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Summary

At least 20% of B cells in the periphery express an antigen receptor with a degree of self-

reactivity. If activated, these autoreactive B cells pose a risk as they can contribute to the 

development of autoimmune diseases. To prevent their activation, both B cell-intrinsic and 

extrinsic tolerance mechanisms are in place in healthy individuals. In this review article, I will 

focus on B cell-intrinsic mechanisms that prevent the activation of autoreactive B cells in the 

periphery. I will discuss how inhibitory signaling circuits are established in autoreactive B cells, 

focusing on the Lyn-SHIP-1-SHP-1 axis, how they contribute to peripheral immune tolerance, and 

how disruptions of these circuits can contribute to the development of autoimmunity.
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Introduction

Autoreactive B cells play a significant role in autoimmune disease. They can produce 

autoantibodies that can wreak havoc and act as antigen-presenting cells and cytokine-

producing cells that initiate and influence autoimmune responses (1, 2). To prevent 

unwanted activation, autoreactive B cells must be controlled by tolerance mechanisms. 

Autoreactive B cells are generated during B cell development. Up to 75% of newly formed 

B cells have detectable autoreactivity (3). They can also arise during immune responses due 

to somatic hypermutation (4). The B cell tolerance mechanisms in place to control these 

autoreactive B cells fall into two categories: mechanisms that eliminate autoreactive B cells 

and mechanisms that prevent their activation and subsequent immune response.

Tolerance mechanisms that eliminate autoreactive B cells include central tolerance 

mechanisms such as receptor editing and clonal deletion (5, 6). Immature autoreactive B 

cells that receive antigen receptor signals above a certain threshold are halted in their 

development, due to high avidity interactions with self-antigen. Such self-antigens will 

often be expressed on the cell surface of cells in the body, increasing the avidity of 
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the interaction. Halted B cells will rearrange and express new light chains to change the 

specificity of their B cell receptor (BCR) away from self-reactivity. If successful, the B cell 

will resume B cell development towards maturity. If unsuccessful, the B cells will remain 

self-reactive and undergo apoptosis if bound strongly to self-antigen (clonal deletion). These 

processes purge the repertoire of a significant portion of autoreactive B cells, causing a 

drop in the frequency of autoreactivity from ~ 75% to ~40% of B cells (3). Maturing B 

cells that leave the bone marrow (transitional B cells/new emigrants) have an increased 

sensitivity to antigen receptor engagement and resultant activation-induced death (7, 8). 

This leads to the deletion of newly emigrated autoreactive B cells that have high-avidity 

interactions with self-antigens in the periphery (9, 10). This peripheral deletion checkpoint 

is likely a major contributor to the drop from 40% to 20% self-reactivity observed within 

the peripheral B cell repertoire, when comparing newly emigrated B cells with mature B 

cells (3). Another contributing factor to this decline of autoreactive B cell frequency in 

the mature population is the decreased lifespan of autoreactive B cells silenced by B cell 

anergy (11). As discussed below, anergic autoreactive B cells persist in the periphery in a 

state of functional unresponsiveness. Anergic B cells have an approximate 80% reduction 

in half-life due to a competitive disadvantage to receive sufficient B cell-activating factor 

(BAFF) receptor signals needed for survival (12). Combined, these mechanisms reduce the 

likelihood of developing an autoimmune response by limiting the availability of autoreactive 

B cells. Disruptions in central tolerance mechanisms or elevated BAFF levels increase the 

size of the peripheral autoreactive B cell pool, which is correlated with an increased risk of 

developing autoimmunity (13, 14).

Under homeostatic conditions, autoreactive B cells present in the periphery are either 

ignorant or actively suppressed. If autoreactive B cells do not encounter their self-antigen, 

or if the avidity of the interaction of the self-antigen with their BCR is not high enough 

to cause effective antigen receptor crosslinking (low concentration and not high enough 

receptor affinity), they will be in a naïve/ignorant state (15–18). Autoreactive B cells that 

do interact with their self-antigen are actively suppressed. Both B cell-intrinsic and extrinsic 

mechanisms can contribute to this suppressed state. B cell-extrinsic factors that prevent 

B cell activation include the absence of T cell help, due to T cell tolerance mechanisms, 

or active suppression by regulatory T cells (19–21). B cell-intrinsic mechanisms act by 

limiting the signals required for B cell activation below a threshold that supports immune 

responses. These include physical changes in antigen receptor availability and active 

inhibitory signaling circuits. In this review, I will discuss how inhibitory signaling circuits 

are established in autoreactive B cells, focusing on the Lyn-SHIP-1-SHP-1 axis, how they 

contribute to peripheral immune tolerance, and how disruptions of these circuits contribute 

to the development of autoimmunity.

Anergic B cells: a case study of autoreactive B cells in the periphery.

Estimates of the percentage of autoreactive B cells present within the normal mature B cell 

repertoire vary between 15–20% (3, 22). However, the actual percentages of B cells with 

a degree of self-reactivity in the periphery could be higher (23, 24). Various degrees of 

autoreactivity can be found in different populations of B cells within healthy individuals. 

Both the more innate-like B-1 B cells and marginal zone B cells have a more polyreactive B 
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cell receptor repertoire that often has a degree of self-reactivity. This self-reactivity provides 

a positive selection signal that is important for their development (25, 26). The remaining 

autoreactive B cells can be found both in the transitional B cell compartment and among 

mature follicular B cells. In these populations, reduced surface IgM expression is the best 

indicator of autoreactivity, due to interactions with self-antigen. As discussed below, reduced 

surface antigen receptor expression may be sufficient to reduce self antigen-induced BCR 

signaling below the threshold required for B cell activation. However, this reduced surface 

IgM is often accompanied by increased expression or activation of inhibitory signaling 

proteins. A textbook example of this can be found among autoreactive B cells that are 

present in the periphery in a state of functional unresponsiveness or B cell anergy.

Within the two-signal model of lymphocyte activation (27), B cell anergy is thought to 

occur if B cells receive an initial signal through their antigen receptor (signal 1), but fail to 

receive a second signal (signal 2) from cognate T cells, required for full activation. In the 

absence of that second signal, the B cell becomes tolerant. Nossal and colleagues coined 

the term B cell anergy to explain experimental observations they made following a low 

antigen dose in vivo tolerization protocol (28). The observed tolerance was not because of 

deletion of antigen-specific B cells, because antigen-specific B cells were still detected in 

the periphery; instead, these B cells were in a state of functional unresponsiveness, since 

they failed mount an antibody response upon antigen challenge. Subsequent pioneering work 

by Chris Goodnow and colleagues using the double transgenic MD4 x ML5 mouse model 

first identified many of the characteristics associated with B cell anergy (29). In this model, 

a BCR transgenic mouse (MD4) with a virtually monoclonal repertoire of B cells reactive 

with the non-self antigen hen egg lysozyme (HEL) are crossed with transgenic mice (ML5) 

that express soluble HEL as a neo-self antigen. This system allowed them to compare B cells 

with the same BCR under conditions where they are either naïve (antigen inexperienced) or 

exposed to their antigen as a self-antigen.

While the affinity of the MD4 BCR for HEL is very high, the largely monovalent nature 

of soluble HEL makes the overall avidity of the self-antigen-BCR interaction sufficiently 

low that the signal strength during B cell development is below the threshold that induces 

clonal deletion. Since the construct encoding the transgenic BCR is inserted outside of 

the immunoglobulin locus, receptor editing is not possible in these mice. Increasing the 

avidity of the BCR-self antigen interaction, by exposing developing MD4 B cells to HEL in 

membrane-bound form, results in clonal deletion of these MD4 B cells (30).

As observed by Nossal, anergic MD4xML5 B cells persist in peripheral lymphoid organs, 

but fail to mount an autoantibody response when challenged with exogenous HEL (29). 

They have a shortened half-life (11) and low IgM surface expression yet maintain a 

high expression of surface IgD. MD4xML5 B cells have elevated intracellular calcium 

and phospho-Erk levels, due to continuous interaction with self-antigen (31). Upon 

additional antigen receptor stimulation, both early and later biochemical signaling events 

are significantly reduced (32), and biological responses (upregulation of activation markers, 

proliferation) are absent. The BCR signals derived from interactions with self-antigen are 

not completely unproductive. They are sufficient to induce nuclear translocation of some 

transcription factors such as NFAT but not others such as NFκB (31, 33, 34). These signals 
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induce a transcriptional program found in anergic B cell populations with different antigen-

specificities (34, 35) (Isaac Harley, manuscript in preparation).

It should be noted that MD4xML5 B cells are not representative of all autoreactive B cells 

silenced by B cell anergy. Additional transgenic models have been developed in which 

B cells are anergic in the sense that they are present in the periphery, are exposed to 

self-antigen, display different levels of unresponsiveness to external stimulation, and do not 

mount an autoantibody response (36). This suggests that anergy exists on a spectrum, where 

the signal strength induced by self-antigen interactions determines the depth of functional 

impairment required for tolerance. Anergic B cell populations have been identified in the 

normal peripheral B cell repertoire in mice and humans. In mice, the T3/An1 population 

(B220+ CD93+ CD23+ IgMlo) (37–39) and a B220+ CD93- CD23+ IgMlo population (39) 

are enriched for autoreactive B cells with an anergic phenotype. In humans, the BND 

population (CD27- IgD+ IgM-) (40) and the more encompassing CD27- IgD+ IgMlo (41) 

population are enriched for autoreactive B cells with an anergic phenotype.

Despite a level of transcriptional reprogramming, B cell anergy is not an irreversible 

state. Instead, it requires continuous interaction with self-antigen to be maintained (42, 

43). Ars/A1 mice express a transgenic BCR that binds the hapten arsonate (Ars) but cross-

reacts with a lower affinity with self-antigen (DNA/chromatin), rendering Ars/A1 B cells 

anergic (44). A useful feature of this model is that self-antigen can be dissociated from 

antigen receptors with a monovalent antigen (Ars-Tyr) that binds with a higher affinity 

but cannot crosslink receptors. Upon dissociation of self-antigen, Ars/A1 B cells regain 

antigen receptor responsiveness within minutes (42). Notably, this reversal in responsiveness 

happens before antigen receptor levels change. This suggests that continuous antigen 

receptor engagement by self-antigen induces active inhibitory signaling circuits that can 

be rapidly reversed upon self-antigen dissociation.

The reversible nature of B cell anergy has implications for both the development 

of autoimmune responses and normal immunity. Anergic B cells are a likely source 

of pathogenic B cells during autoimmune disease. Indeed, autoreactive B cells with 

specificities relevant to autoimmune diseases, such as anti-nuclear antibodies (ANA) (45) 

and anti-insulin (46), can be found with an anergic phenotype in healthy individuals. 

Importantly, loss of B cell anergy precedes the development of systemic lupus 

erythematosus (SLE) (45), rheumatoid arthritis (47), autoimmune thyroid disease (48), and 

type 1 diabetes (46).

With their potential to contribute to autoimmune disease, why keep anergic B cells around? 

Some data suggests that they may play a role in maintaining immune tolerance to associated 

antigens (49) and support peripheral T cell tolerance (50, 51). Intriguing data from the 

Goodnow lab suggests that anergic B cells can participate in germinal center responses 

under certain conditions. If the BCR mutates away its self-reactivity during somatic 

hypermutation, these B cells can contribute to a protective response, a process called clonal 

redemption (52, 53). How this process exactly works is still unclear, but it suggests that 

while being a liability, anergic B cells may be present to avoid gaps in the B cell repertoire 

that otherwise could be detrimental when exposed to pathogens.
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Regulation of BCR signaling in B cells.

Biochemical signaling pathways are tightly regulated to ensure that the duration of signaling 

and signal amplitude are appropriate for a functional response upon signal initiation. B cell 

receptor signaling is no exception (reviewed in (54, 55) (Figure 1). Upon B cell receptor 

cross-linking, Src-family kinases phosphorylate the tyrosines in the Immunoreceptor 

Tyrosine-based Activation Motifs (ITAM) of the CD79A/B (Igα/Igβ) heterodimer that 

is associated with the B cell receptor. ITAMs contain two conserved tyrosines; once 

both tyrosines are phosphorylated, the Syk family kinase Syk can bind with its two Src 

Homology 2 (SH2) domains resulting in the activation of Syk (56). When recruited to 

the BCR, Syk can become phosphorylated by Src-family kinases, further promoting its 

enzymatic activity. Once activated, Syk can amplify signaling by phosphorylating ITAM 

tyrosines (57). Src-family kinases can interact with unphosphorylated ITAMs using a 

sequence within their unique domain. Once CD79A and B ITAMs become phosphorylated 

Src-family kinases can bind to these phospho-tyrosines with a higher affinity via their SH2-

domain (58). In contrast to Syk, which requires that both ITAM tyrosines be phosphorylated 

to enable binding, Src family kinases can bind mono-phosphorylated ITAMs (59).

B cells express multiple Src family kinases, but the main Src family kinases involved 

in initiation of BCR signaling are Lyn and Fyn. The activity of Src family kinases is 

regulated by two conserved tyrosines, an inhibitory tyrosine in the C-terminus and an 

activating tyrosine in the kinase domain (reviewed in (60)). When phosphorylated, the 

C-terminal tyrosine interacts with an SH2 domain within the Src-family kinase, folding 

it into a closed conformation. Dephosphorylation of the inhibitory C-terminal tyrosine 

by CD45 and CD148 allows the protein to assume an open conformation that can be 

activated. Other Src family kinases, associated with BCRs and brought into proximity due 

to the antigen-mediated crosslinking, trans-autophosphorylate the activating tyrosine, fully 

activating the kinase. Several phosphatases have been implicated in dephosphorylating the 

activating tyrosine to control Src family kinase activity, including CD45, ptpn22, ptpn2, 

and SHP-1. The kinase Csk phosphorylates the C-terminal tyrosine to deactivate the 

kinase entirely. This is a dynamic process. Acute inhibition of Csk results in complete 

dephosphorylation of the inhibitory tyrosine and phosphorylation of the activating tyrosine 

within two minutes without additional stimulation (61). This suggests that Src family 

kinases are in an equilibrium between activated and inactivated states and that upon antigen 

receptor crosslinking, this equilibrium shifts towards a more activated state.

Once Lyn/Fyn and Syk are activated, several activating signaling events follow. 

Phosphoinositide 3-kinase (PI3K) is activated in a Lyn/CD19-dependent manner (62), with 

contributions by Syk and BCAP (63). PI3K phosphorylates PtdIns(4,5)P2, leading to a local 

increase in PtdIns(3,4,5)P3 in the cell membrane. Certain PH-domain-containing proteins 

can bind PtdIns(3,4,5)P3, localizing them on the cell membrane at a site of active signaling. 

This can bring them into the proximity of their substrates or kinases required for further 

activation. An example of the latter is Akt, which plays an important role in regulating B 

cell metabolism and survival. An example of the former is PLCγ2. Upon BCR stimulation, 

the scaffold protein BLNK is recruited to the BCR by a phosphorylated non-ITAM tyrosine 

on CD79A. BLNK becomes phosphorylated by Syk and serves as an organizer by recruiting 
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several proteins, including Btk and PLCγ2 (64–66). Upon phosphorylation by Btk, PLCγ2 

becomes activated, and when recruited to the plasma cell membrane via its PH domain, it 

hydrolyzes PtdIns(4,5)P3 into diacylglycerol (DAG) and Ins(1,4,5)P3 (IP3). IP3 will bind 

to the IP3 receptor in the ER membrane resulting in calcium release into the cytosol. This 

initiates a cascade that results in the dephosphorylation of members of the NFAT family of 

transcription factors, resulting in their translocation into the nucleus. DAG activates Protein 

Kinase C (PKC), which initiates a signaling cascade that leads to the activation of NFκB and 

contributes to the activation of the MAPK pathway.

Almost immediately after the initiation of activating signaling, inhibitory feedback 

mechanisms kick in to limit and eventually terminate signaling. Both tyrosine and inositol 

phosphatases are recruited to actively signaling antigen receptors and become activated 

within minutes after BCR crosslinking. Typically, a receptor containing one or more 

Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM) or Immunoreceptor Tyrosine-based 

Switch Motif (ITSM) will be brought into proximity to an actively signaling receptor, 

resulting in the phosphorylation of the conserved tyrosine within the ITIM/ITSM by Src-

family kinases. Lyn is the primary Src family kinase responsible for this, thus having a 

dual role in B cell signaling by initiating activating signaling and inhibitory feedback loops. 

Lyn-deficient B cells have an almost complete loss of phosphorylation of the ITIM motifs of 

canonical inhibitory receptors such as CD22 and FcγRIIB, resulting in a failed recruitment 

of their associated phosphatases SHP-1 and SHIP-1, respectively (67–69).

SHP-1 is a tyrosine phosphatase reported to dephosphorylate key tyrosines in ITAMs, Syk, 

BLNK, and other early signaling mediators (70, 71). Accordingly, SHP-1 deficient B cells 

have elevated and prolonged signaling upon BCR stimulation (72). B cells also express 

the related tyrosine phosphatase SHP-2, although its role in regulating B cell responses 

is less understood. SHP-1 and SHP-2 have two SH2 domains, and upon tandem SH2 

binding to phosphorylated ITIMs, these proteins undergo a conformational change leading 

to their activation (73–76). SHP-1 becomes phosphorylated, and this has been suggested to 

regulate its activity and facilitate the ability to sustain activation independent of SH2 domain 

engagement (77, 78).

SHIP-1 is an inositol phosphatase that dephosphorylates the PI3K product PtdIns(3,4,5)P3 

into PtdIns(3,4)P2, counteracting the PI3K pathway (reviewed in (79)). Besides a 

phosphatase domain, SHIP-1 contains multiple domains that facilitate protein-protein 

interactions. These include 1) an SH2 domain that can interact with phosphorylated 

tyrosines in ITIMs and ITAMs, 2) C terminal proline-rich domains that can interact with 

SH3 domains of the adaptor protein Grb2 and possibly other signaling proteins, and 3) 

two PNxY motifs that are phosphorylated by Src-family kinases and mediate interactions 

with the adaptor proteins Dok-1, Dok-3 and Shc1. These protein-protein interactions play 

an important role in stabilizing phosphatase-receptor interactions and localizing SHIP-1 

to the cell membrane. While SHIP-1 has a PH-related domain that may contribute to 

membrane localization (80), when complexed with the PH-domain containing Dok-1/Dok-3, 

these proteins can facilitate the recruitment of SHIP-1 to the membrane to sites enriched 

for SHIP-1’s substrate PtdIns(3,4,5)P3 (81). In addition, at least two mechanisms have 

been described by which SHIP-1 can negatively regulate the MAPK pathway via Shc (82) 
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or Dok-1 (83, 84). Accordingly, SHIP-1 deficient B cells have enhanced PI3K-dependent 

signaling (e.g., calcium responses) and Erk signaling (85).

While this Lyn-SHP-1-SHIP-1 axis is vital to regulate the magnitude and duration of antigen 

receptor signaling, it also plays a critical role in peripheral tolerance by preventing the 

activation of autoreactive B cells.

The role of Lyn in peripheral B cell tolerance.

Lyn’s role in immune tolerance was unveiled when Lyn-deficient mice were generated 

(86–88). These mice develop a multi-organ autoinflammatory disease preceded by the 

development of autoantibodies. Lyn is expressed in both B cells and myeloid cells. 

Consequences of lineage-specific deletion of Lyn have demonstarted that Lyn expression in 

both lineages is imperative for immune tolerance (89, 90). B cell-restricted deletion of Lyn 

is sufficient to lead to autoantibody development, with titers comparable to those observed 

in whole-body Lyn deficient mice, demonstrating a B cell-intrinsic requirement for Lyn for 

appropriate B cell tolerance (89). Since Lyn plays a role both in BCR signal initiation and in 

establishing inhibitory feedback mechanisms that restrict signaling, theoretically, Lyn could 

alter B cell tolerance in two ways. Loss of Lyn could result in decreased BCR signal strength 

during B cell development, allowing autoreactive clones that would normally be deleted 

during B cell development to mature instead. Alternatively, loss of inhibitory signaling 

in Lyn deficient cells enhances BCR signal strength, thereby decreasing the activation 

threshold of autoreactive B cells in the periphery. As discussed below most evidence points 

towards the latter possibility, although there is some indirect evidence that the former may 

also occur (91).

Besides autoantibody production, Lyn deficiency leads to a reduction in peripheral B cell 

numbers and an increase in plasma cells and B1a cells (86–89). While B cell development 

appears to be unaffected in the bone marrow of Lyn deficient mice, there is a stark reduction 

in B cells during maturation in the periphery when transitional stage 1 B cells mature 

into transitional stage 2 B cells and beyond. This is accompanied by an increase in BCR 

responsiveness, starting at the transitional stage of B cell development. This indicates that 

Lyn’s suppressive signaling function becomes dominant from this stage onward (92–95). 

Combined, these data suggest that increased BCR signal strength at the transitional stage 

leads to increased peripheral deletion of (mildly) autoreactive B cells. Etopic expression of 

survival factors can rescue these cells from activation-induced death (93, 95). This idea is 

further supported by our observations in the Ars/A1 model, where B cell restricted loss of 

Lyn phenocopies the effects of B cell restricted loss of the downstream phosphatases SHIP-1 

or SHP-1. In all cases, the loss of the respective protein leads to enhanced signaling and a 

stark reduction in peripheral autoreactive B cells ((96) and Fiske and Getahun, manuscript in 

preparation).

Interestingly, the Lyn deficient Ars/A1 B cells that can be found in the periphery are 

responsive to antigen receptor stimulation and differentiate into antibody-forming cells, 

indicating that B cell anergy is lost in this model upon Lyn deletion (Fiske and Getahun, 

manuscript in preparation). The requirement for Lyn to establish B cell anergy in this model 
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is noteworthy, because earlier studies using two other models of B cell anergy suggested that 

Lyn does not play a major role in B cell anergy. The results in the MD4xML5 model of B 

cell anergy were hard to interpret since very few HEL specific B cells could be found in the 

periphery and those that were present had an immature phenotype (69). This suggests that 

due to increased BCR signal strength, Lyn-deficient MD4xML5 B cells were deleted before 

they could be anergized. In VH3H9 heavy chain transgenic mice on the Balb/c background, 

λ1-expressing B cells are DNA-reactive and anergic. Lyn deficiency did not result in their 

deletion, nor did these B cells develop into antibody-forming cells, suggesting that B cell 

anergy was intact in this model (97). Of note, the responsiveness to LPS was restored in 

λ1+ VH3H9 B cells. Lyn also plays a role in controling TLR signaling. TLR signaling is 

required to developing pathogenic IgG antibodies in Lyn deficient mice, suggesting that Lyn 

deficiency may promote these responses by both derepressing BCR and TLR signaling (89, 

90, 98, 99). The difference in dependence on Lyn for establishing or maintaining a state of 

unresponsiveness between different models of B cell anergy strengthens the idea that B cell 

anergy exists as a continuum (23, 100). The dependence on suppressive signaling mediated 

by the Lyn-SHP-1-SHIP-1 axis in anergic B cells may be contingent on the signal strength 

caused by the antigen-specificity and the antigen receptor affinity and avidity of the self 

antigen-BCR interaction.

Besides weakening tolerance mechanisms that prevent the activation of autoreactive B cells, 

Lyn also controls plasma cell differentiation and survival, thereby contributing to overall 

autoantibody production. The transcription factor Ets1 suppresses plasma cell differentiation 

and is downregulated following BCR or TLR signaling. Enhanced signaling, due to loss of 

Lyn, promotes reduced Ets expression and thus plasma cell differentiation (101). Loss of 

Lyn also enhances plasma cell survival, as Lyn normally plays a role in restricting plasma 

cell responsiveness to cytokines important for their survival (102).

Combined, these studies fit the notion that, while Lyn plays a role in both activating and 

inhibitory signaling, Lyn’s inhibitory function prevails in peripheral B cells. In agreement 

with this, acute activation of Lyn, by chemical inhibition of Csk, results in a hyporesponsive 

state of B cells (61). This was due to a Src-family kinase-dependent suppression of PI3K 

signaling by SHIP-1. Recent work from the Freedman and Rivera groups suggests an 

intriguing mechanism by which Lyn function may be skewed towards inhibition (60, 103). 

Lyn is expressed in two forms: the 56 kDa Lyn A form and the 53kDa Lyn B form, due 

to alternative splicing. Lyn A has a 21 amino acid insertion in the N terminal unique 

region that makes it susceptible to activation-induced degradation (61, 104). By making 

mice that only express either the Lyn A or Lyn B form, the Freedman group found that 

the Lyn A form is more associated with activating signaling, while the Lyn B form is 

predominantly responsible for inhibitory signaling and associated B cell tolerance (105). 

While it is unclear how the Lyn B form is biased towards activating inhibitory signaling, 

it suggests a mechanism by which initial activating signaling by Lyn is followed by more 

inhibitory signaling, due to a relative skewing towards the more inhibitory form.

While all these data corroborate the dominance of Lyn’s inhibitory function, there is a 

paradoxical observation in mice that express a constitutively active form of Lyn (106). In 

these mice, inhibitory pathways (SHP-1/SHIP-1) are constitutively activated and become 
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more activated upon further BCR stimulation, yet upon stimulation, the B cells from these 

mice are hyperactive. These mice also develop autoantibodies and autoimmune disease. 

While these results support a role for Lyn in activating SHIP-1 and SHP-1, it is unclear 

why the net result in signaling is enhanced, instead of suppressed. The authors suggest 

that the loss of B cell tolerance is due to enhanced signaling in autoreactive B cells, 

because of the activating effects of Lyn during BCR signaling. While this could explain 

the observed autoantibody production, another possibility may be that this is due to Lyn’s 

other functions during B cell activation; Lyn is activated following CD40 ligation (107, 108). 

Ongoing work in our lab suggests that Lyn plays a pivotal role in PI3K activation following 

CD40 stimulation, providing a survival signal in activated autoreactive B cells (unpublished 

results).

In light of the predominant suppressive nature of Lyn, it is noteworthy that reduced 

expression of Lyn has been observed in B cells from SLE patients (109–111). Similarly, 

increased Csk expression and resultant augmented Lyn inactivation has been observed in 

SLE patients (112).

The importance of suppression of the PI3K pathway for peripheral 

tolerance.

Multiple signaling pathways are suppressed in anergic B cells, including the PI3K pathway, 

the MAPK pathway, and the NFkB pathway (31, 33, 113). It has become apparent that 

because of its upstream location, regulation of the PI3K signaling is of particular importance 

for B cell anergy and peripheral B cell tolerance in general.

Rickert and colleagues found that, unlike naïve MD4 B cells, anergic MD4xML5 B cells 

do not accumulate the PI3K product PtdIns(3,4,5)P3 in the plasma membrane following 

BCR stimulation (113). They found that MD4xML5 B cells have elevated levels of the 

inositol phosphatase PTEN, a negative regulator of the PI3K pathway that dephosphorylates 

PtdIns(3,4,5)P3 to generate PtdIns(4,5)P2. Upon PTEN deletion, MD4xML5 B cells 

regained B cell responsiveness, suggesting a critical role for suppressing PI3K signaling 

to maintain B cell anergy. To determine the contribution of PTEN overexpression on the 

anergic phenotype of MD4xML5 mice, we generated MD4 mice in which we can induce 

overexpression of PTEN in MD4 B cells in the absence of self-antigen. We found that 

induction of PTEN levels in MD4 B cells comparable to those observed in MD4xML5 B 

cells was sufficient to recapitulate some but not all the characteristics of anergic B cells 

(114). These B cells had dampened PI3K-dependent signaling and made reduced antibody 

responses upon antigen challenge, but were not entirely suppressed in their ability to mount 

antibody responses as MD4xML5 B cells are. Unlike in MD4xML5 mice, their B cells 

express normal surface IgM levels and show normal early signaling events such as Syk 

activation. This alludes that IgM downregulation per se and additional inhibitory signaling 

pathways play an important role in getting to the level of unresponsiveness observed in 

MD4xML5 B cells.

PTEN is upregulated following stimulation through multiple receptors, including the BCR 

(115). Studies in mice and humans have revealed an inverse relationship between surface 
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IgM levels and intracellular PTEN expression ((24) and unpublished observations). In 

humans, B cells with elevated PTEN expression include the IgMlo IgD+ CD27- anergic 

BND population (40), which accounts for 2.5% of the lowest IgM expressing B cells, but 

also includes up to 40% of naïve B cells that have reduced IgM expression. This speaks to 

the notion that autoreactive B cells down-regulate IgM and upregulate a negative regulator 

such as PTEN in proportion to the strength of the signal they perceive following self-antigen 

engagement, to reach a state of unresponsiveness where the self-antigen engagement does 

not induce a signal that surpasses the threshold needed for activation (23, 100). The 

importance of PTEN-mediated suppression for B cell tolerance is further suggested by the 

reduction of PTEN expression in B cells from subjects that have developed SLE (115), Type 

1 Diabetes and autoimmune thyroid disease (24), as well as B cells from the non-obese 

diabetic (NOD) mouse (116). These changes in PTEN expression in autoreactive B cells 

appear to be due to differences in miRNA regulation (24, 115), highlighting a role for 

miRNA regulation in peripheral B cell tolerance (117, 118)

PTEN is not the only negative regulator of the PI3K pathway important for controlling the 

activation of autoreactive B cells in the periphery. Deletion of SHIP-1 in B cells causes 

high titers of autoantibodies and lupus-like autoimmune disease (119, 120). Anergic B 

cells display elevated phosphorylation of SHIP-1 and the associated adaptor protein Dok-1, 

indicating increased activity. B cell restricted deletion of SHIP-1 leads to a loss of B cell 

anergy in two different models (119, 121). Anergic B cells need continuous interaction 

with self-antigen to remain unresponsive (42). To determine if continuous suppression of 

the PI3K pathway is required for the maintenance of anergic B cell unresponsiveness, we 

used a system in which we could induce acute deletion of either SHIP-1 or PTEN, or 

induce expression of a constitutively active PI3K in anergic B cells (96). All changes lead 

to enhanced PI3K dependent signaling, loss of B cell anergy, and a resultant autoantibody 

response.

Like the changes in PTEN expression observed in B cells of autoimmune patients, other 

forms of dysregulation of the PI3K pathway have also been associated with a loss of 

peripheral tolerance. B cells from SLE patients have been reported to have reduced levels of 

SHIP-1 activation (109). Individuals with gain-of-function mutations in the P110δ catalytic 

subunit of PI3K are immunocompromised and have defects in both the B and T cell 

compartment (122). About 40% of patients present with a loss of B cell tolerance, as evident 

by the production of IgM autoantibodies (123, 124). Analysis of patients and murine models 

with equivalent mutations suggests that this loss of tolerance is B cell-intrinsic and affects 

both central and peripheral tolerance (125, 126).

Given its central role in peripheral tolerance, correction of PI3K signal strength could be an 

attractive strategy to silence autoreactive B cells, thus preventing or treating autoimmunity. 

Indeed, in preclinical models, both genetic (127) and pharmaceutical (128) attenuation of 

PI3Kδ activation was shown to silence autoreactive B cells and ameliorate autoimmune 

disease while leaving the ability of naïve B and T cells to respond to antigen challenge 

intact.
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How SHIP-1 becomes activated in anergic autoreactive B cells is not completely clear. Lyn 

plays a critical role in activating both SHIP-1 and SHP-1 following B cell activation (61, 

67, 106). All three proteins are crucial for B cell tolerance (72, 89, 119, 120) and genetic 

complementation experiments support a role for the Lyn-SHIP-1 and Lyn-SHP-1 pathways 

in maintaining B cell tolerance (129). In the Ars/A1 model, inducible deletion of Lyn in 

Ars/A1 B cells leads to a selective loss of suppression of PI3K dependent signaling events 

and MAPK (Erk) activation (Fiske and Getahun, manuscript in preparation), both pathways 

that are suppressed by SHIP-1 (85). This suggests that Lyn plays a key role in suppressing 

PI3K activation, as observed by others (130).

How does Lyn promote the activation of SHIP-1 and SHP-1 in autoreactive B cells? 

ITIM/ITSM-bearing receptors are activated by being brought into the proximity of sites 

that contain activated Lyn. For example, in B cells, the ITIM of FcγRIIB only becomes 

phosphorylated, leading to SHIP-1 recruitment, if it is co-aggregated with the BCR (67). 

If inhibitory receptors are involved, how are they recruited to the BCR (Figure 2)? If 

the receptor’s ligand is part of the self-antigen, this will imply that some self-antigens 

may recruit additional negative regulators to silence the B cells that are specific for 

that self-antigen. Or are there mechanisms in place that recruit phosphatases directly to 

activated BCRs, independent of self-antigen specificity, either because the BCR itself 

recruits phosphatases or because the inhibitory receptor is constitutively associated with 

the BCR? It is likely a combination of these possibilities.

Activation of SHIP-1 in autoreactive B cells

The inhibitory low-affinity IgG Fc receptor, FcγRIIB, is the best characterized activator 

of SHIP-1 in B cells (131). IgG-antigen immune complexes crosslink FcγRIIB with the 

BCR, leading to Lyn mediated phosphorylation of the ITIM tyrosine in FcγRIIB and 

subsequent recruitment and activation of SHIP-1 (67, 88, 132). FcγRIIB deficient mice 

have enhanced IgG antibody responses, indicating that FcγRIIB is part of an important B 

cell-intrinsic feedback mechanism that controls the magnitude of humoral responses (133, 

134). Depending on genetic background, FcγRIIB deficient animals develop autoantibodies 

and lupus-like disease (135). While FcγRIIB can be specifically involved in silencing IgG 

(rheumatoid factor)-specific B cells (136), given the ligand-specificity of FcγRIIB, it is 

more likely to play a role in peripheral tolerance when self-reactive IgG is being produced. 

Indeed, the effects of FcγRIIB deficiency on central tolerance mechanisms and B cell 

anergy are minimal (137). FcγRIIB does play an significant role in maintaining more distal 

peripheral tolerance during germinal center responses (137, 138).

SHIP-1 also becomes activated and is recruited to the cell membrane following BCR 

crosslinking without the involvement of FcγRIIB (81, 85, 139, 140). The exact mechanism 

by which this occurs is not completely clear, but CD79A and Lyn are instrumental. This is 

part of normal feedback regulation of antigen receptor signaling. In the context of B cell 

tolerance, the involvement of structural components of the BCR complex (CD79A&B) is 

intriguing. It suggests a mechanism by which inhibitory signaling is initiated in a manner 

independent of antigen-receptor specificity and thus could silence autoreactive B cells 

without the need for additional inhibitory receptors.
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We and others have shown that the SH2 domain of SHIP-1 can directly bind to 

phosphorylated ITAMs of CD79A and B (81, 141, 142). It preferentially binds to 

the membrane-proximal ITAM tyrosine of CD79A (142). Recruitment of SHIP-1 to 

phosphorylated ITAMs is not unique to CD79A; it has been observed during signaling by 

other ITAM-bearing receptors as well (143, 144).

CD79A has previously been suggested to play a dual role in BCR signaling, inducing 

regulatory signaling and mediating B cell activation. Deletion of the intracellular tail of 

CD79A, including the ITAM, results in a block in development at the immature B cell stage. 

Upon BCR crosslinking, these immature B cells display delayed but enhanced signaling, 

suggesting a positive and negative role for CD79A during BCR signaling (145, 146). 

The inhibitory effect of CD79A on signaling is dependent on the ITAM tyrosines (147). 

The Nussenzweig lab made mice that effectively had a CD79A-CD79A dimer associated 

with the BCR instead of a CD79A-CD79B heterodimer, due to the replacement of the 

intracellular domain of CD79B with that of CD79A. In these mice B cells developed into 

mature B cells. Still, these B cells had features of anergic B cells, including a decreased 

ability to mount antibody responses that was likely due to both decreased surface BCR 

expression and suppressed signaling (148). CD79B can also regulate BCR signal strength/

duration, but this appears to be due to its role in BCR internalization (149, 150).

The Wienands lab used the DT-40 chicken B cell model in an effort to define the 

mechanism by which SHIP-1 is recruited and activated following BCR stimulation (81). 

Using a proteomics approach, they identified Dok-3 and Grb2 as key adaptor proteins that 

interact with SHIP-1 following BCR stimulation (81). Dok-3 interacts with phosphorylated 

C-terminal NPXY motifs in SHIP-1, while Grb2 interacts with the SH3 domain of SHIP-1. 

Using mutated versions of SHIP-1, they found that following BCR stimulation, all three 

motifs in SHIP-1, the SH2 domain, the SH3 domain, and NPXY motif, were needed to 

recruit SHIP-1 to the membrane and cause its subsequent suppressive activity. Mutation of 

the SH2 domain had the most considerable effect on both parameters, indicating an essential 

role for CD79A. CD79A/Lyn are necessary for the phosphorylation of the NPXY motifs of 

SHIP-1 (81, 142), which, in turn, is vital for Dok-3-SHIP-1 complex formation. Whether 

SHIP-1 is directly recruited to CD79A, or if other proteins like Grb2 (151) or Dok-3 (152) 

aid or stabilize this interaction is not fully clear. In another cell system, the adaptor protein 

Shc1 has been implicated in SHIP-1 recruitment to the BCR instead (139). The reality 

is that CD79A can interact with many different proteins, both via their ITAM tyrosines 

and via residues outside of the ITAM (64–66, 153–155). These interactions could either 

promote the binding of SHIP-1 or sterically hinder this interaction. Understanding how these 

interactomes are established and how they may differ in autoreactive B cells is an active field 

of research. Of note, in anergic B cells, Dok-1 appears to interact with SHIP-1 instead of 

Dok-3 (119), suggesting that these interactomes may differ between naïve and autoreactive 

B cells.

Limiting antigen receptor availability vs. active suppression of signaling

Most autoreactive B cells in the periphery express reduced surface IgM due to interactions 

with self-antigen. Surface IgD levels often remain high on these autoreactive B cells, even 
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though IgD has the same antigen-binding domains as the downregulated IgM (23, 29, 40, 

44). However, exceptions have been observed where IgD is downregulated as well (156, 

157). The reason for this difference in the behavior of IgM and IgD is not completely clear. 

There are structural differences between surface IgM and IgD; IgD is shorter due to one less 

immunoglobulin domain (2 less in mice), and IgM has a more rigid structure. In contrast, 

IgD has a long and flexible hinge region resulting in a more T-like shape vs. the classical 

Y-like shape of IgM. These structural differences have been proposed to make IgD less 

sensitive to low-valency antigen (158), although this has been challenged (35). Regardless, 

in systems where immunoglobin surface expression was restricted to one class, indirect 

readouts suggest that IgD is less sensitive to self-antigen (159, 160).

The availability of normal surface levels of IgD is often used to determine if an autoreactive 

B cell with reduced IgM expression is actively suppressed. If crosslinking of equivalent 

amounts of surface IgD results in dampened calcium mobilization in the autoreactive B 

cells, when compared to a naïve B cell, this suggests that active inhibitory signaling 

suppresses activation of the autoreactive B cell in concert with reduced availability of 

surface IgM. Indeed, autoreactive B cells from BCR transgenic models like MD4xML5 (32) 

or Ars/A1 (unpublished data) as well as CD27- IgMlo/- IgD+ BND cells found in peripheral 

blood (40, 46) have dampened calcium mobilization following IgD crosslinking compared to 

naïve B cells, despite equal levels of surface IgD expression.

To gain insight into the degree to which active suppression plays a role in silencing 

autoreactive B cells within the wild-type repertoire, the Zikherman lab studied their Nur77-

eGFP model, in which GFP expression is controlled by the regulatory region of the 

immediate early gene Nur77 (NR4A1). Thus, GFP fluorescence is a reporter of antigen 

receptor signal strength (161). Previously they provided evidence that the range of GFP 

expression observed within the B cell repertoire of a wild-type mouse can be used as a proxy 

for the degree of self-antigen interaction (self-reactivity) by individual B cells. In these 

mice, GFP expression is inversely correlated with surface IgM expression, fitting with the 

idea that the downregulation of surface IgM is correlated with the signal strength induced 

by self-antigen binding. Importantly they find no correlation between GFP expression and 

surface IgD expression levels. By comparing GFP high (presumed autoreactive) versus 

GFP low (presumed not autoreactive) populations and restricting their analysis to B cells 

with equal surface IgM expression within these populations, they observed no difference 

in calcium mobilization following IgM crosslinking (23). This suggests there were no 

additional suppressive forces at play in the GFP+ (presumed autoreactive) B cells and that 

IgM downregulation is the main B cell-intrinsic mechanism that prevents their activation, 

as suggested by others (162). When they simply compared the ability of B cells with high 

or low IgM expression to respond to IgD crosslinking, they found that only the lowest IgM 

expressing cells (~1% of the total population) had reduced calcium responses following IgD 

crosslinking (23). This would suggest that only the B cells with the lowest IgM, presumable 

due to strong interactions with self-antigen, are anergic.

While these data make a compelling case for the importance of down-regulation of 

IgM as a B cell-intrinsic tolerance mechanism, there are some potential caveats. The 

assumption is that GFP is directly correlated to signal strength received, and the highest 
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10% and lowest 10% of GFP expressing B cells are compared as a representative of 

self-reactive and not self-reactive, respectively. If you compare the B cells that overlap in 

surface IgM expression within these populations, then either IgM downregulation does not 

always reflect self-reactivity or the GFP signal strength does not capture all self-reactivity. 

Using IgD responsiveness as a readout for active suppression also has caveats that may 

underestimate active inhibitory signaling. First, IgM and IgD have been proposed to 

reside in different protein islands on B cells (163), and if so, they may be differentially 

regulated due to proximity to inhibitory receptors (164). Secondly, if predominantly IgM 

productively interacts with self-antigen, then maybe self-antigen-BCR (IgM) interactions are 

locally suppressed by inhibitory signaling, without affecting distal sites assayed in these 

experiments. For example, CD40 signaling is intact in anergic B cells (165). In Ars/A1 

B cells, where early events in BCR mediated PI3K signaling (pAkt/pS6) are actively 

suppressed, these same PI3K signaling events are not suppressed upon CD40 stimulation 

(unpublished observations), supporting the idea of localized suppressive signaling.

To determine the relative contribution of active inhibitory signaling versus IgM 

downregulation in anergic B cells, we analyzed early signaling events in Ars/A1 B cells 

following IgM cross-linking. When we correct for surface IgM levels and thus the degree 

of IgM crosslinking, the magnitude of most signaling events (e.g., Syk, BLNK, PLCγ2 

phosphorylation) are indistinguishable from those observed in B cells from C57BL/6 mice 

with a wild-type repertoire. There were two exceptions: PI3K-dependent signaling events 

are suppressed in Ars/A1 B cells, and phosphorylation of the 182 tyrosine of CD79A, the 

membrane-proximal ITAM tyrosine of CD79A is more robust in Ars/A1 B cells (Fiske and 

Getahun, manuscript in preparation). A potential caveat in these observations is that the 

subpopulation of B cells in the wild-type repertoire with comparable IgM levels to Ars/A1 

B cells, which was used for comparison, is likely enriched for autoreactive B cells. Not all 

B cells with low IgM expression need to be autoreactive per se. Other biological processes 

may also influence IgM expression causing variation in expression levels. Even mice that 

express a monoclonal BCR not thought to be autoreactive have a gaussian distribution 

of surface IgM expression levels on their B cells (95). Nonetheless, the autoreactive B 

cells present in the control group may also have active inhibitory signaling that suppresses 

early signaling events, which could confound interpretation. Still, actively suppressed PI3K 

signaling is consistent with active Lyn-SHIP-1-mediated suppression in Ars/A1 B cells. The 

absence of reduced phosphorylation of proteins that are targets of the SHP-1 was surprising, 

as discussed in the next section. The elevated basal and post-stimulation phosphorylation 

of CD79AY182 likely represent monophosphorylated ITAMs, as observed previously (119). 

This study observed that additional crosslinking of IgM on Ars/A1 B cells led to more 

ITAM monophosphorylation with little dual phosphorylation of ITAMs. This suggests 

that the continuous interaction with self-antigen predisposed these cells to induce ITAM 

monophosphorylation.

Could ITAM monophosphorylation and Lyn-SHIP-1 mediated suppression be related? 

ITAM monophosphorylation has also been observed during TCR signaling (166, 167), often 

under conditions of suboptimal stimulation, and results in inhibitory signaling (so-called 

inhibitory ITAM (ITAMi) activity). Suboptimal stimulation of Fc receptors can also lead 

to ITAMi signaling (78, 168). Crosslinking of chimeric receptors that contain a CD79A 
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ITAM that can only be monophosphorylated cannot activate Syk, but still efficiently can 

activate Lyn, SHIP-1, and Dok-1 (119). This is likely due to the ability of Lyn to efficiently 

bind monophosphorylated ITAMs, while Syk requires dually phosphorylated ITAMs to 

bind (59), tipping the balance towards inhibitory signaling. If ITAM monophosphorylation 

is associated with suboptimal stimulation, and interactions with self-antigen result in 

downregulation of IgM, it is tempting to speculate that in an autoreactive B cell, the 

continuous interaction of self-antigen with reduced surface IgM results in suboptimal 

crosslinking, that promotes ITAMi signaling of the IgM-associated CD79A and possibly 

CD79B. Within the signal 1 without signal 2 model of tolerance induction (27), this would 

suggest that an autoreactive B cell that encounters its self-antigen will internalize antigen-

bound IgM and initiate the early steps of B cell activation. However, when the second signal 

is not received due to T cell tolerance mechanisms, and surface levels of IgM are low 

due to continuous self-antigen stimulation, the continuous suboptimal crosslinking of IgM 

present on the cell surface by self-antigen could lead to ITAMi signaling by CD79A/B and 

subsequent activation of the Lyn-SHIP-1 axis.

Activation of SHP-1 in autoreactive B cells

Most of the known ITIM/ITSM-containing inhibitory receptors expressed in B cells use 

SHP-1 to suppress B cell activation. B cell-targeted deletion of SHP-1 leads to defects in 

B cell development and an increase in B-1a B cells at the expense of follicular B cells. 

These mice have partially impaired antibody responses, and their B cells display increased 

antigen receptor signaling (72, 96). At five months of age, mice accumulate autoantibodies 

and develop lupus-like disease, demonstrating a loss of B cell tolerance.

To study the effects of SHP-1 deficiency on B cell tolerance, Cyster and Goodnow crossed 

MD4 mice onto the viable motheaten background, that expresses a splice variant of SHP-1 

that has ~ 20% enzymatic activity. They used a bone marrow transfer approach to assay 

the effect of SHP-1 deficiency on B cell tolerance induction under conditions that normally 

induce B cell deletion (membrane-bound HEL) or B cell anergy (soluble HEL) (169). They 

found that enhanced BCR signaling in immature B cells led to a lowered threshold for 

clonal deletion. As a result, SHP-1 deficient MD4 B cells were not only efficiently deleted 

when exposed to membrane bound HEL, but also when exposed to soluble HEL. The few 

MD4 B cells found in the periphery in mice that expressed soluble HEL had an immature 

phenotype, making it hard to determine the effects of SHP-1 deficiency on B cell anergy. 

To address this issue, we used mb1-cre driven deletion of SHP-1 in the Ars/A1 model (96). 

As observed in the MD4xML5 model, deletion of SHP-1 resulted in a drastic reduction of 

Ars/A1 B cells in the periphery. However, the Ars/A1 B cells present in the periphery made 

an autoantibody response. Inducible deletion of SHP-1 caused Ars/A1 B cells to regain 

antigen responsiveness and resulted in proliferation and differentiation into autoantibody 

forming plasmablasts. These results show that in the Ars/A1 model of B cell anergy, SHP-1 

is required to both establish and maintain B cell anergy.

How SHP-1 is activated in Ars/A1 B cells is still unclear. At the onset of the experiment 

described in the previous section, we had expected that the reduced phosphorylation of 

known SHP-1 targets observed in Ars/A1 B cells after IgM crosslinking, when compared 
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to naïve B cells, was due to SHP-1 activity. Instead, it appears that reduced surface IgM 

can account for those observations. While SHIP-1-mediated suppression of PI3K signaling 

may be directly linked to the BCR via CD79A, SHP-1-mediated suppression of Ars/A1 

B cells may depend more on its self-antigen to recruit the appropriate inhibitory receptor. 

This may be missed when B cells are stimulated with a polyclonal anti-IgM antibody. A 

candidate inhibitory receptor could be CD72, which Ars/A1 B cells express at elevated 

levels (Isaac Harley, manuscript in preparation). CD72 is a type II membrane protein that 

contains an extracellular C-type lectin-like domain and an ITIM in its cytoplasmic domain. 

It binds to Sm/ribonucleoprotein (RNP) antigen (170) and plays a role in suppressing 

anti-nuclear antigen reactive B cells, like Ars/A1, by recruitment of SHP-1 (171). CD72 

deficient animals develop anti-nuclear antibodies and lupus-like disease (171, 172), and 

decreased expression of CD72 has been observed in B cells from SLE patients and correlates 

with disease activity (173, 174).

B cells express multiple SHP-1-activating receptors such as CD22/Siglec-2, Siglec-G, 

CD72, PIR-B, BTLA, CD5, and members of the FcRL family. Best studied are CD22/

Siglec-2 and the related Siglec-G (reviewed in (175)). These receptors bind sialic acid 

groups on glycans. CD22 binds α2,6-linked sialic acid, and Siglec-G binds both α2,6 

and α2,3-linked sialic acid. They can interact with ligands expressed on the same 

cell (cis), including glycans present on the BCR, CD22, and CD45, or on other cells 

(trans). Interactions with the BCR restrict signaling in a Lyn/SHP-1 dependent manner. 

Consequently, CD22 deficient B cells (176–179) have a higher basal activation level and 

respond more strongly to BCR stimulation. The ligand for Siglec-G is more prevalent on B-1 

B cells (180). Accordingly, Siglec-G deficient mice have an expanded B1-population (181), 

resembling SHP-1 deficient animals (72), and their B-1 cells are hyperresponsive to BCR 

stimulation. Depending on the generic background, (aged) CD22 deficient mice (176, 182) 

and Siglec-G deficient mice (183, 184) develop autoantibodies, which can synergize with 

other drivers of loss of tolerance to cause more severe autoimmune disease (185, 186). CD22 

and Siglec-G play a role in B cell tolerance by controlling the threshold and magnitude of 

BCR signaling and by aiding in self - non-self discrimination (187). While their ligands 

have not always been identified, other SHP-1 activating receptors such as PIR-B (188–190), 

BTLA (191, 192), CD5 (193), and FcRL5 (194) can play similar roles to contribute to 

B cell tolerance by controlling BCR signal strength. Changes in their expression on B 

cells correlate with autoimmune disease, further emphasizing the importance of this axis in 

tolerance (195, 196).

Inhibitory circuits beyond Lyn-SHP-1-SHIP-1 in peripheral tolerance

This review focused primarily on the Lyn-SHP-1-SHIP-1 axis of inhibitory signaling and 

its role in peripheral B cell tolerance. Particular attention was given to the regulation 

of BCR signaling in autoreactive B cells, that prevent “signal 1” required for B cell 

activation. However, (autoreactive) B cells require multiple temporally spaced signals to 

become fully activated, survive, and differentiate into antibody-secreting cells. Inhibitory 

signaling circuits also regulate the receptors that process these additional signals. When 

these circuits become dysregulated, they can also contribute to a loss of B cell tolerance and 

autoimmunity. For example, the tyrosine phosphatase ptpn1 negatively regulates CD40 and 
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BAFF-R signaling in B cells (197), receptors important to provide “signal 2” during B-T 

interactions and promote B cell survival, respectively. Deletion of ptpn1 in B cells results in 

autoantibody production and lupus-like disease manifestations. Rheumatoid arthritis patients 

are reported to have reduced expression of this phosphatase in their B cells which correlates 

with increased responsiveness to CD40 stimulation (197). The tyrosine phosphatase ptpn2 

negatively regulates cytokine receptor signaling, and ptpn2 deficient B cells have increased 

responsiveness to IL-21 (198). IL-21 promotes plasmablast differentiation and is important 

for autoimmune responses (199). Multiple non-coding PTPN2 SNPs have been linked with 

an increased risk to develop autoimmune disease (200) and are associated with a decrease in 

ptpn2 expression (201). These are merely examples of how changes in inhibitory signaling 

can lower the threshold to develop an autoimmune response at different steps of B cell 

activation.

Concluding remarks

Inhibitory signaling plays an important role in maintaining peripheral tolerance of 

autoreactive B cells. Much remains to be learned about the exact pathways by which 

individual autoreactive B cells establish the inhibitory circuits needed to maintain 

unresponsiveness. Clinical data show that changes in expression levels or activation status 

of inhibitory effector proteins can be associated with a loss of B cell tolerance (24, 109–

112, 115, 173, 174, 195–197, 202). Reductionistic models are essential to delineate which 

proteins play an important role in B cell tolerance and how their interplay creates an 

inhibitory circuit. A challenge remains in identifying the genetic and environmental factors 

that disrupt regulatory signaling and determining how they contribute to autoimmunity, 

as they may affect multiple interdependent cell lineages and B cell development/central 

tolerance. While it will depend on the magnitude of the change in expression or function of 

individual proteins as well as the timing of these changes, multiple synergistic hits within a 

pathway or related pathways are likely needed to significantly impact escape from tolerance. 

But as our understanding increases, so does our ability to intervene to prevent or treat 

autoimmune disease. Understanding inhibitory signaling is crucial in this regard because 

of the potential to therapeutic use pharmacological agents (128) or biologics (203, 204) to 

correct dysregulation that leads to a loss of tolerance.
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Figure 1. Regulation of BCR signaling.
I) Upon BCR crosslinking Lyn phosphorylates the ITAMs of CD79A/CD79B resulting in 

the recruitment and activation of Syk. II) Lyn and Syk activate PI3K which phosphorylates 

PI(4,5)P2 to generate PI(3,4,5)P3. III) A signaling cascade activates multiple pathways 

important for B cell activation. PI(3,4,5)P3 plays an important role in facilitating activating 

signaling via the recruitment of key proteins that contain PH domains. IV) ITIM/ITSM-

containing receptors come in proximity to actively signaling BCRs. Lyn phosphorylates the 

ITIM/ITSM tyrosine leading to the recruitment and activation of SHP-1 and SHIP-1. V) 
The tyrosine phosphatase SHP-1 inhibits signaling by dephosphorylating key tyrosines. VI) 
The inositol phosphatase SHIP-1 inhibits PI3K-dependent signaling by dephosphorylating 

PI(3,4,5)P3 to PI(3,4)P2. PTEN also counteracts PI3K signaling by dephosphorylating 

PI(3,4,5)P3 to PI(4,5)P2.
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Figure 2. Initiation of inhibitory signaling in autoreactive B cells.
I) Self-antigens that contain a ligand for an inhibitory receptor can directly recruit this 

inhibitory receptor to the BCR. II) Ligands for an inhibitory receptor can be part of the BCR 

(e.g. glycans) or recruited to the BCR, resulting in recruitment of the inhibitory receptor to 

the BCR. III) The BCR may act as an inhibitory receptor via ITAMi signaling.
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