless functions in a B cell intrinsic
manner in vivo to permit the inhibition of BCR signaling by CD22 and possibly other Siglecs
(2). The B cell intrinsic requirement was ascertained by performing BCR-induced calcium flux
studies on purified B cells and by reconstitution studies using Siae mutant hematopoietic stem
cells of Rag null recipients in which all the developmental phenotypic changes seen in Siae
mutant mice are preserved.

It had earlier been demonstrated that CD22 binds in vitro only to a2—6 linked sialic acid-
containing ligands in which sialic acid is not acetylated at the 9-OH position (32). Murine
CD22, in addition, can only bind to a.2—6 linked sialic acid containing ligands in which sialic
acid, that is not acetylated in the 9-OH position, also contain an N-glycolyl moiety, but not an
N-acetyl moiety, at the C5 position (33). This latter modification of sialic acid depends on the
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cytosolic conversion of CMP-N-acetyl sialic acid to CMP-N-glycolyl sialic by the enzyme
CMP Neu5-acetyl hydroxylase (CMAH; 34), an enzyme that is not found in functional form
in humans.

In mice harboring a homozygous mutation in Siae, we noted an enhancement of BCR signaling
and a predicted reduction in both marginal zone B cells and perisinusoidal bone marrow B cells
that are seen in mice lacking negative regulators of the BCR (2,6,35,36). These mutant mice
developed high titers of autoantibodies at a relatively young age, and also presented with 1gG
containing glomerular deposits, typical of an immune-complex disease. We also examined
mice that lack Cmah, the hydroxylase required for the cytosolic generation of N-glycolyl sialic
acid. These mice lack Neu-5Gc (the N-glycolyl form of sialic acid that is required for binding
to murine CD22). Cmah null mice also exhibited enhanced BCR signaling and reductions in
marginal zone B cells and bone marrow perisinusoidal B cells (2).

CD22 has been considered an inhibitory enigma (28), and the literature on this particular Siglec
is filled with numerous contradictions and unfortunately this review cannot address all the
controversies that surround this Siglec. The results from the study of Siae and Cmah mutant
mice do not support a model that suggests that a2—6 sialic acid-containing ligands might
actually prevent CD22 from inhibiting BCR signaling. A key basis for this latter model, in
which CD22 is visualized as requiring its carbohydrate binding activity to prevent it from
attenuating BCR signaling, has been the study of double mutant mice lacking both ST6Gall
and CD22. ST6Gall null mice lack a2—6 linked sialic acid and exhibit diminished BCR
signaling. This was initially not an expected result, since the global loss of a2—6 linked sialic
acid might have been expected to result in the attenuation of CD22 function and thus contribute
to enhanced BCR signaling. Two groups independently studied cd22~/~/ST6Gall~/~ double
knockout mice, and reported that BCR signaling was enhanced in a fashion identical to that
seenin CD22 null mice (29,37). This result has been on occasion interpreted as the “restoration”
of BCR signaling in double mutant mice (29). In both published reports, the data are
impeccable, and the results of the genetic cross are unequivocal: the calcium flux studies
demonstrate that the loss of both CD22 and ST6Gall results in enhanced BCR signaling in a
manner identical to that seen in the cd22~/~ mouse. Clearly the cd22 null phenotype is dominant
in the double mutant mouse, and the loss of CD22 does not “restore” BCR signaling that is
defective in the ST6Gall knockout mouse. A more conventional interpretation of this mouse
cross therefore indicates that there is no genetic basis for implying that CD22 can positively
regulate BCR signaling.

In contrast to studies in which there is a complete loss of 02—6 linked sialic acid, studies on
Siae and Cmah mutant mice each suggest that when a subtle alteration is made to the structure
of sialic acid that compromises its ability to bind to CD22, CD22 fails to deliver optimal
inhibitory signals and BCR signaling is enhanced. These results lend strong support to the view
that in vivo, functional CD22 ligands do contain a2—6 linked sialic acid moieties. These results
also indirectly support the original view expressed by Peaker and Neuberger that the BCR may
be a physiological ligand for CD22 (36). It may well be that in activated B cells sialic acid
moieties linked to the clustered BCR might more readily ligate CD22, bring the latter into the
vicinity of active Lyn, and thus contribute to the rapid CD22 ITIM phosphorylation seen after
B cell activation. The total absence of a2—6 linked sialic acid in the ST6Gall knockout mouse
might therefore represent a relatively drastic alteration that perhaps results in fairly widespread
aberrant capping of the N-acetyllactosamine termini of N-glycans; this in turn might contribute
in a poorly understood way to the variety of defects seen in ST6Gall knockout mice.

CD22 and SIAE are both expressed at higher levels in mature as compared to immature B cells.
CD22 mutant mice in one study exhibited the presence of anti-DNA antibodies when these
mice are about 9 months old (38). Lyn mutant mice and mice with a B cell specific deletion of
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SHP-1 both develop a lupus like syndrome (39,40). It is worth keeping in mind that the
autoantibody phenotype of CD22 null mice is relatively mild, and that these mice do not
develop a lupus like syndrome. Since the phenotype of Siae mutant mice appears to be more
severe than that seen in CD22 null mice, we have postulated that SIAE may regulate the
availability of ligands for CD22 as well as possibly ligands for additional Siglecs in B cells.
A potential candidate Siglec that might be regulated by SIAE in B cells is Siglec G or its human
counterpart Siglec 10 (41). A recent study suggests that Siglec G and Siglec 10 may inhibit
signals initiated by DAMPs (death associated molecular patterns) via CD24 on innate immune
cells and B cells (42).

An established biochemical pathway that mediates B cell tolerance involves SIAE, CD22, Lyn,
and the phosphatase SHP-1 (2,43-45). It may also involve additional Siglecs (see Figure 1).
This pathway dampens BCR signaling, and mutations in it presumably contribute to
autoimmunity by resulting in enhanced BCR signal strength. This pathway could be postulated
to be biochemically antagonized by SIAT (sialic acid acetyltranferase), the yet to be
molecularly characterized enzyme that transfers acetyl moieties on to the 9-OH position of
sialic acid (Figure 1).

Mutations contributing to autoimmunity in Shp-1 conditional mutant mice, Lyn mutant mice
and Siae mutant mice result in enhanced BCR signaling while the reverse would be believed
to be true for potential mutations attenuating receptor editing, anergy, or deletion. The
processes of receptor editing, deletion, and anergy occur primarily in immature/transitional B
cells, whereas the SIAE checkpoint is likely to be involved in peripheral B cell tolerance only.
The view that this biochemical pathway may be relevant only in the periphery is supported by
arecent study showing that the Lyn-CD22-SHP-1 inhibitory pathway mediates B cell tolerance
only in mature B cells (43).

What exactly is the role of SIAE-dependent Siglec inhibitory signaling in a tolerance context?
While CD22, SHP-1 and Lyn have been postulated to mediate tolerance by fine tuning BCR
signaling (44) and setting a threshold for B cell activation (45), an actual mechanism for
tolerance induction by this pathway has not been postulated, and no definitive insights
regarding this inhibitory pathway have been revealed from the study of BCR transgenic and
BCR knockin mouse models to date. This may well be because the traditionally used BCR
transgenes and knockins tend to focus on high affinity BCRs for model self-antigens. We
postulate three possible scenarios wherein this biochemical pathway might be critical for
peripheral B cell tolerance (Figure 2). Auto-antibodies are almost always class switched 1gGs
that have undergone somatic mutation. Isotype switching and somatic mutation are generally
T-dependent processes although some switching and somatic mutation may also occur ina T-
independent manner. Weakly self-reactive B cells may be maintained in a non-activated state
by SIAE-Siglec-Lyn-SHP-1signaling and these B cells may thus be unable to effectively
internalize cognate self-antigens and/or may be defective in the ability to induce the chemokine
receptor CCRY following encounter with self-antigen. As a result weakly self-reactive B cells
may be unable, in the wild type context, to move towards the T cell zone to obtain T cell help.
If a component of the SIAE-Siglec-Lyn-SHP-1 pathway is functionally defective, a weakly
self-reactive B cell might no longer be constrained and then BCR signaling may be sufficiently
strong enough to facilitate CCR7 induction, optimal internalization of self-antigen containing
complexes and subsequent migration of the B cell towards the T cell zone (Figure 2A). Either
aconcurrentbreak in T cell tolerance or the formation of a transient complex during an infection
between a self-antigen and a non-self protein might permit T cell help to be provided to a
weakly self-reactive B cell that has a defect in inhibitory signaling. Such a B cell might therefore
be at risk for somatic mutation and the consequent generation of high affinity auto-antibodies.
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Another possible anatomic site at which the SIAE-Siglec-Lyn-SHP-1 pathway may be crucial
for tolerance maintenance is the germinal center itself (Figure 2B). Humans do not express
functional CMAH; however in mice Cmah is downregulated in germinal center B cells
resulting in B cells that express the GL7 epitope (sialic acid that is exclusively N-acetylated at
the C-5 position), but lack physiological ligands for murine CD22 (34). Enhanced BCR
signaling is perhaps a prerequisite for proper germinal center formation. It is unclear whether
centrocytes in the light zone express functional CD22 ligands. It is conceivable that inhibitory
signaling in centrocytes contributes to preventing the selection of self-reactive mutated B cell
clones, and that a defect in inhibitory signaling in centrocytes may be permissive for the
expansion of autoreactive B cells that may not have otherwise attained the signaling threshold
for selection by antigen presented on follicular dendritic cells (Figure 2B).

A final possibility that is worth considering is a possible role for B cells in autoimmunity that
is not restricted to autoantibody formation. It is possible that in some autoimmune disorders
the primary requirement for auto-reactive B cells in the process of pathogenesis is for the
efficient presentation of auto-antigen to autoreactive T cells. A defect in the SIAE-Siglec-Lyn-
SHP-1 inhibitory pathway may facilitate the ability of weakly self-reactive B cells to internalize
self-antigen and present the auto-antigen in a particularly efficient manner to inflammatory T
helper cells that could for instance be of the Th17 or Th1 subsets (Figure 2C). Such a scenario
could be relevant in a tertiary lymphoid structure such as a multiple sclerosis plaque.

SIAE might also be defective in patients with autoimmune disease and therefore an
understanding of the potential mechanisms by which this esterase and its biochemical partners
contribute to tolerance and autoimmunity could eventually prove to be of therapeutic
importance. The knowledge that enzymes represent optimal targets for small molecule
inhibitors, suggests that this tolerance pathway may well point the way to novel therapeutic
approaches in autoimmunity. For instance, small molecule inhibitors of SIAT would
theoretically represent a new class of potential therapeutics in autoimmune disorders.
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Figure 1.

The SIAE (sialic acid acetylesterase)-Siglec pathway for inhibitory signaling. [1] The B cell
receptor (BCR) and other membrane glycoproteins can have terminal sialic acid decorated N-
glycans that are acetylated on the 9-OH position of a2,6 linked sialic acid by SIAT (sialic acid
acetyl transferase). [2] These acetyl moieties can be removed (deacetylation) by SIAE either
in a vesicle or at the cell surface. [3] Deacetylation of N-glycan sialic acids allows interaction
with Siglecs such as CD22 as well as others. This interaction can result in the recruitment of
phosphatases such as SHP-1 to Siglec ITIMs (immunoreceptor tyrosine-based inhibitory
motifs) [4] and consequently inhibition of BCR signaling [5].
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Fig. 2C

Autoreactive B cell

. Autoreactive CD4+ T cell
Autoantigen

£

BCR

1

Self- tive B cell with SIAE-Sigl
reactive ® celfwi Islec Activated autoreactive CD4+ T cell

pathway defect more efficiently
presents auto-antigen
to helper T cells

Figure 2.
Possible mechanisms by which the SIAE-Siglec pathway could mediate tolerance at the B cell

level. (A) Within the B cell follicles of lymph nodes, inhibitory signals prevent weakly
autoreactive B cells from migrating to the T cell zone and receiving T cell help in the form of
activating signals. In contrast defective inhibitory signaling via the SIAE-Siglec pathway
allows autoreactive B cells to migrate to the T cell zone where they receive T cell help, undergo
somatic mutation and secrete high affinity autoantibodies. (B) Within the germinal center,
inhibitory signaling prevents autoreactive B cells from being positively selected in the light
zone. Attenuation of SIAE-Siglec inhibition increases the probability of selection of low
affinity autoreactive B cell clones. (C) Inhibitory signals mediated by the SIAE-Siglec pathway
normally prevent B cells from serving as efficient auto-antigen presenting cells however
disruption of this pathway allows B cell presentation to autoreactive T cells.
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