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Summary

A byproduct of the largely stochastic generation of a diverse B-cell specificity repertoire is production
of cells that recognize autoantigens. Indeed, recent studies indicate that more than half of the primary
repertoire consists of autoreactive B cells that must be silenced to prevent autoimmunity. While this
silencing can occur by multiple mechanisms, it appears that most autoreactive B cells are silenced
by anergy, wherein they populate peripheral lymphoid organs and continue to express unoccupied
antigen receptors yet are unresponsive to antigen stimulation. Here we review molecular mechanisms
that appear operative in maintaining the antigen unresponsiveness of anergic B cells. In addition, we
present new data indicating that the failure of anergic B cells to mobilize calcium in response to
antigen stimulation is not mediated by inactivation of stromal interacting molecule 1, a critical
intermediary in intracellular store depletion-induced calcium influx.
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Modes of B-cell tolerance

The ability of the adaptive immune system to provide protection against pathogens depends
upon a diverse repertoire of antigen receptors that enable recognition of a seemingly infinite
range of foreign protein and carbohydrate antigens. Diversity is generated early in lymphocyte
development by random rearrangement of immunoglobulin (Ig) V, D, and J region gene
segments. The random nature of this process leads inevitably to generation of receptors that
recognize self-antigen. It is estimated that as much as 70% of early immature human B cells
are self-reactive (1). It appears that in about a third of these self-reactive immature B cells
autoreactivity is eliminated by receptor editing, wherein new Ig gene rearrangement generates
an alternate light chain that pairs with the existing Ig heavy chain, altering specificity (2,3). If
editing fails to eliminate reactivity, the B cell is deleted by apoptosis (4). Experimental evidence
shows that only a few percent of B cells meets this fate (5).

Although these modes of ‘central’ tolerance silence B cells in the bone marrow (BM), many
self-reactive B cells escape to the periphery where they must be silenced by alternate
mechanisms. Studies in the 1970s demonstrated that B cells from peripheral lymphoid organs
can be rendered tolerant by exposure to antigen in vitro. In these early studies, the mechanism
by which B cells were rendered tolerant was often referred to as clonal inactivation/abortion
based on the fact that the frequency of antigen-specific, antibody-secreting cells fell drastically
following tolerizing treatments. However, these experiments did not distinguish between the
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possibilities that this was due to death of the antibody-forming cell precursor or continued
survival of these cells in a state unresponsive to antigen.

This question was first addressed by Pike and Nossal (6), who used a fluorescein (Flu)
conjugated human y globulin (HGG) to induce tolerance and subsequently analyzed the
relationship between capacity to generate antibody responses and frequency of the Flu-binding
B cells. They found that in mice treated as neonates or in utero with high doses of Flu-HGG,
there was a significant reduction in the number of Flu-binding cells, suggesting editing or
deletion. However, when they used lower antigen doses they found no reduction in the number
of Flu-binding cells despite effective induction of tolerance. The authors coined the term
‘anergy’ to describe this mechanism of silencing in which autoreactive B cells persist yet are
unresponsive to antigen.

Although the conclusions of Pike and Nossal would prove correct, there were caveats in the
interpretation of these original experiments. For example, the antibody-forming cell precursor
frequency they observed was much lower than would have been predicted based on the antigen-
binding cell frequency. Therefore, many of the antigen-binding cells enumerated in the naive
mouse may not have been responsive to the antigen, and these ‘irrelevant’ cells would have
been retained after tolerance induction, leading to the false conclusion that antibody-secreting
cell precursors were not deleted. Moreover, like all previous B-cell tolerance studies, the
approach involved induction of tolerance using exogenous foreign antigen in contrast to the
physiological situation in which the self-antigen would be present throughout the ontogeny of
autoreactive B cells. Finally, the tolerogen used in the studies, Flu-HGG, may have bound the
inhibitory 1gG receptors (FcyRIIB) expressed by B cells, and this binding could have altered
the subsequent immune response. Thus, although Pike and Nossal coined the concept of anergy,
only later work proved that anergy is operative in the silencing of autoreactive B cells in
vivo (7).

The first clear evidence that autoreactive B cells can inhabit peripheral lymphoid organs in an
antigen unresponsive or anergic state came from studies using an Ig transgenic (tg) mouse in
which B-cell receptor (BCR) specificity was fixed (7,8). Goodnow and colleagues compared
the effect on B cells of conditions in which cognate antigen is expressed in the animal from
embryogenesis, to conditions where the antigen is absent and B cells remain naive. In this
model, mice (MD4) co-expressed heavy chain (both p and 8) and light chain transgenes to
produce a BCR with high affinity (2 x 1072 M) for hen egg lysozyme (HEL). These mice were
bred with transgenic mice that express soluble HEL (ML5 mice). In an F1 hybrid of MD4 and
ML5 mice that express a BCR recognizing ‘self” HEL, B cells develop relatively normally as
indicated by appearance in the periphery of transitional 1 (T1) and T2 cells. However, the
number of mature follicular B cells is greatly reduced compared with MD4 mice. Interestingly,
in MD4 x ML5 mice, most splenic B cells reside in a phenotypic stage reminiscent of late
transitional cells. Chronic exposure of peripheral B cells to HEL (serum levels greater than
10-20 ng/ml) results in anergy, as defined by unresponsiveness to antigen stimulation. This
unresponsiveness is not due to inaccessibility of antigen receptors as a consequence of bound
self-antigen: only 45% of the surface receptors are occupied by antigen (9). Upon antigen
stimulation, the B cells fail to proliferate and differentiate into antibody-secreting cells, either
during immunization with exogenous HEL or in response to the innate Toll-like receptor (TLR)
agonists CpG-containing DNA and lipopolysaccharide(10,11).

Subsequent studies utilized transgenesis to generate mice in which B cells were specific for
endogenous antigens against which tolerance is often broken in autoimmunity. Anti-DNA
antibody formation is the hallmark of the autoimmune disease in systemic lupus erythematosus
(SLE) and some autoimmune mouse strains, e.g. MRL.Fas!P/IP" or NZB/NZW mice (12,13).
A model developed by Shlomchik et al. uses an anti-DNA heavy chain variable region (3H9)
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derived from an autoimmune MRL.Fas!P/IP" mouse (2,14,15). The tg heavy chain pairs with
endogenous light chains to generate a polyclonal B-cell repertoire enriched in cells specific for
single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA), in addition to a population
of non-DNA-specific B cells. These V33H9 mice (on a BALB/c background) were further
crossed with V8 tg mice to generate V33H9V«8 mice, in which specificity of peripheral B
cells to sSDNA was assessed using immunofluorescence and production and characterization
of hybridomas. Over 60% of IgM™ splenic B cells bound ssDNA. More than 50% of hybridomas
generated using this mouse produced antibodies that bound sSDNA. These mice produce
normal number of IgM* B cells in the periphery yet do not produce DNA-specific antibodies,
indicating anergy of DNA-specific B cells. Discrepant results were seen in a second anti-DNA
model. The heavy chain variable region from an anti-DNA antibody (D42) derived from NZB/
NZW mouse was knocked in to the Ig locus to allow class switch and somatic mutation (16,
17). Even when on a non-autoimmune prone genetic background, these mice produce
autoantibodies that bind ssDNA and dsDNA with a wide range of affinity.

Additional insight regarding mechanisms operative in anergy have been learned from Ig
transgenic mice in which B cells react with the hapten p-azophenlyarsonate (Ars) and cross-
react with endogenous autoantigen (ssDNA) (18). These mice were originally generated to
provide freedom to control the affinity and avidity of the antigen in studies of BCR signaling.
These Ars/Al mice produce migM and mlgD that bind Ars with moderate affinity of 2 x
107> M and ssDNA with a low affinity of 2 x 1073 (19). B cells in the mouse progress though
T1 and T2 stage, but both follicular and marginal zone (MZ) cells are greatly reduced in
number. B cells in this mouse are anergic, as judged by inability to mount immune responses
to thymus-dependent and -independent Ars immunogens. The ability of the Ars-specific BCR
to cross-react with ssDNA provided the opportunity to study reversibility of anergy by
competitive dissociation of autoantigen using monovalent Arsonate. These experiments
showed that most indicators of anergy are reversed within a few minutes of removal of
autoantigen from the BCR (20). These results indicate that anergy is maintained primarily by
biochemical signaling circuitry activated by chronic BCR occupancy, rather than by durable
mechanisms such as genetic reprogramming.

Use of the transgenic models described above left open the question of the importance of anergy
to silencing self-reactive cells under physiologic conditions. Merrell et al. (21) and Teague et
al. (22) noted that anergic B cells seen in both the Ars/Al and MD4 by ML5 models exhibit a
similar surface marker phenotype. These cells express mature B-cell markers such as CD23,
CD21, migD, and migM, but also express the immature B-cell marker CD93. Although less
extensively examined, a similar phenotype was reported for 3H9VA2 anergic B cells (15,23).
In all cases, mIgM is reduced relative to T1, T2, and follicular B cells. We explored the
occurrence of cells of this phenotype in wildtype (wt) C57BL/6 mice and MD4 tg C57BL/6
mice (21). Five to eight percent of B cells in C57BL/6 mice were found to exhibit this
phenotype, while this cell population was absent in the foreign antigen specificity-biased
repertoire of MD4 anti-HEL mice. We further showed that these cells display defects in BCR-
mediated signaling similar to anergic transgenic B cells, fail to mount immune responses, and
are enriched in autoreactive cells. Finally, these cells, which were previously referred to as T3
cells, exhibit a short half-life reminiscent of transgenic anergic B cells (24). We concluded that
this population represents a physiologic cohort of anergic B cells, and thus we refer to them as
Anl (anergic population one) cells. Interestingly, the frequency of these cells considered in
the context of their short lifespan leads to the prediction that nearly 50% of newly produced B
cells are destined to become anergic. This conclusion is consistent with the suggested 70%
frequency of autoreactive B cells among the earliest immature B cells in BM, and reports that
approximately 25% of peripheral B cells have edited (1,25). As discussed earlier, anergic B
cells from transgenic models as well as Anl cells generally exhibit a transitional phenotype,
suggesting that these cells may simply be arrested at an immature developmental stage.
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Alternatively, the Anl phenotype may represent a unique compartment that is accessed by B
cells at any developmental stage following induction of anergy. To address this question, we
adoptively transferred mature MD4 B cells into ML5 mice and monitored subsequent changes
in their surface phenotype. These mature B cells were found to adopt the An1 phenotype within
48 h of transfer to an antigen-sufficient animal (21). These findings support the notion that
anergic B cells are not developmentally arrested but may enter the Anl compartment from
mature stages. Since T cells in ML5 mice are anergic (26), acquisition of this anergic phenotype
can be viewed as the consequence of receiving signal one in the absence of signal two, as
hypothesized by Bretcher and Cohn (27).

Given the reversible nature of B-cell anergy, a logical question is whether anergic B cells form
a source of autoreactive B cells, which under certain circumstances could give rise to
autoimmunity. Some lines of evidence suggest that this could be the case. Teague et al. showed
that the Anl population is reduced in autoimmune NZB x NZWF1 mice consistent with loss
of anergy in these mice (22). In another study, the D42 heavy chain transgene on NZB
background was crossed with V«8 light chain transgenic NZW mice to create a mouse that has
monoclonal B cells with low affinity anti-DNA BCR on the NZB x NZW F1 background
(28). D42 x V«8 B cells were found to adopt the An1 surface and calcium signaling phenotype.
However, the mice developed SLE-like autoimmune disease. Thus, in this model it would
appear that a small proportion of anti-DNA B cells leave (or fail to enter) the anergic
compartment and mount an antoantibody response. These findings further indicate that the
NZB/NZW genetic predisposition alone is not sufficient to drive autoreactive B cells from the
Anl compartment. Escape may depend on a second ‘hit’, such as an innate immune signal.

While our understanding of B-cell anergy in the mice is increasing due to intense study, much
less is known about the basis of anergy in human and its role in maintaining immune tolerance.
Based on findings in the mouse, Duty and Wilson (29) examined human peripheral blood for
B cells subsets in an effort to define an anergic compartment. The
CD19*1gD*1gMIo/nedC D27~ (CD27 is expressed on human memory and plasma cells) B cells
were found to be unresponsive to BCR stimulation based on calcium mobilization and protein
tyrosine phosphorylation. This population represents 2.5% of peripheral blood B cells. Ig heavy
and light chains isolated from these cells are in the germline configuration, indicating lack of
previous immune experience, and the population is enriched in B cells that recognize ssDNA
and HEp-2 cell antigens. These cells appear to represent an anergic population, possibly the
human equivalent of Anl cells.

Anergy in the context Bretcher and Cohn’s two signal model of lymphocyte

activation

Nearly four decades ago, Peter Bretscher and Mel Cohn (27) suggested that lymphocyte
activation during immune responses required two signals: the first, i.e. signal one, being derived
from antigen and a second coming from other sources. We now believe that in the case of B-
cell activation, this second signal can come from cognate T-cell help or TLR ligands. Bretscher
and Cohn (27) also suggested that immune tolerance results when cells receive signal one
without receiving signal two. It appears that not only is signal two required to avoid tolerance,
in this case anergy, but that this signal, e.g. CD40L, must arrive within a certain period of time
(30). Signal one, by driving transient upregulation of CD86 and antigen processing, sets the
stage for effective antigen presentation to CD4* T cells leading to expression of CD40L and
back-signaling to the B cell. An additional effect of signal one is the desensitization of antigen
receptors, such that subsequent re-exposure to antigen, e.g. an autoantigen mimetic microbial
immunogen, does not lead to a response, e.g. upregulation of CD86. In effect, this
unresponsiveness is anergy. Anergic B cells have received signal one in the absence of properly
timed signal two and consequently are unresponsive to exogenous antigens. Since most
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autoreactive T cells should be eliminated by negative selection in the thymus, the two-signal
model may explain how B cells distinguish between self and non-self antigens.

Consequences of receiving signal one without signal two

Reduced lifespan

Multiple features of Anl B cells are likely to reduce their participation in immune responses
to immunogens that may carry autoantigen mimetic epitopes. One such feature is reduced
lifespan. It is known that the half-life of follicular B cell is about 40 days, significantly longer
than 5 days for anergic B cells (31,32). However, the basis of the reduced life span of anergic
cells is poorly understood. Initial work using the MD4 x ML5 model, where no competing
naive cells were present, showed the life span of anergic cells to be normal (7). It was later
shown that when non-anergic cells are present to compete with anergic cells in the same mouse,
anergic cells displayed a shorter life span. This discrepancy was subsequently shown to reflect
competition for B-cell activating factor belonging to the tumor necrosis factor family (BAFF),
also known as B-lymphocyte stimulator, an important survival factor for peripheral B cells
(33). Essentially, naive B cells out-compete anergic B cells for limiting amounts of BAFF
present in vivo. When there is no competition, anergic B cells receive sufficient BAFF signals
to survive. This appears to be a function of reduced expression of BAFF receptors and/or
reduced competence of BAFF receptors on anergic cells to signal (34). Importantly,
overexpression of BAFF by transgenesis leads to autoimmunity (35).

While BAFF competition is an important piece of the puzzle, it is unlikely to be the only factor
contributing to premature death of anergic cells. For example, removal of autoantigen from
anergic Ars/Al B cells increases their lifespan in cultures containing little or no BAFF (20).
Thus, they must be predisposed to die by other mechanisms. One such mechanism is high
expression of the proapoptotic BCL family member BIM seen in anergic B cells (36). The
likely importance of BIM in this regard is underscored by observations that anergy is lost in
MD4 x ML5 B cells lacking BIM.

An additional factor contributing to death of anergic B cells may be apoptotic signals initiated
by FAS signaling on anergic B cells that encounter FASL* CD4* T cells. This conclusion is
based on works showing that mice deficient for FAS (MRL.fas!P/P") or FASL (B6.fasd!d/9ld)
tend to develop autoimmunity with age (37,38). Most compelling, however, are studies
showing that the interaction of anergic anti-HEL B cells with CD4" T cells specific for HEL
results in apoptosis, rather than B-cell activation, and this involves FASL and FAS (39).
However, not all anergic B cells express FAS, and although Ars/Al anergic B cell express
FAS, they do not die upon FAS stimulation (Gauld, unpublished data). Thus, a role of CD4*
T-cell-induced FAS-mediated death of reducing half-life of anergic cells may be restricted to
the HEL model.

Follicular exclusion

As discussed earlier, B cells receive signal one by virtue of contact with their specific antigen
in BM, circulation, or in secondary lymphoid organs. This signal induces them to enter T-cell-
rich cortical areas in quest of appropriate T-helper cell, with whom they undergo cognate
interactions. In a normal thymus-dependent immune response, productive interaction with Th
cells lead to delivery of signal two, stimulating B-cell activation and entry into the follicule
where the germinal center reaction is initiated. Like antigen-stimulated naive cells, anergic B
cells enter T-cell zones as a consequence of receiving signal one and become arrested there,
presumably because they do not encounter or cannot interact productively with an appropriate
Th cell (40,41). This phenomenon, referred to as follicular exclusion, has been seen in both
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the MD4 by ML5 and the Ars/Al transgenic models of anergy (JCC and AG, unpublished
data)

Antigen receptor signaling and its regulation in anergy B cells

Antigen receptor signaling in naive B cells

The BCR is composed of mlg that is non-covalently associated with a heterodimer of the signal
transducing molecules Iga (CD79a) and Igp (CD79b) (42). Some proportion of these receptors
are probably associated constitutively with a Src-family tyrosine kinase, usually Lyn, via
interaction of the Lyn SH4 domain with Igo/ tails (43) and simultaneous lipid modification-
dependent Lyn anchoring in the plasma membrane (44). Below we describe BCR signaling
events that intervene between antigen stimulation and calcium mobilization. We focus on this
proximal BCR signaling circuitry because it is disrupted in anergic B cells.

Aggregation of mlg and associated Iga/Igp on naive B cells by polyvalent antigen leads to
activation of Lyn (45) [or alternate Src-family kinase (46)], which triggers downstream
responses by phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs)
on both Iga and Igp (47,48). Aggregation of multiple BCRs by multivalent antigen is both
sufficient and necessary to bring about dual phosphorylation of Iga/IgB ITAMs (49). The dual
phosphorylation of ITAM tyrosine residues is necessary for docking and subsequent activation
of the cytosolic tyrosine kinase Syk, which is in turn necessary for initiation of several
downstream signaling pathways involved in activation, survival, and proliferation (50,51). Syk
contains two SH2 domains and undergoes a stable physical and functional interaction with the
BCR only when both SH2 of its domains engage phosphotyrosines in an ITAM. Once engaged,
Syk is activated by tyrosine phosphorylation (52).

In parallel with activation of Syk is stimulation of PI3K and resultant production of
phosphatidylinositol (3-5) triphosphate [PtdIns(3-5)P3]. PI3K activation can occur by
multiple mechanisms including direct interactions with Lyn (53), the adapter BCAP (54), and
CD19 (55). Phosphorylation of BCAP and CD19 on YxxM motifs suffices for most PI3K
activation following BCR stimulation (54). CD19 also mediates the further, apparently
processive, activation of Lyn (56) and promotes signaling by recruitment of positive signal
mediators Btk and Vav (57).

PtdIns(3-5)P3 is a crucial lipid second messenger that functions at multiple levels in BCR
signaling. PtdIns(3-5)P3 function involves recruitment of effectors that bind the phospholipid’s
head-group via their pleckstrin homology (PH) domains. Thus, PtdIns(3-5)P3 mediates
membrane association of multiple effectors, including VAV, Btk, PLCy, Akt, and SOS to BCR
proximal areas of plasma membrane where they are accessible to their upstream regulators
including tyrosine kinases, e.g. Syk, and downstream targets such as the PLCy substrate PtdIns
(4,5)P,. PLCy cleavage of Ptdins(4,5)P, yields diacylglycerol (DAG), which stimulates protein
kinase C (PKC) of various isoforms. The Ins(1,4,5)P3 byproduct engages its receptor on the
endoplasmic reticulum (ER), triggering intracellular calcium release and store release-
dependent influx of extracellular calcium (58,59).

Another major signaling circuit emanating from antigen receptor aggregation involves Ras,
which is coupled to the activation of Erk. It has been known for some time that this pathway
is also dependent upon PtdIns(3-5)P3 generation (60), but it has been unclear precisely why.
The Ras GTP exchange factor (GEF) SOS possesses a PtdIns(3-5)P3-binding PH domain and
was implicated in this process. Recently, however, it was shown that RasGRP1 and RasGRP3
GEFs are critical intermediaries in Ras activation following BCR aggregation, apparently
acting redundantly (61). These GEFs contain C1 domains that mediate their recruitment to the
plasma membrane via binding to DAG. They are regulated by the localization and by DAG
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regulated kinases, presumably PKC isoforms. Finally, it has been shown very recently that
RasGRPs function cooperatively with SOS (62). Following receptor aggregation, RasGRP
generates the initial RasGTP pool. This RasGTP binds to SOS catalyzing its GEF activity and
forward feeding generation of additional RasGTP.

It appears that all of the principle downstream signaling pathways emanating from the BCR
are dependent on PI3K and the accumulation of PtdIns (3-5)P3. This will become important
in the context of the role of inositol phospholipid and phosphotyrosine phosphatases as
regulators of BCR signaling.

Antigen receptor signaling is regulated by multiple feedback mechanisms involving effectors
as inositol lipid and phosphotyrosine phosphatases. Briefly, PtdIns(3-5)P3 accumulation is
inhibited by the SH2 domain-containing phosphatidylinositol 5-phosphatases (SHIP-1), and
by phosphatase and tensin homologue deleted on chromosome 10 (PTEN) (63,64). SHIP-1 is
phosphorylated upon BCR stimulation, indicating a role in feedback regulation (65). It is
apparently recruited to Lyn via its adapter, downstream of kinase (Dok) (66-68). SHIP-1 can
also be recruited via binding to co-aggregated FcyRIIB (69,70). Upon BCR and FcyRIIB co-
aggregation, the FCR immunoreceptor tyrosine-based inhibitory motif (ITIM) (71) is
phosphorylated by Lyn, leading to recruitment of SHIP-1 and Dok. It is important to note that
FcyRI1B-dependent activation of the SHIP-1/Dok circuit is much more robust than its
activation in BCR feedback. The SH2-containing phosphotyrosine phosphatase SHP-1 also
plays a central role in negative feedback regulation. SHP-1 action involves Lyn
phosphorylation membrane adapters, e.g. CD22 and CD72 (72), which contain ITIMs.
Phosphorylated ITIMs recruit SHP-1, which limits BCR signaling by dephosphorylation of it
substrates, including Iga, 1gB, Syk, Vav, and SLP-65/BLNK (73). These molecules are
discussed in greater detail below in the context of signaling in anergic B cells.

BCR signaling by chronically occupied antigen receptors

It has been shown in both anti-HEL and Ars/Al models that maintenance of anergy requires
constant binding of antigen to BCR (20,74). This indicates that on anergic cells autoantigen-
occupied BCR transduce signals that somehow enforce the unresponsive state. Consistent with
this concept of chronic signaling by occupied receptors are the facts that anergic B cells exhibit
elevated intracellular free calcium and activation of the Erk kinase pathway (75).
Disengagement of the anergic BCR resulted in restoration of basal calcium levels to those seen
in naive B cells, reduction of Erk phosphorylation, extension of lifespan, and restoration the
ability to response to antigen by calcium mobilization and CD86 up-regulation (20). It therefore
seems that chronicity of BCR occupancy in anergic cells leads to biased transduction of
inhibitory signals.

We have begun to look more closely at mechanisms of signaling by chronically occupied BCR
on anergic cells. Anergic B cells display subtle but significant increases in Iga/p ITAM tyrosine
phosphorylation, but only monophosphorylation is detectable (S. O’Neill et al., unpublished
data). This result is suggestive of low-level activation of Lyn, but not Syk, by chronically
liganded receptors. ITAM monophosphorylation is unable to support Syk binding and
activation, but Lyn can bind to monophosphorylated ITAMs (51,76). This could generate
signaling bias, with Lyn propagating the inhibitory signal. Consistent with this possibility,
Lyn-deficient mice display an autoimmune phenotype, suggesting that the inhibitory role of
Lyn is dominant over its activating role in BCR signaling (77,78). Lyn is a likely candidate as
a driver of inhibitory signaling based on its known substrates. Consistent with this possibility
the Lyn substrates SHIP-1 and Dok-1 are constitutively phosphorylated in anergic B cells (21,
79, S. O’Neill, unpublished data)
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Trans-inhibition of BCR and CxCR4 signaling in anergic cells

Signals that are generated by chronic BCR occupancy and enforce unresponsiveness act
globally in the cell to inhibit signaling by remotely stimulated receptors (79). These include
but may not be limited to antigen receptors and certain chemokine receptors. Inhibition is seen
at the level of calcium mobilization and CxCL12 induced migration. These trans-inhibitory
signals are rapidly terminated by removal of autoantigen, suggesting that they are mediated by
a non-durable biochemical mechanism.

Some evidence exists relative to the site of action of these trans-inhibitory signals. Stimulation
of unoccupied BCR on anergic B cells leads to ITAM monophosphorylation but no detectable
biphosphorylation (S. O’Neill, unpublished data). Consistent with these findings, stimulation
does not result in activation of Syk or broad scale protein tyrosine phosphorylation seen in
naive cells (80,81). Calcium mobilization is blunted as is activation of NF-xB and all other
downstream responses (75). These results indicate that trans-inhibitory signals disrupt the
earliest events in BCR signaling. Some evidence suggests that this may involve disruption of
the physical integrity of the antigen receptor, resulting in inability of the BCR to transduce
signals efficiently (82).

PTEN, SHIP-1, and SHP-1 as mediators of anergy

Significant evidence supports a role for SHIP-1, SHP-1, and PTEN in enforcing the
unresponsiveness of anergic cells. SHIP-1 is composed of an amino-terminal SH2 domain, a
phosphatase domain, and an extended C-terminal region containing two NPxY motifs and
proline-rich region. These domains enable interactions with a several proteins, including Shc,
SHP-2, Gab, CD150, and Dok (83). SHIP-1 associates with Dok-1 via binding of a
phosphorylated NPxY to the Dok PTB domain. BCR stimulation leads to transient
translocation of SHIP-1 to the plasma membrane (84). We hypothesize that this translocation
is mediated by associated Dok, which contains a PH domain that binds PtdIns(3-5)P3 (85).
SHIP-1 and its adapter Dok are tyrosine phosphorylated in transgenic and naturally occurring
anergic cells (21, 79, S. O’Neill, unpublished dat), and Dok is the primary phosphoprotein that
coprecipitates with SHIP-1 in these cells (JCC and P. Waterman, unpublished data).

Based on evidence suggesting that a SHIP-1/Dok inhibitory circuit is active in anergic B cells,
we addressed SHIP-1 requirements for maintenance anergy. B-cell-targeted knockout of
SHIP-1 was found to result in an autoimmune phenotype comparable in onset kinetics and
severity to that seen in NZB/NZW and MRL models (S. O’Neill and AG and JCC, unpublished
data). By 8 weeks of age, animals display easily detectable IgG anti-chromatin antibodies
followed by onset of kidney disease and premature death. As noted earlier, SHIP-1 is also the
primary mediator of inhibitory signaling by FcyRIIB, and on C57BL/6 background,
FcyRIIB™ mice develop autoimmunity (86). Thus, it is possible that disease in SHIP-17/~
mice actually reflects loss of FcyRIIB signaling function. However, in B-cell-targeted
SHIP-1""~ mice autoimmunity is more rapid in onset and more severe than in FcyRIIB™~ mice
and does not appear to be strain dependent (S. O’Neill, AG and JCC, unpublished data).

As a negative regulator of BCR signaling, SHP-1 is also a candidate mediator of the antigen
unresponsiveness of anergic B cells. SHP-1 is a cytosolic tyrosine phosphatase. SHP-1 contains
two adjacent amino-terminal SH2 domains that regulate its catalytic activity. Specifically,
engagement of these SH2 domains by ITIM phosphotyrosines reduces repression of the
phosphatase activity (87,88). SHP-1 then binds, dephosphorylates, and therefore inactivates
CD22 (89), Syk (90), and BLNK (by homology to SLP-76 in T cells) (91). Pao et al. (92)
constructed B-cell-targeted SHP-1 knockout mice and studied their phenotype. Cellular
analysis showed elevated B-1a cell numbers, impaired BCR-induced calcium mobilization in
B-1a cells and reduced CD40-induced proliferation. Young mice displayed elevated serum Ig,
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and older mice displayed anti-DNA autoantibodies, immune complex deposition that led to
glomerulonephritis and premature death. Onset and severity of disease in mice appears
comparable with that seen in the B-cell-targeted SHIP-1 knockout.

There is an interesting and potentially important difference in regulation of SHP-1 and SHIP-1
that may be important to consider in the context of their potential function in anergy. Studies
of signaling by inhibitory KIR and FcyRIIB have shown that SHP-1 acts only locally to inhibit
signaling by receptors with which it is coaggregated (93). This is consistent with the concept
that its SH2 domains must be engaged to upregulate its activity. Thus SHP-1, while an
important mediator of inhibition of signaling mediated by receptors with which it is associated,
seems an unlikely candidate for mediation of trans-inhibitory signals. However, these authors
found that once activated by FcyRIIB (and presumably BCR), SHIP-1 is able to inhibit
remotely stimulated receptors. Consistent with a possible role for SHIP-1, anergic B cells
contain reduced cellular levels of PtdIns(3-5)P3 as detected by immunofluorescence staining
(94), and signaling by both BCR and CxCR4 is dependent on PtdIns(3-5)P3. Finally, we have
shown that trans-inhibition of CXCR4 signaling in anergic cells is largely dependent on SHIP-1
expression (79). Thus, we suspect that SHIP-1 is the primary mediator of trans-inhibitory
signaling in anergic cells.

It was recently reported that anergic anti-HEL B cells express increased levels of the PTEN
(94). PTEN mediates dephosphorylation of PtdIns(3-5)P3 yielding PtdIns(4,5)P,, therefore
antagonizing P13K signaling. In addition to its phosphatase domain, PTEN contains a calcium-
independent C2 domain that enables it to bind lipids, allowing association with the plasma
membrane and correct orientation of the catalytic domain (95-98). PTEN activity seems to be
regulated, at least in part, by protein levels (99). Clearly increased PTEN expression could
contribute to trans-inhibitory signaling. Our laboratory has been able to confirm the report that
PTEN is upregulated in anergic anti-HEL B cells, however, such upregulation is not seen in
Ars/Al B cells (S. O’Neill, unpublished data). Based on these limited studies, it seems likely
that very high avidity autoantigen reactivity may uniquely upregulate PTEN expression. In this
context, it is curious that PTEN knockout does not lead to significant autoimmunity. This may
be because PTEN is required for activation of immunoglobulin class switch recombination
(100,101). Thus, PTEN knockout would prevent generation of pathogenic IgG autoantibodies.
While this may explain lack of production of class switched autoantibodies, IgM autoantibody
production is much greater in B-cell-targeted SHIP-1 and SHP-1 mice than in PTEN targeted
mice. It seems most likely that the former play a more important role in maintaining anergy.
Finally, it is surprising since both would be expected to result in increased levels of PtdIns
(3-5)P3, that knockout of PTEN but not SHIP-1 impairs class switch recombination. This
apparent paradox will require further study.

These findings underscore the important role of the PI3K pathway modulators in enforcing
anergy. As shown in Fig. 1, stimulation of antigen receptors on anergic B cells may lead to
inefficient activation of PI3K and the limited PtdIns(3-5)P3 that is produced under these
circumstances may be immediately dephosphorylated by SHIP-1 or PTEN.

Both SHIP-1 and PTEN reduce PtdIns(3-5)P3 levels, but there are important distinctions.
While PTEN-mediated hydrolysis results in the formation of the PI3K and PLCy substrate
PtdIns(4,5)P,, SHIP-1-mediated hydrolysis generates PtdIns(3,4)P, that acts as a secondary
messenger by recruiting a unique set of PH domain-containing adapter proteins, including
TAPP1 and TAPP2 (102). The function of TAPP proteins is poorly understood.

How are the activities of SHIP-1/Dok, SHP-1, and PTEN brought into play in anergic B cells?
As noted earlier, functional activity of PTEN is thought to be determined primarily by its
expression level, and it is uniquely upregulated in the MD4 x ML5 anergic cells. It is not known
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whether this upregulation reflects transcriptional, translation, or post-translational regulation.
SHIP and Dok are substrates of Lyn suggesting direct interaction. However, it is not known
whether some intermediary adapter is involved in enriching the substrates in the vicinity of the
kinase. The activity of SHP-1 can apparently be regulated by phosphorylation of Y536 and
Y564 in its C-terminal unique region (103). Based on the sequence surrounding these residues,
they are likely sites of Lyn-mediated phosphorylation. As discussed below, available evidence
indicates that SHP-1 can be ushered to the BCR signaling complex by multiple membrane
adapter proteins that contain ITIMs.

In the mouse, there are two ITIM-containing membrane adapters that have been shown to
participate in maintaining B-cell anergy by recruiting SHP-1 to sites of antigen receptor
signaling: CD22 and CD72. Additional ITIM-containing membrane adapters, e.g. FCRL5 and
PIR-B, are expressed by B cells, but their functions are less defined.

CD22 is a transmembrane receptor/adapter that binds specifically to a 2—6 sialic acid in
appropriate amino acid context. It is expressed on the surface of B cells starting at the Pre-B
stage in low levels, with high expression levels in mature B cells. Expression is lost during
differentiation to the plasma cell stage (104,105). It appears that CD22 must associate with the
BCR to inhibit its signaling. CD22 inhibition of BCR signaling requires its sialic acid binding
domain (106), suggesting direct CD22 interaction with carbohydrate on mlg (107). In addition,
antigens that contain a2—6 in proper context induce enhanced CD22-mediated inhibition of
BCR (108-111). After stimulation of the BCR by antigen, CD22 is tyrosine phosphorylated
on three ITIMs in its intracellular tail by the Src family kinase Lyn (112). SHP-1 is recruited
to the phosphorylated ITIMs and is activated (113). SHP-1 then dephosphorylates BCR signal
transduction proteins, thereby inhibiting B-cell activation. Phosphorylation of CD22 can also
recruit SHIP-1 via the adapter molecules Grb2 and Shc (114).

The role of CD22 in B-cell anergy was assessed using gene knockout mice (115,116).
Compared with wildtype littermates, B cells from CD22~/~ mice are hyper-responsive to
receptor signaling, as seen by higher concentration of free calcium in the cytosol, increased
proliferation, and upregulation of CD86. CD22 also seems to play a role in preventing B-cell
response to autoantigen-mimetic T-independent type 2 immunogens (108). Many extracellular
autoantigens contain a2-6 sialic acid moieties and thus could bind CD22 and invoke its
function.

The relationship of Lyn, CD22, and SHP-1 function in anergy was dissected using a haplo-

insufficiency at each locus (89). Using this genetic approach, negative regulation was found
in this pathway to be a quantitative trait, where each component plays a limiting role. These
studies indicate that Lyn, CD22, and SHP1 function in a linear pathway contributing to the

maintenance of anergy in the anti-HEL anergy model.

CD72 (Lyb-2) has also been advanced as an SHP-1 adapter involved in maintenance of anergy.
CD72 is expressed from the pro-B through the mature stage and is downregulated in plasma
cells (117,118). The CD72 ligand is CD100, a semaphorin family receptor expressed on T cells
and activated B cells (119). The cytoplasmic domain of CD72 contains two ITIMs that are
tyrosine phosphorylated by Lyn, leading to recruitment of SHP-1, Grb-2, and Cbl-b (120—
122).

The function of CD72 was investigated using genetic ablation (123). BM from CD72~/~ mice
showed increased numbers of pre-B cells and decreased numbers of recirculating mature B
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cells. Analysis of spleen and lymph nodes shows decreased numbers of total B cells. This
finding suggests that lack of CD72 reduces the efficiency of transition from pre-B to immature
stages. While the number of follicular B cells was decreased in these animals, the number of
B-1 cells was increased. The role of CD72 in maintaining anergy was studied by crossing
CD727'~ mice with MD4 and MD4 x ML5 mice (122). Sera from CD727/~ MD4 x ML5 mice
were found to contain modestly increased levels of anti-HEL antibody relative to sera from
MD4 x MLS5 mice. Splenic B cells from CD72/~ MD4 x ML5 mounted greater calcium
mobilization responses, survived longer, proliferated more, and produced more antibody in
response to HEL stimulation relative to cells from MD4 x ML5 mice. Interestingly, CD72 was
found to associate with and regulate Cbl-b (see below). Thus, CD72 may contribute the
regulation of anergy in B cells.

Fc receptor-like molecules

Fc receptor-like (FCRL), also known as Ig-superfamily receptor translocation associated
(IRTA), glycoproteins are members of the Ig-superfamily and homologues of the Fc receptor
(FcR) family (124,125). This homology includes linked genomic location, similar gene
structure and content of ITIMs and ITAMs (126,127). FcRL differ from FcRs in their
preferential B-lineage expression and dual signaling properties, e.g. FCRL-1 possesses an
ITAM, while FcRL-5 possesses both an ITAM and an ITIM (127). Furthermore, there is no
evidence that FCRL function as Fc receptors, and their ligands are unknown. Only FcRL-1 and
FcRL-5 are expressed in mice. While they can be detected in low levels in the pre-B stage, and
expression peaks in the periphery. FCRL-1 is expressed predominantly on follicular, MZ, and
B-1 cells. FcRL-5 is expressed in splenic MZ B cells and their precursors (128) and peritoneal
cavity B-1 cells. FcRL-1 ligation induces modest B-cell proliferation. Cross-linking BCR and
FcRL-1 leads to enhanced Ca mobilization, upregulation of CD69 and CD86, and does not
result in apoptosis. These results demonstrate a costimulatory role for FcRL-1 (126). FcRL-5
possesses both an ITAM and an ITIM in its cytoplasmic tail. Co-aggregation of FCRL-5 with
BCR causes inhibition of calcium mobilization. This inhibition indicates a dominant role for
the ITIM, relative to the ITAM, in FcRL-5 signaling (126). A role for FCRL in autoimmunity
is likely, given their expression on B cells, their signaling capacity and relation to classical
FcyRIIB (that is implicated in autoimmune disorders) (129,130). The FcRL are located in
human chromosome 1, in a locus linked to several autoimmune disorders, including SLE and
multiple sclerosis (131-133). FcRL-3 in humans is linked to rheumatoid arthritis in Japanese
patients (134).

PIR-b

Paired 1g-like receptor-b (PIR-b), also called Lilrb3, is an ITIM-containing membrane adapter
expressed by dendritic cells, mast cells, natural Killer cells, monocytes, and B cells (135). PIR-
b binding to its ligand major histocompatibility complex class | (MHC-1) (136) leads to
phosphorylation of its ITIM (137) by Lyn (138). PIR-b phosphorylation creates a docking site
for SHP-1, leading to dephosphorylation of BCR signaling molecules (139). Genetic ablation
of PIR-b results in expansion of the B-1 population. Sera from 40-week-old PIR-b™/~ mice
displays elevated levels of rheumatoid factor (RF) (140). Intraperitoneal injection of the TLR-9
ligand CpG into 8-week-old PIR-b™/~ mice leads to increased serum titers of RF compared
with C57BL/6 mice. Additional studies of PIR-b~'~ mice revealed increased susceptibility to
salmonella infection (141) and impaired dendritic cell maturation (142). While these findings
do implicate PIR-b in autoimmunity, it is probably not among the critical players in anergy.
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Other potential contributors to antigen unresponsiveness of anergic cells

Genetic reprogramming

c-CBL

STIM-1

As discussed earlier, multiple features that distinguish anergic B cells are quickly lost upon
removal of the autoantigen from receptors. While the rapidity of these changes is inconsistent
with the possibility that anergy is maintained by genetic reprogramming, a contribution of such
a mechanism cannot be excluded. It is especially tempting to entertain a role for genetic
reprogramming in B-cell anergy because this mechanism has been shown to be important in
T-cell anergy and would be durable.

Elevated intracellular free calcium level is a hallmark of both T and B-cell anergy, and the
level of this elevation has been shown to be sufficient to activate the Ca-regulated transcription
factor nuclear factor of activated T cells (NFAT) (143). In T cells, NFAT plays a critical role
both in cell activation in the context of second signals and in inactivation due to TCR signaling
alone, i.e. signal one (144). NFAT cooperates with the transcription factor activator protein-1
(AP-1) to upregulate genes involved in productive activation. AP-1 activation depends on
costimulation. Stimulation of NFAT alone upregulates a unique set of genes that enforce T-
cell unresponsiveness (145).

To test the potential function of NFAT activation in B-cell anergy, NFAT1 7/~ mice were
crossed to MD4.ML5 mice and the consequences studied (144). The loss of NFAT1 resulted
in increased life span of B cells, as suggested by a 20-fold increase in the number mature
peripheral anti-HEL B cells. Anti-HEL autoantibody levels increased by 23-fold. Although not
definitive, these findings suggest a role for NFAT1 in the maintenance of anergy in B cells.

Cbl family of proteins is E3 ubiquitin ligases (146) that interact with E2 ubiquitin-conjugating
enzymes to regulate the signaling of broad range of receptors (147). This function is achieved
by ubiquitination of components of the receptor’s signal transduction machinery. Cbl-b ablated
mice develop spontaneous autoimmunity characterized by autoantibody production, B and T
infiltration into multiple organs, and these cells hyperproliferate following antigen receptor
stimulation (148). B-cell-specific ablation of both Cbl and Cbl-b results in developmental
changes and autoimmune manifestations. These changes include increased numbers of T1, B1,
and MZ B cells. The autoimmune manifestations include occurrence of anti-dsDNA antibodies,
ANA antibodies, multi-organ infiltration, and glomerulonephritis. In Cbl/Cbl-b knockout,
MD4 x ML5 mice anergy is lost as indicated by increased numbers of HEL-specific mature B
cells and autoantibody production. These cells upregulate CD86 and MHC-I1 and mobilize Ca
after stimulation, and increase tyrosine phosphorylation of BCR signal transduction molecules
(149).

A consistent feature of anergic T and B cells is elevated basal intracellular free calcium and
failure to mobilize calcium upon antigen receptor stimulation. We considered the possibility
that this failure could reflect inactivation of signaling intermediaries that are required for
calcium influx via store-operated calcium (SOC) entry mechanisms. Stromal interacting
molecule 1 (STIM1) is an 84 kDa ER transmembrane protein that was first identified as a
growth suppressor protein implicated in several malignancies (150,151). STIM1 was also
found to be part of the calcium release-activated calcium (CRAC) current (152), a type of SOC
pathway entry found in a variety of mammalian cells, including white blood cells (153). In
lymphocytes, TCR or BCR ligation-mediated generation of Ins(1,4,5)P3 leads to calcium
release from the ER (72). The resultant local reduction in calcium concentration is sensed by
STIM1, leading to conformational change of STIM1 and its ‘activation’ (154,155). Triggering
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calcium entry is achieved by activated STIM1 association with a calcium channel pore subunit
ORAI1 (CRACML1) (156-159). STIM1 aggregates in the ER membrane to form puncta, which
induce ORAI1 dimers to dimerize creating a functional channel pore, consisting of four units
of ORAI1 (160).

Genetic ablation was utilized to explore the role of STIM1 in cell development and activation.
STIM1 deficiency is embryonic lethal in mice, therefore cells were isolated from the embryos
and differentiated in culture. STIM1-deficient mast cells show impaired calcium influx when
stimulated through the high affinity Fc receptor for IgE, FceR, as well as impaired activation
of NFAT and NF-xB transcription factors. In addition, degranulation and cytokine production
are impaired (161). STIM1-deficient T cells show reduced calcium influx, reduced cytokine
production, and reduced nuclear translocation of NFAT (162). A STIM1 mutation has been
reported in a human family in which three siblings suffered from immunodeficiency,
heptosplenomegaly, autoimmune hemolytic anemia, thrombocytopenia, and muscular
hypotonia (163). The STIM1 mutation was found to be a nonsense mutation, creating a
truncated protein that is not expressed. The phenotype of murine and the human STIM1 ablation
underscores the important role STIML1 plays in cell activation.

It was recently shown that STIM1 function is regulated by posttranslational modification.
While STIM1 has long known to be phosphorylated (153), the physiological relevance of this
phosphorylation was unknown. In a recent work, phosphorylation was found to inhibit STIM1
function, and this modification was found to occur during mitosis. Phosphorylation therefore
functions to prevent calcium signaling calcium during cell division (164). Phosphorylation of
STIM1 serine residues 486 and 668 were found to mediate to inhibition of STIM1-mediated
calcium influx.

To explore the role of STIM1 phosphorylation in modulating calcium signaling in B cells, we
first assessed its phosphorylation in the Bal-17 murine mature B-cell line (165). To determine
whether a cycle of phosphorylation and dephosphorylation might be ongoing, we incubated
cells with the serine/threonine phosphatase inhibitor Calyculin A and analyzed effects on
apparent molecular weight. The treatment resulted in a molecular weight shift consistent with
phosphorylation (Fig. 2). Treatment of the cell lysate with A protein phosphatase, a broad-
spectrum phosphatase, reduced the Mr of STIML1, indicating that the shift is indeed due to
phosphorylation. We next determined, based on molecular weight shift, whether STIM1 is
phosphorylated in anergic cells, using ex vivo B cells from the Ars/Al mice (19). No molecular
weight shift was seen (Fig. 3A).

A caveat in interpretation of this experiment is that phosphorylation of only the two critical
serine residues STIM1 might not be sufficient cause a detectable molecular weight shift
(164). To better answer the question of whether STIM1 function is altered in anergy, we
compared the ability of splenocytes from Ars/Al anergic and control «k transgenic mice to
undergo store depletion induced calcium influx (Fig. 3B). Intracellular free calcium levels were
recorded before and after cells in <100 nM calcium (EGTA buffer) were stimulated with the
calcium ionophore ionomycin to deplete intracellular calcium stores. Calcium was then
repleted, and calcium influx was measured. Anergic and naive B cells underwent equivalent
influx responses indicating the STIM1 function is equivalent in anergic and naive cells. In
further experiments Calyculin A pretreatment blocked calcium influx in both cells (Fig. 3B).
These results are consistent with the hypothesis that STIM1 function is not impaired in anergic
B cells.
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Fig. 1.
Signaling pathways operative in naive and anergic B cells.
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Fig. 2. Stim1 phosphorylation in naive cells

Bal-17 B-lymphoma cells (5 x 10 cells/ml) were treated with 50 nM Calyculin A or vehicle,
and whole cell lysates were prepared using an NP-40 lysis buffer. 100 pl of lysate containing
5 x 106 cell equivalents of Calyculin A-treated cells was incubated with A PPase (400 u) for
the indicated time. The lysate was fractionated on SDS-PAGE gels, transferred to PVDF
membrane, and blotted using rabbit anti-Stim1 antibody followed by rat anti-rabbit-680 nm
secondary antibody. Blots were analyzed using a LYCOR fluorescence analyzer.
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Fig. 3. Stim1 is functional in anergic B cells

(A) Splenocytes isolated from « tg (naive) and Ars/Al (anergic) mice were CD43 depleted to
yield B cells. Naive and anergic B cells were cell lysed using NP-40, separated on SDS-PAGE
gels, transferred to PVVDF membrane, and blotted with rabbit anti-Stim1 antibody followed by
rat anti-rabbit-680 nm secondary antibody. (B) Naive and anergic splenocytes were loaded
with Indo-AM and [Ca*2]; measured by flow cytometry. EGTA (4 mM final concentration)
was added to each sample immediately before recording to chelate calcium. After the baseline
was established, cells were stimulated with ionomycin (1 uM final concentration) (solid arrow)
and analysis continued. Calcium was then repleted (dashed arrow) by addition of calcium
chloride (4 mM final concentration) and analysis resumed.
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