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Non-redundant functions of IgM and IgD B cell receptors in B cell biology 

by 

Mark Andrew Noviski 

Abstract 

Naïve B cells co-express two different BCR isotypes, IgM and IgD, which have identical 

antigen binding domains but distinct membrane proximal regions. Despite decades of 

investigation, it is still unclear why B cells co-express both isotypes. Initial studies of IgD- and 

IgM-deficient mice concluded that IgM and IgD can largely substitute for each other. However, 

the isotypes differ in structure and expression pattern. IgD is highly expressed on the surface of 

all naïve B cells, but surface IgM expression is downregulated on autoreactive B cells. Here we 

demonstrate that IgD is less sensitive than IgM to self-antigen, and the isotypes differ in their 

ability to drive rapid antibody responses. We generated competitive chimeras in which B cells 

expressed either IgD or IgM alone. IgD-expressing cells adopted a developmental pattern 

consistent with reduced self-antigen recognition; they did not enter the B1a compartment but 

efficiently generated marginal zone cells. We crossed a reporter of endogenous antigen signaling, 

Nur77-eGFP, onto IgM- and IgD-deficient backgrounds. Differences in reporter expression 

suggest that IgD senses endogenous antigens more weakly than IgM in vivo. Lyn-/- mice lack a 

kinase essential for inhibition of BCR signaling, resulting in inappropriate B cell responses to 

self-antigen and aberrant short-lived plasma cell (SLPC) generation. Lyn-/- B cells expressing 

exclusively IgD did not differentiate into SLPCs, but were competent to generate germinal center 

(GC) responses. Similarly, B cells expressing exclusively IgD exhibit normal GC but impaired 

IgG1+ SLPC generation in response to T-dependent immunization. We propose a model in which 

autoreactive cells are excluded from rapid antibody responses due to predominant IgD and low 
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IgM expression, but these cells can still participate in immune responses by entering a GC 

response and undergoing somatic mutation. 
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CHAPTER 1: INTRODUCTION 
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Development and function of the B cell lineage 

 B cells are the immune cell lineage responsible for generating antibody responses against 

foreign antigens. Their importance is illustrated by the range of infections observed in patients 

who lack B cells or have defects in B cell function. For example, patients with a total lack of B 

cells and circulating antibodies experience recurrent pyogenic infections (Gaspar and Conley, 

2000). Furthermore, patients with hematological malignancies treated with B cell-depleting 

therapies are at an increased risk of infection (Kelesidis et al., 2011). To provide optimal 

protection against pathogens, B cells must be capable of responding to an astronomically diverse 

array of antigens, and the B cell repertoire must adapt to viruses that are constantly mutating. 

Vaccination strategies can be designed to optimize this protection; sequential vaccination can 

induce broadly neutralizing antibodies that protect against many influenza strains (Wei et al., 

2010). Broadly neutralizing antibodies can also provide protection during HIV rebound from 

latent viral reservoirs (Halper-Stromberg et al., 2014). However, B cells must avoid mounting 

antibody responses against self antigens, and a failure to do so can lead to autoimmunity. For 

example, the autoimmune disease systemic lupus erythematosus (SLE) is characterized by “a 

volcanic explosion of autoantibodies” (Yaniv et al., 2015). While autoreactive B cell specificities 

are heavily pruned throughout development (Wardemann et al., 2003), this can come at a cost. 

Certain classes of anti-HIV broadly neutralizing antibodies recognize autoantigens (Liu et al., 

2015; Yang et al., 2013), and potential precursors for broadly neutralizing antibodies are 

recognized as autoreactive and pruned from the repertoire (Chen et al., 2013; Doyle-Cooper et 

al., 2013; Verkoczy et al., 2010).  How B cells maintain a balance between immune 

responsiveness and the potential for autoimmunity represents a central question of B cell 

biology.  
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 The earliest stages of B cell development serve to generate diversity within the B cell 

repertoire, and subsequent tolerance mechanisms remove and restrain excessive autoreactivity 

within the repertoire (Figure 1.1). Every B cell expresses a B cell receptor (BCR), which is a 

membrane-bound version of the antibody it is capable of producing. Because of this, a B cell can 

“sense” how its antibody would interact with its surroundings upon secretion. At the start of B 

cell development, the B cell rearranges its heavy chain immunoglobulin (Ig) locus through V(D)J 

recombination (Jung et al., 2006). The B cell first joins together germline-encoded D and J 

segments, and then it joins an upstream V segment with the fused DJ segment. RAG1 and RAG2 

cooperate to recognize recombination signal sequences (RSS) flanking the V, D, and J segments 

and generate DNA breaks. Because the pairing of these segments is random and the human 

heavy chain locus contains 46, 23, and 6 V, D, and J segments, respectively, this process can 

generate 6348 distinct heavy chain rearrangements (Nemazee, 2017). Furthermore, the enzyme 

terminal deoxynucleotidyl transferase (TdT) adds additional nucleotides to the ends of the 

broken DNA segments before they are repaired, incorporating an additional level of diversity 

generation into the process (Bertocci et al., 2006). 

 Due to the randomness of V(D)J recombination and nucleotide insertion, the rearranged 

DNA sequence may contain frameshift mutations that produce a truncated or otherwise non-

functional immunoglobulin protein. Following heavy chain rearrangement, the B cell begins 

expressing surrogate light chain proteins (λ5 and VpreB), which can pair with functionally 

rearranged heavy chains and facilitate their transport to the cell surface as the pre-BCR 

(Melchers et al., 1993). Combined signals from the pre-BCR and IL-7R promote the proliferation 

and survival of these large Pre-B cells (Rickert, 2013). If heavy chain rearrangement generated a 

frameshift mutation, this pairing cannot occur, and the B cell dies by apoptosis (Nemazee and 
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Burki, 1989). It is not fully understood how a B cell knows that a functional pre-BCR has been 

transported to its surface, but one model proposes that the surrogate light chains allow the pre-

BCR to auto-dimerize, and this auto-dimerization initiates a survival signal. In this way, the pre-

BCR behaves like an autoreactive BCR and promotes light chain rearrangement (Ubelhart and 

Jumaa, 2015). Next, B cells with functionally rearranged heavy chains undergo a round of 

proliferation before moving on to light chain rearrangement during the immature B cell stage. 

Similar to heavy chain rearrangement, light chain rearrangement involves joining V and J 

segments, although light chain loci lack D segments (Tonegawa, 1983). The light chain then 

pairs with the heavy chain to form the BCR. If the resulting BCR is autoreactive, the immature B 

cell will rearrange additional light chains until autoreactivity is ameliorated, and it will die by 

apoptosis if this is unsuccessful (Nemazee, 2006).  

 Immature B cells then exit the bone marrow and travel to the spleen where they become 

T1, or early transitional, B cells. If the T1 B cell encounters self antigen, it will undergo deletion, 

otherwise it matures into a T2 B cell that is less susceptible to BCR-mediated apoptosis (Su and 

Rawlings, 2002). Depending on additional signals, T2 B cells can then differentiate into fully 

mature follicular (Fo) or marginal zone (MZ) B cells (Allman and Pillai, 2008). B1a cells are an 

additional mature B cell subset with unique properties.  They develop during fetal development, 

have restricted diversity, have few N nucleotide insertions, reside primarily in the peritoneal 

cavity, and produce so-called “natural” antibodies to provide constitutive protection against some 

classes of pathogens (Hardy, 2006; Kantor et al., 1997). A final B cell lineage that also resides 

primarily in the peritoneal cavity (B1b) participates in adaptive responses towards pathogens 

(Haas et al., 2005). 
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 Upon encounter with foreign antigen, B cells can adopt several fates depending on the 

nature of the antigen. These responses have been traditionally categorized into three classes: T-

dependent (TD) and T-independent 1 and 2 (TI-1 and TI-2). TD antigens contain proteins or 

peptides that can be presented to T cells via MHC-2, TI-1 antigens contain mitogenic stimuli 

such as TLR ligands, and TI-2 antigens contain highly repetitive epitopes that are recognized by 

the BCR (Mond et al., 1995). In the classical TD response, follicular B cells encounter antigen, 

present it to T cells, and form germinal centers where they undergo somatic hypermutation 

(SHM) and affinity maturation (MacLennan et al., 1992). High affinity, antibody-secreting long-

lived plasma cells (LLPCs) and memory B cells then arise from the GC to provide long-term 

protection and enable rapid recall responses (Kurosaki et al., 2015; McHeyzer-Williams and 

Ahmed, 1999). In the classical TI response, B1 and marginal zone B cells unite in a rapid 

antibody response characterized by short-lived plasma cell production without significant GC 

formation (Martin et al., 2001). Indeed, B1 and MZ B cells are primed to differentiate into 

plasma cells upon TLR stimulation (Genestier et al., 2007). However, the lines between TI and 

TD responses can be blurred, and the participating cell types can differ depending on the 

circumstances. Classical T-dependent antigens can promote T-independent responses via 

immune complex deposition on follicular dendritic cells (FDCs) (El Shikh et al., 2009), and 

marginal zone B cells can participate in T-dependent responses (Martin and Kearney, 2002). 

Furthermore, TI-2 immunizations can induce memory B cells, albeit ones that are phenotypically 

distinct from those induced by TD immunization (Obukhanych and Nussenzweig, 2006). The TI-

2 antigen NP-FICOLL also induces germinal center formation, but these GCs quickly die off by 

apoptosis and don’t promote high levels of SHM (Toellner et al., 2002).  
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 Early during TD immunization, B cells decide whether to enter the germinal center or 

whether to participate in an extrafollicular short-lived plasma cell (SLPC) response (MacLennan 

et al., 2003). Antigen affinity and BCR signal strength play a major role in regulating this 

decision; in cells with the same BCR specificity, high affinity antigen promotes extrafollicular 

SLPC generation, and lower affinity antigen promotes germinal center entry (Paus et al., 2006). 

This makes intuitive sense because the classical view of the germinal center is that the iterative 

process of somatic hypermutation and affinity-based selection increases affinity towards foreign 

antigens (Chan and Brink, 2012). However, recent work has demonstrated that the germinal 

center response can also serve to decrease affinity towards self antigens, a process termed 

“redemption” by the Goodnow lab (Reed et al., 2016; Sabouri et al., 2014). How exactly B cells 

“know” that they are autoreactive and should be shunted away from the SLPC fate and into a GC 

response is unclear and remains an active area of investigation.  

 

B cell receptor and antibody isotypes 

 Antibodies, and B cell receptors by extension, can take the form of different isotypes that 

share the same antigen binding domain but differ in the rest of the heavy chain. Sequencing of 

the Balb/C heavy chain locus revealed that it consists of V, D, and J segments followed by Cµ, 

Cδ, Cγ3, Cγ1, Cγ2b, Cγ2a, Cε, and Cα (Shimizu et al., 1982). C57BL/6 mice have a similar heavy 

chain locus, except they express Cγ2c instead of Cγ2a (Zhang et al., 2012). There is also a switch 

motif immediately 5’ to all mouse constant domains except Cδ (Shimizu and Honjo, 1984). 

According to immunoglobulin naming convention, the Greek subscript corresponds to the Latin 

letter of the isotype; for example, Cµ represents the constant domain of IgM and Sγ1 corresponds 

to the switch motif of IgG1.  
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 A series of three studies published in 1980 sought to characterize the differences between 

the secreted and membrane-bound versions of antibodies. One hybridization study found that the 

transcripts for secreted and membrane-bound IgM are identical throughout most of their length 

but differ at the 3’ end, and much of this difference is genomically encoded (Alt et al., 1980). 

Transcript sequencing revealed that they are identical through the first four domains of the IgM 

constant region (Cµ1-4), but they have different amino acid and untranslated sequences at the 3’ 

end (Rogers et al., 1980). Sequence similarity at the 3’ end of the other isotypes suggests that this 

is a feature shared by all isotype classes (Rogers et al., 1980). Indeed, all isotype classes can be 

expressed on the surface of B cells (Reth, 1992). A third study examined the amino acid 

sequences of membrane-bound and secreted IgM and found that they are identical from VH 

through Cµ4, but while the secreted form only has 20 amino acids downstream of Cµ4, the 

membrane-bound form has 41 primarily hydrophobic amino acids downstream (Kehry et al., 

1980). In this way, C-terminal addition of a hydrophobic stretch of amino acids allows the 

isotypes to be expressed in a membrane-bound form.  

 The membrane-bound forms of the antibody isotypes are capable of initiating 

biochemical signals that influence cell fate, a topic that will be covered in a later section. With 

some minor exceptions, membrane-bound Ig requires pairing with Igα/β for transport to the cell 

surface and initiation of signaling, and all isotypes have been co-purified with Igα/β (Reth, 

1992). While the intracellular domains of mouse IgM and IgD only consist of three amino acids 

(lysine-valine-lysine), the other three isotype classes have 14-28 amino acid intracellular tails 

that can modulate BCR signaling and cell fate (Achatz et al., 2008). Indeed, while IgG can 

initiate signaling in response to weak mechanical forces, replacing its long intracellular tail with 

that of IgM substantially raises the threshold to initiate signaling (Wan et al., 2015). The 
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following sections consider each isotype individually and cover their structural properties and 

secreted functions. 

Structure and function of IgM 

 IgM is the first isotype expressed on the surface of developing B cells, and it can be 

expressed in all known B cell lineages (Figure 1.2). The isotype is held together by disulfide 

bonds between the Cµ1 and the light chain and by disulfide bonds between Cµ2 of adjacent heavy 

chains (Heyman and Shulman, 2016). Secreted IgM often exists in a pentameric or hexameric 

form, and a high concentration of J chain during assembly favors pentamer generation (Randall 

et al., 1992). These secreted IgM multimers are held together by disulfide bonds between the Cµ3 

and Cµ4 domains of individual antibodies (Heyman and Shulman, 2016). Multimeric structure 

increases the avidity of interactions between secreted IgM and antigen, and this enhances IgM’s 

ability to neutralize pathogens and promote debris clearance. Secreted IgM is the first antibody 

produced during an immune response, and it mediates rapid protection on the basis of its 

polyreactivity, neutralization, clearance of debris, and activation of the complement cascade 

(Ehrenstein and Notley, 2010). Given its role as an abundant and rapidly secreted antibody, 

elimination of secreted IgM can affect everything from B cell development to immune responses. 

Mice that cannot secrete IgM (but can express membrane-bound IgM) have impaired IgG 

antibody responses, and their B1 compartments are expanded, likely in an attempt to restore 

serum IgM levels (Boes et al., 1998). Furthermore, when secreted IgM-deficient mice are 

crossed onto a lupus-prone background, IgG autoantibody generation is accelerated and disease 

progression is worsened (Boes et al., 2000). Because of this, it is critical to confirm that any 

phenotypes observed in IgM-deficient B cells are cell intrinsic. 

Structure and function of IgD 
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 An evolutionary study of IgD revealed that while IgD is an ancient isotype, its structure is 

not very well conserved apart from a long hinge region found in many placental mammals (Sun 

et al., 2011). The long hinge comprises a 64 amino acid segment between Cδ1 and Cδ2 in human 

IgD, but the hinge lies between Cδ1 and Cδ3 in mice, which lack Cδ2 (Preud'homme et al., 2000). 

X-ray scattering reveals that this long hinge, along with heavy O-glycosylation, gives IgD a T-

shaped structure, in contrast to the Y-shaped structure of IgM (Sun et al., 2005) (Figure 1.3). The 

potential role of this structural difference in BCR signaling will be covered in a later section. 

While IgD secretion is not a feature of most model immune responses, one study found that B 

cells can class switch to IgD in the upper respiratory mucosa, secreting IgD that can both bind to 

common respiratory tract bacteria and activate basophils (Chen et al., 2009). Unlike other 

isotypes, serum IgD levels do not follow a log-Gaussian distribution in human patients, and 

while some patients have almost no detectable serum IgD, other patients produce up to 400 

µg/mL (Chen and Cerutti, 2010). Therefore, it appears that secreted IgD may perform protective 

functions under limited circumstances. 

Structure and function of IgG 

 Both mice and humans can produce four subclasses of IgG. The four mouse classes are 

(in order) IgG3, IgG1, IgG2b, and IgG2a (or IgG2c), and each IgG isotype contains VH, CH1, 

hinge, CH2, and CH3 domains (Akahori and Kurosawa, 1997). Similarly, the human classes are 

(in order) IgG3, IgG1, IgG2, and IgG4, and all of them are structurally similar, except for IgG3, 

which has a much longer hinge (Rispens and Vidarsson, 2014). All four mouse IgG isotypes 

have long intracellular tails, and IgG1’s tail was shown to be necessary for generating rapid and 

robust IgG1 responses (Kaisho et al., 1997). Indeed, the long intracellular tails of IgG and IgE 

amplify BCR signaling via recruitment of the adapter protein Grb2 (Engels et al., 2009). A long 
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half life (about 21 days), high concentration in serum, and complement activation contribute to 

secreted IgG’s protective function, and IgG is uniquely transferred across the placenta to 

offspring with under-developed immune systems (Vidarsson et al., 2014). Furthermore, secreted 

IgG loaded on FcγRs of natural killer (NK) cells and monocytes can mediate antibody-dependent 

cell-mediated cytotoxcity (ADCC) (Smalls-Mantey et al., 2013). IgG1 is often used as a 

therapeutic in human studies due to its ability to perform the full spectrum of IgG functions (in 

contrast to the other IgG isotypes): binding activating and inhibitory FcγRs, mediating ADCC, 

promoting phagocytosis, and activating the complement cascade (Brezski and Georgiou, 2016). 

The presence of four different IgG subtypes enables fine-tuning of antibody responses to 

optimize the particular suite of effector functions needed to fight a given infection. These diverse 

and powerful capabilities illustrate why class switching to IgG is tightly controlled.  

Structure and function of IgE 

 IgE molecules contain a VH domain followed by four constant domains (Cε1-4) (Wu and 

Scheerens, 2014). As with IgG, IgE has a long cytoplasmic tail that plays a role in promoting 

robust antibody responses (Achatz et al., 1997). Cells expressing IgE BCRs display enhanced 

signaling because IgE’s cytoplasmic tail dampens CD22-mediated inhibitory signaling and 

amplifies positive signaling via recruitment of Grb2 (Sato et al., 2007; Engels et al., 2009). This 

enables chronic signaling through the BCR in the absence of antigen, and these signals can 

synergize with T cell help to promote rapid plasma cell differentiation (Yang et al., 2016). 

Secreted IgE is thought to play a role in protection against parasitic helminths, but because it 

readily binds to the high affinity IgE receptor FcεRI and promotes degranulation of mast cells 

and basophils, IgE is a major player in asthma, allergy, and atopic dermatitis (Wu and Zarrin, 

2014). IgE promotes a conformational change in FcεR1 to strengthen their interaction, and this 
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contributes to IgE’s extremely long half-life and abundance on the surface of mast cells (Wan et 

al., 2002). Because of this, IgE can promote allergic responses long after sensitization takes 

place. 

Structure and function of IgA 

 Human B cells are capable of expressing two IgA isotypes, IgA1 and IgA2, but there is 

only a single IgA isotype in mice (Mestas and Hughes, 2004). In addition to the VH domain, 

mouse IgA has three additional constant domains (Cα1-3), with the hinge encoded at the 5’ end 

of Cα2 (Tucker et al., 1981). Both human IgA isotypes have a VH domain followed by Cα1-3, but 

IgA1 has a much longer hinge than IgA2 (Woof and Russell, 2011). IgA BCRs have longer 

intracellular tails than IgM and IgD, but in contrast to IgE, IgA does not display enhanced 

signaling relative to IgM (Sato et al., 2007). Secreted IgA plays an extremely important role 

providing protection from pathogens and toxins at mucosal surfaces. On the basolateral side of 

epithelial cells in the gut, dimeric IgA (linked by J chain) binds to the poly Ig receptor, and then 

it is shuttled across the cell to the apical membrane and then cleaved off (Pabst, 2012). This 

unique transport pathway is why IgA dimers in the gut lumen contain a secretory component.  

 

Historical studies of IgM- and IgD-deficient mice 

 The mystery of dual expression of IgM and IgD on mature B cells has existed ever since 

it was observed that the two isotypes are co-expressed and move independently, indicating that 

they exist in separate complexes (Knapp et al., 1973; Rowe et al., 1973). With advances in 

mouse genetic models in the late 1980s and early 1990s enabling in vivo functional 

characterization of immunoreceptors and signaling molecules (Kulkarni and Karlsson, 1993), 

deleting the IgM and IgD BCR isotypes represented a promising approach for studying B cell 
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biology. While in the short term, deletion of these BCR isotypes led to the underwhelming 

conclusion of isotype redundancy, these studies illustrated the resiliency and flexibility of the 

BCR repertoire. This section covers the generation and characterization of two independent lines 

of IgD-deficient mice with similar phenotypes and then discusses two IgM-deficient mouse lines 

with more divergent phenotypes.  

 The Rajewsky lab performed the first characterization of IgD-deficient B cells in vivo 

(Roes and Rajewsky, 1991). They transfected C57BL/6 x CBA F1 ES cells with a targeting 

vector to introduce a neomycin cassette that disrupts the Cδ1 and Cδ3 exons of the CBA (allotype 

[a]) heavy chain locus. Because of this approach, one Ig locus was IgD-deficient and the other 

locus was unaffected (C57BL/6; allotype [b]). The authors screened the ES cells for the desired 

insertion and then injected them into SCID blasocysts, which ensured that any developing B cells 

would originate from the injected ES cells. In these chimeric mice, they found that the IgD-

deficient B cells were able to progress to the CD23+ mature-naïve stage and appeared grossly 

normal. They immunized chimeric mice with the T-dependent antigen NP-CG and found that 

while the anti-NP hapten response was dominated by the WT IgHb cells, the anti-CG carrier 

response was intact. The dominance of allotype b cells over allotype a cells in anti-NP responses 

was previously known and was therefore not surprising (Loh et al., 1983). Roes and Rajewsky 

only analyzed two C57BL/6 x CFA F1 mice (with no ES cell injections) and three WT/IgD-

deficient ES-into-SCID mice, so their immunization comparisons were only qualitative and were 

heavily influenced by the degree of chimerism in the latter mice. They also did not assay T-

independent responses in these mice. 

 More detailed examination of IgD-deficient B cells was possible once the Rajewsky lab 

attained germline transmission of their IgD knockout (Roes and Rajewsky, 1993). These fully 
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IgD-deficient mice were able to generate normal numbers of mature CD23+ splenic B cells and 

CD5+ peritoneal B1a cells. Steady-state BrdU labeling of splenic B cells was also identical in 

IgD-deficient and WT mice, indicating that B cell turnover was normal. However, in 

heterozygous IgD+/- mice, where half of B cells should be WT and half should be IgD-deficient, 

the IgD-deficient B cells were outnumbered 2:1 by WT B cells. In these mice, NP-specific IgG1 

from the IgD-deficient locus was underrepresented when mice were immunized with the T-

dependent antigen NP-CG, even after adjusting for the poor anti-hapten response of the allotype 

[a] locus. Both primary and secondary T-dependent responses in IgD-/- mice were largely normal, 

although affinity maturation was slightly delayed. T-independent responses to both NP-FICOLL 

and α-(1,3)-dextran were also normal, as were steady state serum levels of all antibody isotypes, 

except for IgE, which was lower in the IgD-/- mice (though even in WT mice, IgE levels were 

near the limit of detection). This suggests that IgD-/- mice generate largely normal LLPC 

responses. Because of these results, the authors concluded that IgD largely functions as an 

“auxiliary” receptor that helps recruit B cells into rapid antibody responses. However, it remains 

unclear how the expression of IgD could influence affinity maturation when it is not normally 

expressed on germinal center B cells (Butcher et al., 1982; Kraal et al., 1982). 

 An independent IgD knockout mouse was also characterized and published in 1993 

(Nitschke et al., 1993). To generate this mouse, the authors inserted a stop codon and neomycin 

cassette into the Cδ3 exon of the IgD constant region of the 129/Sv (allotype [a]) heavy chain 

locus. Similar to the line generated by the Rajewsky lab, IgD-deficient B cells were reduced by 

50% when competing against WT B cells in IgD+/- mice. However, unlike in the Rajewsky line, 

the total number of splenocytes was reduced in this IgD-/- mouse line. The other notable 

difference was that IgD-deficient locus did not display a reduced anti-hapten IgG1 (allotype [a]) 
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response when comparing IgD+/- and IgHa/b mice immunized with the T-dependent antigen DNP-

ova. As the haptens and carriers differed in these two papers, the difference in T-dependent anti-

hapten responses could arise from either the way the knockouts were generated or the exact 

haptens and carriers used. Regardless, any defect in T-dependent responses is too minor and 

inconsistent for generalization. Nitschke et al. also examined anti-dextran responses and found a 

slight defect when they immunized intraperitoneally but no defect when they immunized 

intravenously. Such a result would suggest that IgD-deficient mice have a slight defect in B1a 

responses but intact MZ responses, although it is unclear how loss of IgD could influence the 

function of B1a cells, as they normally express very little IgD. Steady state immunoglobulin 

levels were also largely normal in IgD-/- mice, though they did observe slightly reduced IgG2b 

and slightly increased IgA in these mice. As with the anti-hapten responses, this finding differed 

from the Roes and Rajewsky paper, so it is not a particularly robust phenotype. Finally, the 

Nitschke paper examined lymphoid organ and GC structure by microscopy and found that both 

were normal. This led the authors to conclude that IgD is largely or entirely dispensable for 

adaptive responses but might play a role in maintaining B cell homeostasis. Indeed, the only 

defect reproducibly and robustly demonstrated in both mouse lines was reduced competition of 

IgD-deficient B cells against WT B cells at steady state. The fact that subjecting IgD-deficient 

mice to the full battery of B cell assays (available at the time) produced such subtle phenotypes 

generated a consensus that IgD is a largely redundant and dispensable isotype. However, the 

persistence of IgD throughout evolution hinted that it might play an important yet-to-be-defined 

role in B cell biology (Rogers et al., 2006).  

By the early 1990s, the role of IgM as the first BCR isotype expressed by developing B 

cells had been long appreciated (Raff et al., 1976). However, it was unclear if or how loss of 
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membrane-bound IgM would affect B cell development or function. The generation of µMT mice 

was the first attempt to answer this question (Kitamura et al., 1991). The µMT mouse was 

generated by targeted insertion of a neomycin cassette into one the membrane exons for the IgM 

constant region, thus disrupting generation of membrane-bound IgM. Notably, mice homozygous 

for this insertion did not develop any mature B cells and lacked detectable levels of serum IgM. 

Examination of the bone marrow in these mice identified only large CD45Rdull surface IgM- B 

cells, indicating that these cells were arrested at the large Pre-B stage of development and had 

not progressed to the proliferative small Pre-B stage. By contrast, heterozygous mutant mice, 

with a WT BCR locus from the C57BL/6 background and a µMT BCR locus from the 129/sv 

background, had a normal number of circulating peripheral blood B cells. In this case, all of the 

IgM+ circulating B cells expressed IgM from the C57BL/6 locus (allotype [b]), indicating that 

the µMT disruption precluded expression of surface IgM from allotype [a] locus. Interestingly, 

the authors detected a small population of IgDa-expressing B cells in the peripheral blood and a 

small amount of IgMa in the serum. It remains unclear how these allotype [a] cells were able to 

develop in the heterozygous mice but not the homozygous µMT/µMT mice. Regardless, the 

authors of this study concluded that membrane expression of IgM is required for progression 

beyond the Pre-B stage of development.  

 This view persisted until a new IgM-deficient mouse was generated several years later 

(Lutz et al., 1998). This mouse differed from µMT mice in two important ways. First, the 

targeting construct was designed to eliminate the entire Cµ constant region and the µ-δ intron. 

Second, the neomycin cassette was flanked by loxP sites, and a Cre-expressing construct was 

transduced into the ES cells to induce removal of the cassette. As a result, the entire IgM locus 

was removed, and the IgD constant region was brought into closer proximity to the V(D)J region 
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of the Ig locus. In marked contrast to µMT mice, these IgM-/- mice had largely normal splenic and 

bone marrow B cell compartments and expressed IgD in place of IgM throughout development. 

The peritoneal CD5+ B1a compartment still developed in these mice, but it was reduced to 26% 

of peritoneal B cells, in comparison to 41% in WT mice.  

Further phenotypic characterization of IgM-/- mice also suggested that their B cell 

responses were largely intact. The authors immunized mice with the T-dependent antigen DNP-

ovalbumin, rechallenged them at day 14, and found that IgM-/- and WT mice produced identical 

titers of anti-DNP IgG1 at weekly timepoints in the following month. IgM-/- mice also produced 

robust anti-DNP IgD responses in this immunization, analogous to production of anti-DNP IgM 

in WT mice. This indicates that plasma cell generation by germinal center and/or memory B cells 

is intact in IgM-/- mice. Primary responses to type-II T-independent immunization (TNP-

FICOLL) were also intact; IgM-/- mice produced anti-TNP IgG3 and IgD and WT mice produced 

anti-TNP IgG3 and IgM seven days after immunization. Microscopy revealed that marginal zone 

and germinal center structure was grossly normal in immunized IgM-/- mice, although the 

follicular dendritic cell (FDC) network did not display captured IgD and only displayed captured 

IgG (the FDC network captures and displays both IgM and IgG in WT mice). The most notable 

phenotype in these mice was a delayed antibody response to vesicular stomatitis virus (VSV), 

which induces both T-independent and T-dependent responses and requires neutralizing antibody 

production to clear (Bachmann et al., 1997). In contrast to WT mice, which produce a rapid IgM 

response that peaks at day 4 post-infection, the IgD response in IgM-/- mice did not peak until 

day 12. Perhaps due to this delayed response, the lethal viral dose for IgM-/- mice was 10-fold 

lower than that for WT mice, although this lethal dose was still 10x higher than the lethal dose 

for B cell-deficient mice. At the very least, this indicates that SLPC responses might be delayed 
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in IgM-/- mice. However, the authors did not explicitly examine SLPC generation in response to 

primary immunization, so the role of IgM in SLPC responses is not fully understood. 

To summarize, characterization of IgM- and IgD-deficient mice revealed that IgM and 

IgD can largely substitute for each other. Indeed, the mice described by Roes and Rajewsky, 

Nitschke et al., and Lutz et al. did not display any absolute defects in B cell function; all 

phenotypes were either quantitative or only present during competition or early in an immune 

response. Because of this, further investigation into non-redundant functions of IgM and IgD was 

largely avoided in the following 15 years. It would take new insights into how polyclonal B cell 

repertoires are maintained and managed to prompt further study of IgM and IgD, as these new 

insights provided guidance as to where fruitful investigation might take place.  

 

Regulation of BCR signaling 

Initiation of BCR signaling  

How exactly BCR signaling is initiated is the topic of ongoing debate. As described in a 

later section, there is controversy over whether BCR signaling is initiated by antigens binding to 

BCRs and bringing them together (the crosslinking model; (Packard and Cambier, 2013)), or 

whether the BCR exists in constitutively inhibited clusters and antigen binding disrupts these 

clusters to initiate productive signaling (the dissociation activation model, (Yang and Reth, 

2010a)). What is generally agreed upon, however, is that signal initiation begins with 

phosphorylation of ITAMs in Igα/β by the Src family kinases (SFKs) Lyn, Blk, and Fyn (Gold et 

al., 1991; Saouaf et al., 1994; Weiss and Littman, 1994). The Src family kinases are normally 

restrained by Csk-mediated phosphorylation of their inhibitory tyrosine residues (Nada et al., 

1991). When these sites are phosphorylated, they interact with an SH2 domain within the SFK to 
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clamp the kinase into an inactive conformation (Young et al., 2001). This inhibitory 

phosphorylation is counteracted by the partially redundant phosphatases CD45 and CD148 

(Hermiston et al., 2009). B cells deficient for both CD45 and CD148 display greatly dampened 

signaling in response to BCR crosslinking because of basal hyper-phosphorylation of the C-

terminal inhibitory tyrosine (Y505) of Lyn (Zhu et al., 2008). Following SFK-mediated ITAM 

phosphorylation, Syk kinase docks onto the intracellular tails of Igα/β via its tandem SH2 

domains (Rowley and Burkhardt, 1995). After docking on Ιgα/β, Syk trans-autophosphorylates, 

which in turn enhances its kinase activity (Kurosaki et al., 1995). Once Syk is brought to the 

BCR complex and fully activated, the BCR signaling pathway begins to branch out (Figure 1.4).  

Propagation of BCR signaling 

Syk phosphorylates the linker protein BLNK (also known as SLP-65) (Goitsuka et al., 

1998), which then recruits Btk and PLCγ2 via their SH2 domains (Ishiai et al., 1999). Concerted 

phosphorylation by Syk and Btk activates PLCγ2, which then converts phosphatidylinosito-4,5-

bisphosphate (PIP2) into diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3) (Rhee and 

Bae, 1997). These two second messengers enable further bifurcation of the signaling cascade; 

DAG activates protein kinase C (PKC), and IP3 binds to IP3R on the endoplasmic reticulum to 

activate calcium channels and promote calcium influx into the cytosol (Berridge, 1993; Newton, 

2001). As the ER calcium stores are depleted, STIM1 accumulates at the ER-adjacent region of 

the plasma membrane and activates CRAC channels, which enable calcium influx from outside 

of the cell (Zhang et al., 2005). PKC activation and elevated intracellular calcium indirectly 

promote the nuclear translocation of the transcription factors NFκB and NFAT, respectively 

(Packard and Cambier, 2013). As these two transcription factors can be activated by different 

stimuli (e.g. BCR and cytokines) with different efficiencies, NFκB and NFAT nuclear 
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translocation allows B cells to integrate signals from divergent stimuli and adjust cell fate 

accordingly. 

 A second major pathway induced by Syk and Btk activation is the PI3 Kinase (PI3K) 

pathway. Btk and Syk phosphorylate tyrosines on BCR-associated protein (BCAP), which then 

enhances recruitment of the p85 subunit of PI3K to the plasma membrane (Okada et al., 2000). 

SFK-mediated phosphorylation of tyrosines 484 and 515 of the co-receptor CD19 plays a critical 

role in activation of the PI3K pathway, and CD19-/- B cells do not display any detectable BCR-

induced PI3K activation (Buhl et al., 1997; Ishiura et al., 2010). In this way, BCAP and CD19 

cooperate to promote optimal activation of the PI3K pathway. Once PI3K is recruited to the 

plasma membrane, it phosphorylates PI(4,5)P2 to PI(3,4,5)P3, and the local increase in PIP3 

allows Akt to be recruited to the membrane and activated (Scheid et al., 2002). Several 

biochemical events follow Akt activation, including Akt-mediated phosphorylation and 

degradation of the transcription factor FOXO1 (Engelman et al., 2006). Akt also indirectly 

activates the Raptor-mTOR complex (mTORC1), which in turn activates S6 kinase and promotes 

phosphorylation of the ribosomal subunit S6 (Engelman et al., 2006). The importance of the 

PI3K pathway in B cell survival is clearly illustrated by its ability to rescue B cell survival after 

deletion of the BCR (Kraus et al., 2004; Lam et al., 1997; Srinivasan et al., 2009). The role of 

BCR signaling in B cell survival will be discussed in greater detail in a later section. 

 A third pathway induced during BCR signaling is the mitogen-activated protein kinase 

(MAPK) pathway. Once BLNK is phosphorylated, it recruits the adapter protein Grb2, which in 

turn recruits SOS, a guanine nucleotide exchange factor (GEF) that converts inactive Ras-GDP 

to active Ras-GTP (Fu et al., 1998). GTP-bound Ras then recruits the serine/threonine kinase 

Raf, which phosphorylates Mek, which phosphorylates ERK1 and ERK2 (Genot and Cantrell, 
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2000). However, significant redundancy in this pathway exists because ERK1/2 phosphorylation 

is normal in cells where Grb2/Sos recruitment to BLNK is abolished via mutation of critical 

tyrosines on BLNK (Fu et al., 1998). Regulation of the MAPK pathway in lymphocytes is 

complex, depends on the balance and interplay between GEFs and GTPase activating proteins 

(GAPs), and has been reviewed in detail (Jun et al., 2013). As with PKC and calcium signaling, 

the MAPK pathway also activates a variety of transcription factors to link signaling to changes in 

B cell fate. 

Negative regulation of BCR signaling 

In addition to the positive signaling pathways described above, BCR stimulation activates 

negative signaling pathways that dampen and terminate BCR signaling. Negative signaling is 

initiated by phosphorylation of ITIMs in inhibitory receptors such as CD22 and FCγRIIB, but in 

contrast to ITAM phosphorylation by redundant SFKs, ITIM phosphorylation has an absolute 

requirement for Lyn (Ohashi and Defranco, 2002). Indeed, a study using compound 

heterozygous mutants found that Lyn, CD22, and the protein tyrosine phosphatase SHP-1 

cooperate to suppress BCR signaling (Cornall et al., 1998). In addition, monophosphorylation of 

the ITAMs of Igα/β was found to recruit the negative regulator SHIP-1, thus causing the ITAM 

domains to behave like ITIM domains (O'Neill et al., 2011). SHIP-1 is an inositol phospholipid 

phosphatase that converts PI(3,4,5)P3 to PI(3,4)P2 (Leslie and Downes, 2002), and this inhibits 

BCR signaling by reducing recruitment of pleckstrin-homology (PH) domain-containing proteins 

such as PLCγ2 and Btk to the plasma membrane (Nitschke, 2005).  

 CD22 is a sialic acid-binding surface receptor that requires Lyn for its ITIM 

phosphorylation and suppressive function (Smith et al., 1998). Downstream suppressive function 

proceeds by three mechanisms. First, SHP-1 is recruited to the ITIM domain in CD22 and 
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dephosphorylates CD19 and BLNK (Nitschke, 2009). Second, phosphorylated CD22 interacts 

with the calcium efflux pump PCMA4 and promotes the efflux of calcium from the cytosol to the 

extracellular milieu (Chen et al., 2004). Finally, SHIP-1 is recruited indirectly to CD22 via the 

adapter proteins Grb2 and Shc (Poe et al., 2000).  

FCγRIIB is the only IgG Fc receptor expressed constitutively on B cells, and its main 

function is to inhibit BCR signaling in response to IgG-containing immune complexes (Smith 

and Clatworthy, 2010).  As with CD22, FCγRIIB’s ITIM domain is phosphorylated by Lyn 

(Malbec et al., 1998), but unlike CD22, it’s inhibitory function is mediated primarily by SHIP-1 

(Ono et al., 1996). However, FCγRIIB’s ITIM was also shown to bind SHP-1 in vitro, so SHP-1-

mediated signaling suppression also remains a possibility (Malbec et al., 1998).  

 Siglec-G belongs to the same family of sialic-acid binding proteins as CD22, but its 

primary function appears to be to inhibit BCR signaling specifically in B1 cells (Nitschke, 2009). 

While Siglec-G over-expression in the DT40 chicken B cell line inhibits BCR signaling, Siglec-

G-/- mice exhibit enhanced calcium mobilization in only the B1a compartment and not the B2 

compartment (Hoffmann et al., 2007). The exact nature of Siglec-G-mediated signaling 

suppression is not entirely clear. One study found that Siglec-G-deficient peritoneal B cells have 

enhanced NFκB signaling (Ding et al., 2007), but this was not replicated in an independent study 

by a different group (Jellusova et al., 2010). Because the human homologue of Siglec-G (Siglec-

10) binds SHP-1, it was initially suspected that Siglec-G operates through SHP-1, but SHP-1 

phosphorylation is unaltered in Siglec-G-/- B cells (Nitschke, 2009). However, a later study found 

that Siglec-G-mediated inhibition of BCR signaling requires SHP-1 (Pfrengle et al., 2013). It 

may be that redundant mechanisms for SHP-1 activation explain the lack of a pSHP-1 phenotype 

in Siglec-G-/- B cells. 
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The role of BCR signaling in B cell development 

 Investigations of positive and negative regulation of BCR signaling has improved our 

understanding of the role of BCR signaling in B cell development, fate decision, and survival. 

Elimination or severe restriction of proximal BCR signaling leads to a complete arrest of B cell 

development or a severe reduction in B cell numbers. Notably, RAG-1-/- and RAG-2-/- mice, 

which cannot undergo V(D)J recombination and thus cannot express rearranged BCRs, arrest at 

the Pro-B cell stage of development and lack peripheral B cells (Mombaerts et al., 1992; Shinkai 

et al., 1992). Disruption of Igα/β has a similar effect; a human patient with a CD79a (Igα) 

splicing defect was identified due to a lack of peripheral B cells (Minegishi et al., 1999), and 

CD79b (Igβ)-deficient mice also lack peripheral B cells (Gong and Nussenzweig, 1996). Syk-

deficient mice die perinatally, and B cell development is largely arrested at the Pro-B to Pre-B 

transition (Cheng et al., 1995; Turner et al., 1995). However, while a small number of 

transitional B cells develop in radiation chimeras reconstituted with Syk-/- fetal liver, none of 

these transitional B cells progress to the mature follicular stage (Turner et al., 1997). This is 

consistent with the idea of positive selection, which posits that the mere absence of negatively-

selecting signals is insufficient to promote progression of transitional B cells to the follicular 

stage of development, and positive BCR signals are required. Btk deficiency or mutation can 

lead to X-linked agammaglobulinemia (XLA) and total B cell deficiency in humans, but while 

Btk-deficient mice lack B1a cells, they still have some peripheral B cells (Satterthwaite et al., 

1998a). Specifically, both Btk-/- radiation chimeras and Btk kinase-dead mice display a much 

more severe reduction in mature follicular/recirculating B cells than transitional B cells (Kerner 

et al., 1995; Khan et al., 1995). PLCγ2-/- mice, which have a major defect in calcium and PKC 

signaling, display a similar phenotype (Wang et al., 2000). However, a mouse line that expresses 
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25% of normal Btk levels (Btklo) has normal numbers of mature follicular/recirculating B cells 

(Contreras et al., 2007). Thus, Btk and PLCγ2 provide signals required for efficient positive 

selection into the mature follicular/recirculating compartment, but positive selection can still 

occur in the face of reduced BCR signaling. This may be due to compensatory changes in the 

selected B cell repertoire in favor of more self-reactive specificities.  

The role of SFKs in B cell development is more nuanced due to their redundancy. 

Deficiency in one or two of the SFKs B cells express (Lyn, Blk, and Fyn) leads to little or no 

reduction in mature B cell numbers, but mice that lack all three of these SFKs have almost no 

peripheral B cells due to defective NFκB activation by the pre-BCR (Saijo et al., 2003). Due to 

the role of CD45 and CD148 in positively regulating SFK signaling, the B cell compartment of 

CD45/CD148 doubly-deficient mice largely phenocopies Lyn-/- Blk-/- Fyn-/- mice, with an early 

block in B cell development in the bone marrow (Zhu et al., 2008). These studies illustrate that 

progression beyond the Pre-B stage requires signaling through the BCR-Igα/β complex, and 

substantially impairing BCR signaling leads to developmental arrest. In general, other signaling 

mutants develop mature B cells, but phenotypes are partially masked by shifts in the B cell 

repertoire. Indeed, while CD45-/- mice have a large peripheral B cell compartment (Zhu et al., 

2008), CD45-/- B cells forced to express a hen egg lysozyme (HEL)-specific BCR largely fail to 

accumulate in the mature follicular compartment, and this is rescued by co-expression of high 

affinity soluble cognate antigen (Cyster et al., 1996). This suggests that the combined effect of 

CD45 deficiency and loss of antigen recognition substantially impairs positive selection into the 

mature follicular compartment, and BCR self-reactivity can partially compensate for defects in 

BCR signal transduction. By contrast, many perturbations in BCR signaling produce substantial 

changes in the B1a and MZ compartments in the absence of BCR transgenes. 
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 The signal strength model of MZ and B1a B cell development posits that strong BCR 

signals favor the B1a fate, and weaker signals favor the MZ fate (Cariappa and Pillai, 2002). 

Indeed, the relative sizes of these populations are often dramatically shifted when positive 

regulators of BCR signaling are eliminated or overexpressed. The Rajewsky lab generated mice 

that express high and low levels of the Epstein-Barr virus protein LMP2A, which acts as a 

constitutively active BCR surrogate, and they found that high LMP2A expression leads to B1a 

development, and low expression promotes MZ development (Casola et al., 2004). CD148-/- 

mice, which have suppressed SFK signaling due to overactive Csk, have reduced B1a and 

expanded MZ compartments (Zhu et al., 2008). Titration of a related molecule, CD45, from 

subphysiological to superphysiological levels reveals a similar trend; low CD45 expression 

drives less B1a and more MZ development, and high CD45 expression drives more B1a and less 

MZ development (Zikherman et al., 2012a). Titration of Btk also reveals the exquisite sensitivity 

the B1a compartment to changes in signal strength. As described earlier, Btk-/- mice have a 

severe reduction in most B cell subsets, but while Btklo mice have an almost complete rescue of 

mature follicular B cell numbers, they still have a severe reduction in B1a numbers (Contreras et 

al., 2007). Finally, deletion of CD19 leads to a severe reduction in B1a development despite 

normal numbers of mature follicular/recirculating B cells (Rickert et al., 1995).  

 Mice deficient for key negative regulators display fate skewing consistent with enhanced 

BCR signaling: more B1a development and less MZ development. B1a development is markedly 

enhanced in FCγRIIB-/-, Siglec-G-/-, and SHP-1-/- mice (Amezcua Vesely et al., 2012; Hoffmann 

et al., 2007; Pao et al., 2007). Marginal zone development is decreased in CD22-/-, SHP-1-/-, and 

SHIP-1-/- mice (Maxwell et al., 2011; Pao et al., 2007; Samardzic et al., 2002). The role of Lyn is 

more complicated due to the fact that Lyn has a primarily negative signaling role in B2 (MZ and 
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Fo) B cells but a primarily positive signaling role in B1a cells (Skrzypczynska et al., 2016). 

Conditional deletion of Lyn in B cells led to the elimination of MZ B cells, a profound reduction 

in mature follicular B cells, and a relatively preserved B1a compartment (Lamagna et al., 2014). 

As B2 cell numbers are dramatically reduced, B1a cells predominate in the peritoneal 

compartment of Lyn-/- mice (Lamagna et al., 2014). 

Role of BCR signaling in B cell survival 

In addition to shaping development, the BCR signaling cascade plays a role in B cell 

survival. This is most dramatically illustrated by the rapid B cell death that follows inducible 

deletion of the BCR (Lam et al., 1997). Deletion of Igα also leads to rapid B cell death, with B 

cell half-life dropping dramatically to 3-6 days (Kraus et al., 2004). Subsequent investigation 

found that PI3K signaling plays a key role in mediating survival of inducibly BCR-deficient B 

cells; constitutively active PI3K (P110*) and PTEN deficiency rescued survival of BCR-

deficient B cells, but constitutively active NFκB and constitutively active MEK did not 

(Srinivasan et al., 2009). In this case, PTEN deficiency mimicked constitutively active PI3K 

because PTEN’s normal function is to convert PI(3,4,5)P3 to PI(4,5)P2 (Leslie and Downes, 

2002). B cell survival was rescued upon simultaneous deletion of FOXO1 and the BCR, 

indicating that the PI3K pathway mediates at least some of its pro-survival role through 

repression of FOXO1 (Srinivasan et al., 2009). However, in contrast to the P110* and PTEN-/- 

BCR-deleted cells, FOXO1/BCR doubly-deficient B cells were phenotypically abnormal and 

failed to differentiate into MZ B cells or home to the lymph nodes.  

A complementary study of inducible Syk deletion in B cells came to a similar, but subtly 

different, conclusion. It has been long known that mutation or loss of the B cell survival factor 

BAFF or BAFF receptor severely reduces the number of peripheral mature B cells (Schiemann et 
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al., 2001; Thompson et al., 2001). The Tybulewicz lab observed that BAFF treatment induces 

phosphorylation of Syk and Igα in a BCR-dependent manner; thus BAFF “co-opts” the BCR to 

signal (Schweighoffer et al., 2013). Interestingly, constitutively active PI3K failed to rescue 

survival of Syk-deficient B cells, but both PTEN deficiency and constitutively active MEK could 

rescue these cells (Schweighoffer et al., 2013). It could be that Syk-deficient B cells have just 

enough PI3K signaling to synergize with MAPK activation and promote survival. The 

discrepancy between constitutively active PI3K and PTEN deficiency with regards to rescue of 

Syk-deficient B cells also suggests that these cells are especially sensitive to the quantity of PI3K 

signaling. Furthermore, the different phenotypes observed in BCR- and Syk-deficient B cells 

indicate that B cell survival requires signals outside of the PI3K pathway. While the exact nature 

of these signals is unclear, they are likely Btk-independent because survival of mature follicular 

B cells is unaffected by inducible Btk deletion (Nyhoff et al., 2018). 

The role of the BCR in B cell survival goes beyond its mere presence or absence; the 

amount of BCR expressed on the surface of mature B cells modulates B cell survival. A recent 

study identified a mutation in IgD, dmit, which prevents pairing of light chains with the IgD 

BCR and abolishes IgD surface expression without compensatory surface IgM upregulation 

(Sabouri et al., 2016). Dmit B cells have 65% less surface receptor than WT B cells and compete 

poorly for survival in the mature B cell compartment. Thus, tonic signals from the BCR can 

quantitatively promote B cell survival.  

B cell survival is also influenced by the autoreactivity of a given B cell. For example, two 

studies of autoreactive BCR transgenic models found that autoreactive B cells depend upon 

elevated BAFF levels for survival (Lesley et al., 2004; Thien et al., 2004). However, when these 

autoreactive B cells are forced to compete with non-autoreactive competitor cells for a common 
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and limited supply of BAFF, their survival is greatly impaired. BAFFR signaling activates non-

canonical NFκB, while the canonical NFκB pathway is activated downstream of the BCR 

(Gardam and Brink, 2014). Lesley et al. found that autoreactive B cells forced to compete with 

non-autoreactive B cells display less activation of the non-canonical NFκB pathway than they do 

in the absence of competition, implying reduced BAFFR signaling in this context. They went on 

to show that loss of autoreactive cells in competition could be rescued by increasing the supply 

of BAFF. 

Cross talk between BCR and BAFF signaling also goes the other way. Tonic BCR signals 

indirectly enable BAFF/BAFFR signaling because canonical NFκB upregulates a key substrate 

of the non-canonical pathway, p100 (Stadanlick et al., 2008). BCR signaling mutants also 

indirectly influence the ability of B cells to receive BAFF signals; B cells with increased CD45 

(and thus increased BCR signaling) display reduced levels of BAFF receptor and reduced 

survival in competition (Zikherman et al., 2012a).  

 Given the inextricable role of BCR signaling in normal B cell development and survival, 

BCR signaling mutants represent a key class of mice used to model B cell-mediated autoimmune 

disease. However, an understanding of the range of tolerance mechanisms that eliminate and 

restrain autoreactive B cells is necessary in order to fully interpret autoimmune phenotypes in 

BCR signaling mutants. The next section describes tolerance mechanisms identified in transgenic 

mice engineered to express autoreactive BCRs. 

 

Transgenic BCR models reveal mechanisms of B cell tolerance 

 The random nature of heavy and light chain recombination comes with a risk of 

generating autoreactive BCRs. Two seminal studies published in 1993 discovered a phenomenon 
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called receptor editing, a process in which autoreactive B cells undergo a new round of light 

chain rearrangement in order to reduce or abolish their autoreactivity. The 3H9 model system 

expresses transgenic dsDNA-reactive heavy and light chains originally cloned from MRL/lpr 

lupus-prone mice (Gay et al., 1993). Very few peripheral B cells generated in young 3H9 mice 

express both the transgenic heavy and light chain, but older mice have a B cell population that 

expresses the 3H9 heavy chain with endogenous (non-3H9) light chains. This led the authors of 

this study to conclude that autoreactive B cells can rearrange additional light chains to escape 

deletion. In the same journal issue, an independent group published a different transgenic model 

with very similar conclusions (Tiegs et al., 1993). The 3-83 µ/δ model expresses transgenic 

heavy and light chains that recognize the H-2Kk,b alleles of MHC-I. When crossed onto a 

background that expresses either H-2Kk or H-2Kb ubiquitously, there is a severe reduction in 

idiotype-positive (expressing both the transgenic heavy and light chains) cells in the spleen and 

lymph nodes. The B cells that develop in these “centrally deleting mice” express non-transgenic 

(endogenous) light chains, many of them from the Igλ locus. These mice also have elevated 

RAG-1/2 but not TdT expression in the bone marrow. By contrast, 3-83 mice that express H-2Kb 

in only the liver, kidney, and pancreas (MT-Kb; “peripherally deleting”) display a reduced 

percentage of idiotype-positive B cells but no increase in the frequency of Igλ+ cells. This 

suggests that receptor editing can occur in the bone marrow but not in peripheral B cells. A 

follow up study found that immature 3-83 B cells in the bone marrow are primed to undergo 

receptor editing; treatment of these cells with anti-idiotype antibody did not cause death or 

proliferation but instead induced upregulation of RAG-2 and promoted endogenous light chain 

rearrangement (Hertz and Nemazee, 1997). Hertz and Nemazee observed similar RAG-2 

upregulation and receptor editing following BCR ligation in non-transgenic immature bone 
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marrow B cells. A mouse with the 3-83 transgenes knocked into the endogenous BCR locus was 

later generated and confirmed that this phenomenology is not an artifact of the transgene’s 

integration site and also ruled out heavy chain rearrangement as a tolerance mechanism in this 

model (Pelanda et al., 1997).  

 A different set of transgenic mouse models helped characterize a complementary set of 

tolerance mechanisms employed by B cells that constitutively encounter cognate antigen in vivo: 

anergy and deletion. In a seminal study, Goodnow et al. generated transgenic mouse lines that 

express BCRs specific for hen egg lysozyme (HEL) and lines that constitutively express the 

cognate antigen (Goodnow et al., 1988). When the BCR transgene (MD-4) is crossed onto a 

HEL-expressing background (ML-5), B cells make it to the periphery but do not secrete high 

levels of anti-HEL IgM at steady state or in response to HEL-SRBC immunization. This stands 

in contrast to MD-4 mice, which secrete high levels of anti-HEL IgM under both conditions. The 

functional silencing of MD-4/ML-5 B cells is termed clonal anergy, and these cells have 

additional characteristics, including impaired BCR signal transduction (discussed in a subsequent 

section) and selective IgM downregulation. Specifically, MD-4/ML-5 anergic B cells maintain a 

high level of surface IgD expression but strongly downregulate surface IgM (Goodnow et al., 

1988). In a follow-up study, HEL-specific BCRs were crossed onto a different background (ML-

3) that constitutively expresses lower levels of HEL but can be induced to express additional 

HEL with zinc treatment (Goodnow et al., 1989). In this system, increases in serum HEL led to 

downregulation of surface IgM on HEL-specific B cells. Furthermore, the authors describe a 

different transgenic line (MD-5) that does not downregulate surface IgM in the presence of 

chronic cognate antigen stimulation, and these mice break tolerance and secrete high levels of 

serum anti-HEL IgM. While the mechanism is unclear, the authors speculate that IgM 
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downregulation might be an important feature of B cell tolerance, and they observe that non-

transgenic mice have a population of IgDhi IgMlo B cells that might represent a naturally-

occurring anergic population (Goodnow et al., 1989).  

 Another set of studies demonstrated that the nature of cognate antigen and developmental 

stage of antigen encounter shape the fate of autoreactive B cells. For example, if HEL is 

constitutively expressed in a membrane-bound form throughout the mouse, HEL-specific B cells 

undergo deletion and fail to progress beyond the immature stage of development in the bone 

marrow (Hartley et al., 1991). Indeed, treatment of non-transgenic bone marrow immature or 

splenic immature B cells with anti-IgM leads to rapid induction of apoptosis (Norvell et al., 

1995). While this finding differs from what happens when immature 3-83 B cells are treated with 

anti-idiotype antibody (Hertz and Nemazee, 1997), it is possible that the dose and affinity of the 

stimulatory antibody explain the discrepancy. Furthermore, the MD-4 transgene is not 

incorporated into the endogenous BCR locus, which may disfavor receptor editing in MD-4/ML-

5 B cells. Rapid death of autoreactive B cells can also be induced if these cells are subjected to 

competitive pressures. When MD-4 or MD-4/ML-5 B cells are introduced into an ML-5 mouse 

(with endogenous polyclonal B cells), the transferred cells are excluded from the B cell follicles 

and rapidly die off (Cyster and Goodnow, 1995). As alluded to earlier, it was subsequently 

shown that this is due to heightened dependence on BAFF for survival of autoreactive B cells, a 

feature that is unmasked in a competitive setting (Lesley et al., 2004; Thien et al., 2004). Thus, 

autoreactive B cells can be pruned from the repertoire by negative selection during development 

or by poor competitive fitness and greater BAFF dependence once mature, or they can be 

maintained in an anergic or functionally unresponsive state. 
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 MD-4/ML-5 B cells display a marked impairment in BCR signaling that is separable 

from surface IgM downregulation. When stimulated with soluble HEL, MD-4/ML-5 B cells 

display reduced calcium entry and global protein phosphorylation compared to MD-4 B cells 

(Cooke et al., 1994). Because MD-4/ML-5 B cells strongly downregulate IgM, some of this 

impaired signaling could be explained by reduced surface receptor expression. Cooke et al. 

addressed this in two ways. First, they transferred MD-4/ML-5 B cells into non-HEL-expressing 

mice for 36 hours. In this setting, the cells regained normal levels of surface BCR but still 

displayed impaired calcium mobilization. Second, they stimulated MD-4/ML-5 B cells through 

IgD, which is maintained at a high level on these cells, and found that global protein 

phosphorylation is still impaired. MD-4/ML-5 B cells still mobilized calcium in response to anti-

IgD, although the calcium increase was not sustained as long as it was in MD-4 B cells. 

Pathway-specific impairment of BCR signaling was examined in more detail in a follow-up 

study (Healy et al., 1997). MD-4/ML-5 B cells display elevated basal calcium, but this elevation 

is lost when the cells are transferred into mice without HEL for 50 hours. Healy et al. also found 

that MD-4/ML-5 B cells efficiently phosphorylate ERK in response to anti-IgD, but they do not 

phosphorylate JNK1 or activate the NFκB pathway. These perturbations in BCR signaling may 

contribute to the impaired antibody responses of immunized MD-4/ML-5 mice.  

 It is important to confirm that the anergic phenotypes observed in the MD-4/ML-5 model 

are also present in model systems with different BCR specificities and cognate antigens. A 

complementary model, Ars/A1, utilizes a heavy and light chain transgene that recognizes the p-

azophenylarsonate (Ars) hapten (Benschop et al., 2001). In this model, there does not appear to 

be appreciable receptor editing, and the transgene mediates strong enough allelic exclusion that 

very few B cells express endogenous heavy chains. Somewhat surprisingly, these mice fail to 
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respond to Ars-KLH immunization, and their B cells display impaired BCR signaling and 

surface phenotypes characteristic of anergic B cells, including selective IgM downregulation. 

The constitutive upregulation of activation markers on Ars/A1 B cells suggests that they 

recognize an endogenous antigen. The affinity of the BCR for this endogenous antigen is low 

because treatment with 10-4 M monovalent Ars-conjugated tyrosine abolishes both 

responsiveness to Ars8-BSA and basal activation; the affinity of the BCR for Ars hapten is 2.36 x 

10-5 M (Sharon, 1990). These affinities are several orders of magnitude weaker than the IgHEL 

BCR’s affinity for HEL (2 x 10-9 M) (Goodnow et al., 1988), making commonalities shared by 

both models more generalizible. The authors performed a competitive binding assay and found 

that the Ars/A1 antibody weakly recognizes single-stranded DNA, but it is unclear whether this 

is the only relevant autoantigen recognized by Ars/A1 B cells in vivo (Benschop et al., 2001).  

While MD-4/ML-5 B cells and Ars/A1 B cells are similar with regards to surface IgM 

downregulation and reduced antibody production upon immunization, they differ with regards to 

the reversibility of their anergic phenotypes. When MD-4/ML-5 B cells are transferred to a HEL-

deficient host, they take between 1-4 days to upregulate IgM expression, and they still display 

reduced antibody responses even 10 days after transfer (Goodnow et al., 1991). This would 

suggest that at least some anergic characteristics are “hardwired” into MD-4/ML-5 B cells. 

Indeed, MD-4/ML-5 B cells upregulate PTEN expression and display reduced calcium and PI3K 

signaling upon BCR stimulation (Browne et al., 2009). Illustrating the importance of PTEN 

upregulation in this model, Browne et al. found that deletion of PTEN completely restored 

calcium signaling, partially restored PI3K activity, and restored steady state antibody secretion 

by MD-4/ML-5 B cells. By contrast, the anergic phenotypes of Ars/A1 B cells are more rapidly 

reversible; the elevated basal calcium in Ars/A1 B cells falls within seconds of treatment with 
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monovalent Ars/Tyr, and 20 minutes of treatment with Ars/Tyr restores some responsiveness 

towards anti-IgM (Gauld et al., 2005). Furthermore, while Ars/A1 B cells display poor survival 

in vitro, treatment with Ars/Tyr improves their survival at 48 hours (Gauld et al., 2005). Despite 

the rapid reversibility of anergy in Ars/A1 mice, their anergic phenotype still requires a certain 

degree of inhibitory tone. Deletion of either SHIP-1 or SHP-1 breaks tolerance in Ars/A1 mice, 

leading to robust plasma cell differentiation and antibody secretion (Getahun et al., 2016).  It 

does not appear that SHIP-1 in Ars/A1 B cells is elevated above the level seen in WT B cells 

(Getahun et al., 2016), and Ars/A1 B cells also express WT levels of PTEN (O'Neill et al., 2011). 

This suggests that a “normal” level of inhibitory tone is sufficient to restrain Ars/A1 B cells, 

while additional inhibitory tone is required to restrain MD-4/ML-5 B cells.  

To summarize, transgenic BCR models have revealed a series of tolerance checkpoints 

and strategies that are employed to restrain autoreactive B cells: receptor editing, deletion, poor 

survival, IgM downregulation, and upregulation of negative regulators of BCR signaling. The 

next section will examine whether and where these processes occur in the polyclonal B cell 

repertoires of humans and non-BCR-transgenic mice. 

 

Naturally-occurring autoreactive and anergic B cells 

A seminal study in the Nussenzweig lab cloned BCRs from human B cells at sequential 

stages of development and analyzed their autoreactivity (Wardemann et al., 2003). Polyreactive 

BCR specificities (defined as binding to more than one of ssDNA, dsDNA, insulin, and LPS) 

make up 55% of early immature B cells, but they only make up 7% of T1 and 4% of mature B 

cells, suggesting that a major tolerance checkpoint prunes this autoreactivity in immature bone 

marrow B cells. By contrast, broader anti-nuclear (ANA) reactivity starts at 75% in early 
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immature B cells, decreases to 40% in T1 B cells, and falls to 20% in mature-naïve B cells. The 

authors noted that ANA-reactive BCRs tend to have long CDR3 sequences, and these long 

CDR3 sequences are counter-selected as cells progress through development. The drop in ANA 

reactivity between the T1 and the mature stage of development illustrates two key points: a 

second set of tolerance mechanisms is employed at this transition, and pruning of autoreactivity 

is incomplete. Furthermore, ANA assays only capture a limited range of specificities, and the 

assays employ arbitrary cutoffs to delineate ANA reactivity. As a result, the proportion of human 

B cells that are “autoreactive” may be well over 20% and may exist along a continuum. 

A subsequent study identified a human B cell population (BND) that makes up 2.5% of 

human recirculating B cells and expresses high surface IgD but no detectable surface IgM (Duty 

et al., 2009). Cloning of these BCRs revealed that 16% of them are reactive towards dsDNA and 

75% are ANA-reactive, figures much higher than what was calculated for the bulk mature 

recirculating population (Duty et al., 2009; Wardemann et al., 2003). Notably, BND cells appear 

to be mature-naïve B cells because they don’t express markers associated with immaturity, 

activation, or GC/PC differentiation, and they have no evidence of somatic hypermutation or 

clonal relation (Duty et al., 2009). While they have the same rate of Igλ usage as bulk naive B 

cells, they do have longer CDR3 sequences, which were previously found to be associated with 

increased polyreactivity (Ichiyoshi and Casali, 1994). Consistent with their autoreactivity, BND 

cells display elevated basal intracellular calcium. Furthermore, BND cells display reduced 

tyrosine phosphorylation and calcium signaling in response to both anti-IgM and anti-IgD, 

despite having normal IgD expression (Duty et al., 2009). This suggests that BND cells have 

rewired signaling, but it is unclear which negative regulators of BCR signaling are upregulated in 

BND cells. Another study found that IgD+IgMlo B cells from human blood share many phenotypes 
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with BND cells; they express mature B cell markers, do not express activation markers, and their 

BCR signaling is dampened (Quach et al., 2011). However, their anergic signaling phenotype is 

less dramatic in response to anti-IgD stimulation than it is in response to anti-IgM. This suggests 

that the rewiring occurs on a spectrum and is most profound in cells with the lowest surface IgM 

expression, and possibly the greatest degree of self-reactivity. Potentially linking this population 

to human disease, Quach et al. found that IgD+IgMlo cells in SLE patients express elevated CD22 

and decreased CD95 relative to healthy patients. However, it is unclear what drives this change 

in surface phenotype and whether it is necessary for disease pathogenesis. 

Naturally-occurring autoreactive B cells in unperturbed mice have been described in a 

similar fashion. The Cambier lab observed that both MD-4/ML-5 and Ars/A1 mice have an 

expanded number of T3 (B220+CD93+CD23+IgMlo) B cells, a population they characterized in 

non transgenic mice and named An1 B cells (Merrell et al., 2006). After stimulating An1 B cells 

with LPS and performing ELIspot assays, they found that this population is enriched for ssDNA 

and Smith antigen-reactive B cells. Furthermore, An1 cells stimulated with anti-IgM have 

decreased calcium responses relative to Fo B cells, even when gating on equivalent IgM 

expression (Merrell et al., 2006). The intrinsically dampened signaling in An1 B cells suggests 

that they might be rewired, much like MD-4/ML-5 B cells. However, Merrell et al. did not 

examine upregulation of PTEN, SHIP-1, or SHP-1 in An1 B cells, so it is unclear what mediates 

their decreased signaling. 

 Another key model system utilizes a BAC transgene that expresses GFP under the 

control of the regulatory region of the immediate early gene, Nur77/Nr4a1 (Zikherman et al., 

2012b). Importantly, BCR-antigen recognition is both necessary and sufficient for induction of 

the Nur77-eGFP reporter; GFP expression is lost in B cells forced to express IgHEL BCR, and 
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expression is reconstituted by constitutive expression of the cognate ligand, sHEL. Moreover, 

GFPhi mature B cells are enriched for ANA-reactive BCRs. Illustrating the reporter’s usefulness 

for studying B cells with different levels of autoreactivity, surface IgM is inversely correlated 

with reporter expression, but IgD levels are consistent across the repertoire. Similar to An1 cells, 

GFPhi Fo B cells display reduced calcium responses after anti-IgM stimulation, but unlike An1 

cells, this defect is absent when comparing GFPhi and GFPlo B cells with identical surface IgM 

expression. Thus, the Nur77-eGFP reporter marks B cells that are anergized solely through 

selective IgM downregulation. This suggests that the MD-4/ML-5 model generates highly 

autoreactive B cells that rely upon biochemical rewiring to restrain them, but such specificities 

may be exceedingly rare in the physiological mature B cell repertoire. Conversely, naturally-

occurring autoreactive B cells exhibit a much milder degree of self-reactivity that does not 

trigger profound anergy, but is adequately controlled by IgM downregulation. 

Thus, evidence for both central and peripheral tolerance can be observed in polyclonal 

repertoires in the absence of BCR transgenes. However, autoreactivity is still present in the B 

cell repertoires of healthy humans and mice. This indicates that mechanisms of B cell anergy are 

sufficient to restrain most of this remaining autoreactivity. An examination of BCR signaling 

mutants reveals ways in which these tolerance mechanisms can be broken and unleash 

autoantibody production. 

 

B cell tolerance in BCR signaling mutants 

While transgenic models represent a powerful tool for identifying potential tolerance 

mechanisms, humans and (wild) mice have extremely diverse BCR repertoires. Furthermore, 

mutations in BCR signaling are increasingly appreciated as drivers of autoantibody production in 
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patients with diseases such as SLE (Chen et al., 2017; Zikherman and Lowell, 2017). Numerous 

models of mice with perturbed BCR signaling exist, and some (but not all) develop lupus-like 

diseases. Given that tolerance mechanisms are dependent on BCR signaling, it should be no 

surprise that tolerance is perturbed in BCR signaling mutants. As the following examples 

illustrate, autoantibody production is highly dependent on whether a signaling mutant enhances 

or dampens BCR signaling and the developmental stage at which perturbation takes place. 

Specifically, selective loss of inhibitory signaling is highly associated with lupus-like disease in 

mice.  

Global loss of inhibitory signaling 

Three germline knockouts of Lyn were described in rapid succession. The first paper 

found that Lyn-/- mice have normal numbers of immature B cells, reduced numbers of mature B 

cells, and elevated serum IgM, and these mice develop severe glomerulonephritis with IgG 

immune complex (IC) deposition in the kidneys (Hibbs et al., 1995). A second group also 

observed a reduction in mature B cell numbers and development of glomerulonephritis in Lyn-/- 

mice (Nishizumi et al., 1995). A third group found that B cells in Lyn-/- mice have enhanced 

proximal BCR signaling in vitro and increased turnover (decreased survival) in vivo (Chan et al., 

1997). Mice with conditional deletion of Lyn in B cells were subsequently generated and 

displayed many of the same phenotypes: enhanced BCR signaling, reduced B cell numbers, 

reduced surface IgM, and IC complex deposition in the kidneys (Lamagna et al., 2014). Despite 

having enhanced signaling in mature B cells, Lyn-/- mice only have a minimal increase in 

receptor editing, likely because Lyn-/- B cells do not display enhanced signaling at the immature 

stage of development (Gross et al., 2009). This lack of enhanced signaling in immature B cells 

was also demonstrated for CD22-/- and SHP-1-/- B cells, and SHP-1 conditionally-deficient B 
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cells do not have an increase in lambda chain usage (Gross et al., 2009; Pao et al., 2007). These 

observations are consistent with the finding that Lyn, CD22, and SHP-1 work in concert to 

quantitatively inhibit BCR signaling (Cornall et al., 1998). This also illustrates how inhibitory 

tone is acquired in a developmental stage-dependent manner; this negative regulatory network is 

not expressed early in development when receptor editing and deletion take place, but it is 

present at the stage at which anergic B cells need to be restrained. Teleologically, it would make 

sense to permit strong signaling during central tolerance and then dampen signaling when 

aberrant B cell activation would be harmful. Additional examples of positive and negative 

perturbations in BCR signaling further illustrate this distinction. 

Loss of specific inhibitory receptors and mediators 

CD22 deficiency drives many phenotypes similar to those observed in Lyn-/- mice. Two 

independently generated CD22-/- mouse lines displayed a reduction in mature recirculating B 

cells and enhanced calcium signaling in B cells (Nitschke et al., 1997; Sato et al., 1996). CD22 

deletion promotes a gene dosage-dependent downregulation of surface IgM on mature B cells; 

CD22-/- B cells strongly downregulate surface IgM and only modestly downregulate surface IgD, 

and CD22+/- B cells express an intermediate level of surface IgM (Sato et al., 1996). Similar to 

Lyn-/- B cells, CD22-/- mature B cells have a reduced lifespan, as determined by steady-state 

BrdU incorporation (Nitschke et al., 1997). Thus, CD22-/- B cells engage the tolerance 

mechanisms of reduced lifespan and surface IgM downregulation, but these mechanisms are 

insufficient to dampen BCR signaling to WT levels. CD22-/- mice break tolerance and develop 

anti-dsDNA IgG autoantibodies starting at 10 months of age with variable penetrance, a 

phenotype that is milder than what is observed in Lyn-/- mice (O’Keefe et al., 1999). Going 

downstream of CD22, SHP-1-mutant (motheaten) mice die between 3 and 8 weeks of age and 
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display characteristics of severe immunodeficiency (Green and Shultz, 1975; Shultz et al., 1993). 

The poor viability of SHP-1 mutant mice necessitated generation of conditional knockout mice 

to study the phosphatase’s role in B cell autoimmunity. Mice that lack SHP-1 in B cells are 

viable, though their B cell compartment is abnormal; almost all peripheral B cells take on a 

CD5+ B1a phenotype, and the conventional B2 cells that develop have incomplete deletion of 

SHP-1 (Pao et al., 2007). Splenic SHP-1-deficient B cells have decreased surface IgM and IgD, 

though the low IgD expression could be a feature of the B1a lineage phenotype. Similar to Lyn-/- 

mice, mice with B cell conditional deletion of SHP-1 have enhanced BCR signaling and develop 

anti-dsDNA autoantibodies at 5-7 months of age (Pao et al., 2007). While SHP-1 and Lyn are 

both involved in CD22-mediated inhibitory signaling, their loss likely promotes a more robust 

autoimmune phenotype than CD22 loss does because they both play a role in other inhibitory 

pathways, such as Siglec-G and FCγRIIB. 

FCγRIIB-/- mice develop a highly-penetrant disease at 8-10 months characterized by anti-

dsDNA and anti-dsDNA-H2A/2B antibodies, IC deposition in the kidneys, and 

glomerulonephritis (Bolland and Ravetch, 2000). While the phenotype tracks with FCγRIIB-

deficient B cells transferred into FCγRIIB+/+ (but B cell deficient) mice, Balb/C and Balb/C x 

C57BL/6 F1 mice are completely protected from disease (Bolland and Ravetch, 2000). Crossing 

the 56R transgene (a high affinity version of 3H9) onto the C57BL/6 and Balb/C backgrounds 

revealed that Balb/C mice more efficiently edit to light chains that abolish dsDNA reactivity 

(Fukuyama et al., 2005). However, Fukuyama et al. found that FCγRIIB deficiency did not alter 

the efficiency of light chain editing in B6.56R mice. Thus, FCγRIIB acts primarily at the level of 

peripheral tolerance, and its loss can exacerbate defects in central tolerance.  

Perturbations in positive regulators of BCR signaling 
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Mutations in positive regulators of BCR signaling also influence tolerance checkpoints. 

Repertoire sequencing in XLA patients (who have Btk deletions or hypomorphic mutations) 

revealed that these patients have a distinct BCR repertoire enriched for autoreactive clones (Ng 

et al., 2004). Btk-/- mice have a defect in receptor editing and a 50% reduction in frequency of 

Igλ+ B cells, while mice that express constitutively active BtkE41K have an increase in lambda 

chain usage (Dingjan et al., 2001; Middendorp and Hendricks, 2004). PLCγ2-/- mice largely 

phenocopy Btk-/- mice: they have reduced lambda chain usage, and surface IgM is increased on 

IgD+ splenocytes (Bai et al., 2007). Despite these impairments in B cell tolerance, Btk reduction 

or elimination is not considered of a driver of autoimmune disease. XLA patients, who have 

mutations that eliminate or render Btk non-functional, are not predisposed to autoimmune 

disease (Smith et al., 2007). Instead, Btk deletion or reduction can ameliorate autoantibody 

production in autoimmune-prone mice such Lyn-/- and SHP-1 mutants (Satterthwaite et al., 

1998b; Scribner et al., 1987). Several Btk inhibitors are also being studied as potential 

therapeutic agents in autoantibody-mediated disease (Akinleye et al., 2013). By contrast, 

elevated Btk activity can promote autoimmune disease. Mice with transgene-driven Btk 

overexpression have enhanced BCR signaling, downregulate IgM expression on IgD+ 

splenocytes, have spontaneously expanded germinal center and plasma cell compartments, and 

develop a lupus-like disease with kidney pathology (Kil et al., 2012). Thus, hyperactivation of 

Btk signaling can still break tolerance in the face of enhanced central tolerance.  

Modulation of CD45 expression also perturbs B cell tolerance. In an allelic series of 

CD45 expression, lambda chain usage in immature bone marrow B cells increases along with 

CD45 levels, and surface IgM expression on mature B cells falls with increasing CD45 

(Zikherman et al., 2012a). Mice with the highest levels of CD45, H/H, have a diminished mature 
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B cell compartment, possibly due to decreased expression of BAFFR on these cells. However, 

enhanced deletion also plays a role in shrinking this compartment because H/H B cells in 

chimeric H/H:WT/WT mice have a sharp drop in competitive fitness at the T1-T2 transition 

(Zikherman et al., 2012a). A role in CD45 in regulating B cell turnover and fitness is further 

supported by the finding that removal of CD45 in MD-4/ML-5 B cells reduces their normally 

high turnover rate (Cyster et al., 1996). Conversely, adding soluble antigen improves the 

accumulation of mature CD45-/- MD-4 B cells, but adding membrane bound antigen (which 

increases the avidity of BCR recognition) still leads to deletion (Cyster et al., 1996). Thus, 

perturbations in CD45 and BCR-antigen recognition engage different tolerance mechanisms that 

push the B cell repertoire towards a “goldilocks” level of signaling. 

Importantly, superphysiological CD45 expression drives enhanced BCR signaling 

without promoting autoantibody production (Zikherman et al., 2013). This stands in marked 

contrast to Lyn-/- and CD22-/- mice, which display enhanced BCR signaling and develop 

autoantibodies. All of these mice (and MD-4/ML-5 mice) employ common tolerance 

mechanisms such as surface IgM downregulation and reduced mature B cell life span. Thus, 

hyperactive signaling and high-affinity autoantigen recognition are sufficient to trigger these 

tolerance mechanisms. In the case of MD-4/ML-5 mice and mice with superphysiological CD45 

expression, these tolerance mechanisms combine with inhibitory signaling to restrain 

autoantibody production. However, loss of inhibitory signaling in Lyn-/- and CD22-/- mice is able 

to overcome these tolerance mechanisms and promote autoantibody generation. Furthermore, as 

described above, Btk overexpression leads to autoimmune disease. The discrepancy between Btk 

and CD45 overexpression is likely due to the fact that CD45 activates Lyn (and subsequent 

inhibitory signaling), while Btk lies downstream of Lyn and therefore selectively enhances 
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positive signaling. In this way, the balance of activating and inhibitory signaling plays a crucial 

role in enforcing B cell tolerance. 

Analysis of these signaling mutants highlights the resiliency of B cell tolerance 

mechanisms. Mice with decreased BCR signaling at early stages of development might have a 

more autoreactive repertoire due to reduced receptor editing, but this weak signaling carries over 

to the mature stage of development and disfavors B cell activation. Conversely, enhanced BCR 

signaling can be counteracted by increased receptor editing, decreased survival, and surface IgM 

downregulation. The most dramatic breaks in tolerance occur when BCR signaling is selectively 

enhanced at later stages of development (Lyn-/- and SHP-1-/-) and earlier tolerance checkpoints 

are not compensatorily enhanced. This suggests that the inhibitory tone acquired at the mature 

stage of B cell development plays an important role in restraining autoantibody production. 

Notably, IgD expression is highest at precisely the stage when inhibitory tone is acquired, and 

IgM is downregulated on autoreactive B cells and B cells that experience enhanced signaling. 

This raises the central question of whether predominant IgD expression restrains autoreactive B 

cells and whether it plays a role in their survival. How would switching to predominant IgD 

expression affect the signals a B cell receives?  

 

IgM and IgD signaling 

 As IgM and IgD are both B cell receptors that transmit biochemical signals, a detailed 

examination of how each isotype signals may provide insight into non-redundant isotype 

functions. This section begins with a historical analysis of mice that express HEL-specific IgM 

or IgD alone, highlighting the in vivo phenotypes each isotype can drive. Then biochemical 

properties of IgM and IgD signaling will be covered, followed by a detailed analysis of a series 
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of studies that examined BCR clustering and co-localization with co-receptors on the cell 

surface. The final part of this section will examine how the BCR senses different forms of 

antigens and how IgM and IgD might differ in this regard. 

 The first study to directly probe in vivo responsiveness of IgM and IgD BCRs to bona 

fide antigens utilized HEL-specific IgM (MM-7) and HEL-specific IgD (DD-6) BCR transgenic 

mice (Brink et al., 1992). In the absence of cognate antigen, these BCRs drove allelic exclusion 

of endogenous heavy chains, promoted B cell development to maturity, and generated normal 

follicular and marginal zone architecture. MM-7 and DD-6 B cells bound equivalent amounts of 

HEL across a broad dose titration, and mice expressing each receptor secreted antibodies in 

response to HEL immunization and LPS treatment. As with MD-4 mice (described earlier), both 

lines of mice had reduced steady state anti-HEL antibody titers when crossed onto the HEL-

secreting ML-5 background. Consistent with an anergic phenotype, neither MM-7/ML-5 nor 

DD-6/ML-5 mice showed a boost in anti-HEL antibody titers upon immunization with SRBC-

conjugated HEL. Furthermore, both DD-6 and MM-7 B cells failed to reach the mature stage of 

development in bone marrow chimeras expressing membrane-bound HEL, indicating that 

deletion is intact for both isotypes. The only notable difference between the lines was receptor 

downregulation in the presence of soluble cognate antigen. On the ML-5 background, MM-7 B 

cells downregulated surface IgM 34-fold, but DD-6 B cells only downregulated surface IgD 4.3-

fold. For reference, MD-4 B cells downregulated surface IgM 75- fold and surface IgD 1.4-fold 

on the ML-5 background. These findings suggest that while IgM downregulation is more 

pronounced in the presence of IgD, its downregulation on anergic cells is a receptor-intrinsic 

property. In a follow-up study, the authors observed that IgD-only HEL-specific B cells express 

significantly more surface BCR than IgM-only B cells, and this occurs despite lower receptor 
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mRNA expression (Brink et al., 1995). This efficient surface IgD expression is especially 

apparent when HEL-specific IgM and IgD are co-expressed, as IgD predominates during co-

expression. The authors found that IgM is more efficiently downregulated in response to HEL 

antigen in vitro, and this occurs regardless of whether IgD is co-expressed. Finally, they found 

that while HEL induced greater CD80/CD86 upregulation in IgD-only B cells, this was entirely 

accounted for by the higher surface BCR expression. These two studies demonstrate that HEL-

specific BCRs of both isotype classes can mediate the same in vivo functions, but regulation of 

surface receptor expression is drastically different.  

 The first study to directly compare in vitro signaling through IgM and IgD BCRs took a 

reconstitution-based approach in the J558L B cell line (Kim and Reth, 1995a). This cell line 

expresses Igλ and Igβ but requires the addition of heavy chain and Igα for full BCR assembly 

and surface BCR expression. The authors transfected J558L cells with IgM and IgD heavy 

chains that express the B1-8 VH domain and thus recognize 4-hydroxy-3-iodo-5-nitrophenyl 

(NIP) hapten. They selected clones with comparable surface receptor levels and stimulated them 

with NIP-BSA, anti-IgM, and anti-IgD. As demonstrated with a 4G10 blot, the anti-IgM and 

anti-IgD stimuli produced comparable levels of peak global tyrosine phosphorylation in their 

respective cell lines. However, global phosphorylation was much stronger in the IgD-expressing 

cells when both lines were stimulated with either NIP-BSA or anti-idiotype antibody. Regardless 

of stimulation mode, phosphorylation in the IgM-expressing cells peaked at 1 minute, but 

phosphorylation in the IgD-expressing cells peaked and remained elevated between 10 and 60 

minutes. The authors went on to determine which part of the BCR confers this signaling 

phenotype. To do so, they made chimeric receptors containing IgG Cγ1-2 and either Cµ4 or Cδ3 

(the membrane proximal and transmembrane domains of IgM and IgD). Stimulation with either 
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antigen or anti-IgG produced similar kinetics to what was observed in the experiments with full-

length IgM and IgD; IgD’s membrane proximal and transmembrane domains conferred 

prolonged signaling upon the IgG chimeric receptor. Despite these dramatic findings, the results 

could be skewed by the use of this particular cell line, which lacks CD19, CD22, and CD45 

expression. The authors did not show dose titrations of the different stimuli, nor did they account 

for surface receptor downregulation, which was a major difference between the IgM and IgD 

BCRs in the HEL studies (Brink et al., 1995; Brink et al., 1992).  

 The intersection between BCR signaling and IgM and IgD surface expression is 

poignantly illustrated by a study in a fibroblast cell line that found that IgM absolutely requires 

Igα/β for surface expression, but IgD is readily transported to the surface in the absence of Igα/β 

(Venkitaraman et al., 1991). Indeed, IgD can be expressed in a glycosylphosphatidylinositol 

(GPI)-linked form on the surface of B cells, and this form has unique signaling properties 

(Chaturvedi et al., 2002). Chaturvedi et al. observed that while inhibition of calcium influx or 

PKC activity ablated all BCR-induced activation marker upregulation, PKA inhibition left CD86 

upregulation intact while ablating MHC-2, GL-7, and CD80 upregulation. As PKA is activated 

by cAMP, the authors stimulated B cells and found that anti-IgD induces cAMP production 

independent of calcium influx or PKC activity. The authors observed that a fraction of IgD is 

localized in lipid rafts, and either chemical disruption of these rafts or PI-PLC mediated cleavage 

of GPI-linked proteins ablated BCR-induced cAMP increases without affecting calcium 

signaling. A similar selective defect was seen in cells treated with mannosamine, an inhibitor of 

GPI synthesis. Notably, PI-PLC treatment did not appreciably decrease surface IgD expression, 

but it eliminated most of the IgD partitioning into lipid rafts. In order to confirm that this GPI-

linked form of IgD confers cAMP signaling capabilities, they transfected IgD into J558 cells 



46 

without Igα (thus forcing expression of the GPI-linked form). In these cells, anti-IgD induces a 

cAMP increase without inducing calcium signaling. Furthermore, anti-IgD dose titrations 

revealed that weak BCR simulation induces calcium signaling, but stronger BCR stimulation is 

required for cAMP increases. Illustrating the importance of this pathway in IgD signaling, PI-

PLC treatment ablated nuclear translocation of NFκB and CREB phosphorylation in anti-IgD 

stimulated cells, but both events were intact in anti-IgM stimulated cells. The defect could be 

rescued by addition of dibutyryl cAMP, and the rescue is reversed by PKA inhibition, indicating 

that anti-IgD stimulation induces a cAMP increase that activates PKA, NFκB, and CREB. In 

many of these experimental setups, the authors also transferred stimulated cells into hosts and 

found that this pathway is required for anti-IgD stimulated cells to enter the GC. As such, this 

study provides the first evidence of qualitative differences in IgD signaling that may influence in 

vivo phenotypes. 

 Interpreting the next studies, which describe co-localization of IgM and IgD with various 

co-receptors, requires an understanding of the dissociation activation model of BCR signaling. 

This model was proposed following a study that used bifluorescence complementation assays 

(BiFC) to study organization of the BCR on resting cells (Yang and Reth, 2010b). This assay 

involves linking the N terminal domain of YFP (YN) and the C terminal domain of CFP (CC) 

onto target proteins and then observing whether the proteins are close enough to allow the YFP 

and CFP fragments to interact and create fluorescent reconstituted YFP (cYFP). The authors 

validated their system in Drosophila S2 cells by showing that complementation occurs when 

Igα-YN and Igβ-CC are co-expressed with BCR heavy and light chain. The interaction is specific 

because complementation does not occur when the fragments are expressed on Igα and CD8. 

Notably, when they co-expressed WT Igβ with Igα-YN, Igα-CC, and the BCR, they observed 
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complementation, indicating that Igα molecules in neighboring BCRs are in close proximity. The 

authors went on to define a BiFC efficiency index (with Igα-Igβ interaction set at 100%) in order 

to study BCR oligomerization when different components are mutated. Because the TM-C 

domain of IgD is responsible for interacting with Igα/β, the authors wanted to determine whether 

the other transmembrane portion of IgD, TM-S, is involved in oligomerization. Notably, if they 

introduce a cysteine-serine mutation in Igα and mutate the TM-S domain of IgD, BCR formation 

is intact but oligomerization is lost. These non-oligomerized BCRs have unique properties. When 

Syk and Lyn are expressed, non-oligomerized BCRs induce constitutive protein phosphorylation 

and are downregulated, but stabilizing them with irreversible BiFC complementation restores 

high surface expression. Because BiFC-stabilized BCRs display slightly dampened calcium 

signaling, the authors proposed that oligomerization inhibits BCR signaling. In a follow-up 

review, the authors provided additional evidence for their model (Yang and Reth, 2010a). First, 

they note that BCRs can respond to a very diverse array of antigens, and a simple crosslinking 

model would not explain how all of the antigens could bring the BCRs into the right orientation 

to initiate signaling. In addition, large monomeric antigens, which presumably can’t crosslink the 

BCR, can induce BCR signaling (Kim et al., 2006). And finally, Yang and Reth argue that their 

BiFC study and a prior native PAGE biochemical study (Schamel and Reth, 2000) demonstrate 

that the BCR exists in pre-formed oligomers on resting cells.  

 An independent study from the Batista lab partially validated and partially contradicted 

the dissociation activation model (Mattila et al., 2013). This study took advantage of super-

resolution microscopy (dSTORM), which uses repeated stochastic activation of small number of 

fluorophore molecules to construct an image with resolution beyond the diffraction limit of 

visible light (Rust et al., 2006). Mattila et al. found that both IgM and IgD exist in clusters on the 
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surface of resting B cells, and the IgD clusters are denser. To better understand the behavior of 

these clusters, the authors observed their migration during cytoskeletal disruption. Latrunculin A 

(LatA) and cytochalasin D (CytoD) disrupt the actin cytoskeleton by sequestering actin 

monomers and capping growing actin filaments, respectively (Braet et al., 1996). Mattila et al. 

observed that both of these agents can induce calcium influx in B cells, but this influx requires 

both the BCR and CD19. Notably, LatA treatment did not alter the architecture of the IgD and 

IgM nanoclusters, and coverslip-bound antigen caused the clusters to grow larger. Therefore, 

signaling in this model does not require nanocluster dispersal and can take place in the face of 

increased clustering. Instead, the authors found that during cytoskeletal disruption, BCR cluster 

mobility increases and CD19 recruits Vav, PI3K, and PLCγ2 to induce calcium signaling. They 

also found that CD19 normally exists in nanoclusters immobilized by the tetraspanin CD81, but 

cytoskeletal disruption-induced calcium signaling requires CD81 expression. Therefore, the 

authors proposed that CD81 holds together a network of immobilized CD19 molecules that can 

interact with mobile BCR nanoclusters upon cytoskeletal disruption. Because actin remodeling 

occurs during BCR signaling, the authors suggest that encounters between CD19 and BCR 

nanoclusters are a feature of normal BCR signaling.  

 As the work by Mattila et al. cast doubt on the dissociation activation model, the next two 

studies from the Reth lab provided additional evidence for their model. The first of these studies 

used a proximity ligation assay (PLA) to study membrane receptor organization (Klasener et al., 

2014). PLA utilizes oligonucleotide-conjugated antibodies (or Fab fragments) against target 

proteins, and if these proteins are close enough together, the oligonucleotides can hybridize, 

undergo rolling circle amplification, and bind a fluorophore-conjugated probe. Since the 

hybridization event is very sensitive to distance, PLA can probe interactions at different 
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distances depending on whether Fab fragments, full antibodies, or primary and secondary 

antibodies are used to label target proteins. Klasener et al. titrated their reagents to generate only 

a few PLA events per cell, and then analyzed a large population of cells to estimate the number 

of interactions taking place. Using this approach, they found that BCRs exist in nanoclusters on 

resting B cells, and the non-oligomerizing IgD-Igα mutant described earlier (Yang and Reth, 

2010b) does not generate PLA events. Upon antigen treatment, the number of PLA clusters per 

cell decreases, which Klasener et al. interpret as an opening of the BCR oligomers. Dose titration 

of anti-IgM and in the presence and absence of Syk inhibitor revealed that Syk inhibition raises 

the threshold for disrupting IgM clusters. Finally, they found that CD19 is closely associated 

with IgD in resting B cells and with IgM in BCR-stimulated B cells. The second study used 

dSTORM imaging and electron microscopy to examine BCR clusters at rest and during 

activation (Chandra Maity et al., 2015). This study used “triple knockout” (TKO; 

RAG/SLP65/λ5-triple deficient) Pro-B cells transduced with HEL-specific IgD and NIP-specific 

IgM. Both of these BCRs clustered independently on resting cells, and activation with anti-BCR 

or LatA caused the clusters to shrink and come closer together. They also used PLA to verify that 

IgM and IgD come in closer proximity during antigen or LatA treatment. Anti-IgM caused only 

the IgM clusters to shrink, and anti-IgD caused only the IgD clusters to shrink, suggesting that 

activation of one BCR cluster does not affect the other. The authors posit that these changes in 

cluster size during B cell stimulation are evidence in favor of a dissociation model of signaling. 

However, their findings differ from those presented by Mattila et al., which may be in part due to 

Mattila’s use of primary mature B cells instead of Drosophila S2 and Pro-B cell lines.  

 Differential interaction with other co-receptors might lead to differences in IgM and IgD 

signaling. Similar to the BCR, CD22 exists in nanoclusters on the surface of resting B cells, and 
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LatA treatment enhances CD22 nanocluster diffusion without disrupting cluster architecture 

(Gasparrini et al., 2016). Gasparrini et al. quantified the number of CD22, CD19, IgM, and IgD 

molecules on the surface of resting B cells (65,000, 88,000, 40,000, and 286,000, respectively), 

and using models membrane area and cluster size, they determined that the inhibitory receptor 

CD22 is vastly outnumbered by activating receptors CD19, IgM, and IgD. However, they also 

found that CD22 has an extremely fast diffusion rate, allowing it to rapidly surveil the abundant 

BCR clusters. This surveillance is modulated by the presence of other co-receptors and sialic 

acid motifs, which siglecs such as CD22 bind. Notably, CD22 clusters are much bulkier and 

move more slowly on CD45-/- B cells, but enzymatically cleaving off sialic acids shrinks the 

CD22 cluster sizes. This positive regulation of BCR signaling by CD45 vis-à-vis CD22 mobility 

is consistent with the finding that phosphatase-dead CD45 rescues many CD45-/- B cell 

phenotypes via modulation of CD22 (Coughlin et al., 2015). Given the importance of CD45 and 

CD22 in modulating BCR signaling, it is possible that differences in IgM and IgD cluster density 

might affect the ability of these receptors to access each isotype. One final study examining BCR 

interactions with other surface receptors found that CXCR4 signaling requires IgD expression 

(Becker et al., 2017). Notably, CXCL12 (SDF-1; CXCR4’s ligand) does not induce calcium 

signaling or transwell migration in IgD-deficient or Syk inhibitor-treated B cells. However, the 

defects in IgD-/- B cells can be rescued with CD19 crosslinking. Becker et al. also used PLA to 

determine that CXCR4 co-localizes with the BCR in WT and IgM-/-, but not IgD-/-, B cells. They 

proposed that CXCR4 signals in a Syk-dependent manner and cooperates with IgD and CD19 to 

promote B cell migration and spreading.  

 In addition to differential pairing with co-receptors, IgM and IgD signaling and antigen 

sensing could be influenced by the nature of the antigens B cells encounter. Imaging studies have 
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found that when B cells encounter an antigen-containing surface, they first spread out and then 

contract in order to bring antigen into a central aggregate (Fleire et al., 2006). Fleire et al. found 

that if B cells encounter a sterically-restricted space and are unable to spread, they lose the 

ability to discriminate between low and high affinity antigens. This spreading is also important to 

ensure that enough BCR molecules encounter antigen, as B cells detach and abort signaling if an 

insufficient number of receptors are occupied within 60 seconds. The stiffness of antigen-

containing surfaces also influences BCR signaling and spreading. PKCβ activates focal adhesion 

kinase (FAK) to promote B cell spreading, and stiffness discrimination is lost in FAK-deficient 

B cells (Shaheen et al., 2017). As PKCβ activation is part of the canonical BCR signaling 

cascade, there appears to be a feed-forward loop where B cells encounter antigen, initiate low-

level BCR signaling that promotes spreading, which can lead to stronger signaling depending on 

antigen affinity or substrate stiffness. Given the structural differences between IgM and IgD, 

examining how each isotype interacts with antigen-containing surfaces represents a potentially 

fruitful avenue of investigation. Indeed, the flexible structure of IgD improves its ability to bind 

antigen-containing surfaces at low epitope density, but IgM displays better binding at high 

epitope density (Løset et al., 2004). 

 The ability of IgM and IgD to sense different forms of soluble antigens is the topic of 

ongoing investigation and intense debate. A key study in the Jumaa lab found that the flexible 

hinge of IgD renders it unresponsive to monovalent antigens (Ubelhart et al., 2015). Here, the 

authors transduced TKO Pre-B cells with IgM and IgD BCRs specific for HEL and NIP. 

Monomeric HEL and monovalent NIP-peptide could induce calcium signaling in IgM-expressing 

cells but not IgD expressing cells, but both isotypes responded robustly to HEL complexes or 

peptides with multiple NIP haptens. In chimeric receptors, the unresponsiveness towards 
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monvalent antigens was conferred by the IgD hinge; IgM molecules with IgD’s hinge could not 

respond to monomers, and IgD molecules with IgM’s hinge could respond to monomers. The 

authors also replaced IgD’s hinge with varying lengths of serine-glycine peptide linkers and 

found that the longer the hinge, the more weakly the receptor responds to monomeric antigen. 

The authors went on to explore potential in vivo consequences of this phenomenon. They found 

that B cells from MD-4/ML-5 mice were unresponsive to monomeric HEL but could signal in 

response to HEL complexes. In addition, spiking in monomeric HEL reduced the responsiveness 

of IgD to HEL complexes, presumably by blocking access to antigen binding sites. Finally, the 

authors found that phosphatidylcholine (PtC)-reactive IgD-only cells could not respond to 

ethanol-solublized PtC lipsomes, but they could respond to intact lipsomes. They speculate that 

this lack of responsiveness explains the reduction in PtC-reactive peritoneal B cells in IgM-/- 

mice, although the nature of the actual PtC-containing antigens encountered during B1a 

development remains unexplored. While this study presented very dramatic phenotypes and 

elegant model, it is worth emphasizing that much of the mechanistic work was done in TKO Pre-

B cells, a cell type that behaved differently from mature B cells in the dSTORM studies 

described above.  

 This cell type distinction is important because mature HEL-specific IgM-only and IgD-

only B cells both responded robustly to soluble HEL in a subsequent study (Sabouri et al., 2016). 

This study went on to examine IgM-only (MM-4), IgD-only (DD-6), and IgM/IgD (MD-4) B 

cells in the presence or absence of chronic cognate antigen. As measured by a gene expression 

array, MM-4 and DD-6 B cells induced most of the genes upregulated in MD-4 B cells upon 

exposure to chronic antigen on the ML-5 background. Surprisingly, IgM-only cells induced 

transcription of several anergy-associated genes more strongly than MD-4 cells despite 
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expressing less total surface BCR. Because of this, the authors concluded that IgD “attenuates” 

the anergy program. They went on to explore a potential survival function of IgD in this model. 

Comparing MM-4/ML-5 mice to MD-4/ML-5 mice, they found that the MM-4/ML-5 mice had a 

much smaller mature B cell compartment. The same reduction in mature anergized B cells was 

seen in Zfp318-/- MD-4/ML-5 B cells, which cannot express IgD due to defective BCR transcript 

splicing (Enders et al., 2014). In conclusion, Sabouri et al. proposed that IgD promotes survival 

of anergic B cells, and it can respond to soluble antigen in vitro and in vivo.  

 The conflict between the Ubelhart and Sabouri monomer/multimer studies and a similar 

conflict between the Mattila and Chandra Maity BCR oligomerization studies illustrate a key 

point: B cell signaling can vary wildly depending on the model antigen system and cell type 

used. Features and artifacts of different imaging and stimulation techniques can also produce 

wildly different results depending on the readout used. For the field to move forward, it is critical 

to take a step back and look more closely at how B cells respond to bona fide endogenous 

antigens in vivo. How does the dual expression of IgM and IgD on mature B cells affect their 

ability to sense and respond to these antigens? Do all of these proposed differences in IgM and 

IgD signaling and clustering have physiological consequences in vivo?  

Topics to be covered 

 Chapter 2 will examine the ability of IgM and IgD to sense endogenous antigens in the 

context of a polyclonal repertoire. Special attention will be paid to the in vivo consequences of 

antigen sensing by IgM and IgD, including B cell development and autoimmune disease 

progression. Chapter 3 will revisit many of the questions from Chapter 1 in light of these new 

results and will discuss potential future directions and unanswered questions about the functions 

of IgM and IgD BCRs. Chapter 3 also introduces additional preliminary data that provide insight 
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into non-redundant functions of IgM and IgD and could inform future studies of the isotypes. 

The Appendix will discuss an interesting set of experiments that identified a critical role of the 

V(D)J locus in permitting autoantibody generation in BAFF transgenic mice.  
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Figure 1.1. Development and function of B cell subsets. 

Schematic of B cell development highlighting functional properties of selected subsets and 

developmental processes that take place during or between stages. Dashed lines refer to the fetal 

origin of B1a cells and the propensity of marginal zone B cells to differentiate rapidly into 

plasma cells. Abbreviations: heavy chain (HC), light chain (LC), recombination (recomb.), 

plasma cell (PC), marginal zone (MZ), follicular (Fo), germinal center (GC), short-lived plasma 

cell (SLPC), memory B cell (Mem), and long-lived plasma cell (LLPC). 
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Figure 1.2. Expression pattern of BCR isotypes on B cell subsets. 

Expression of different BCR isotypes on the subsets defined in Figure 1.1. Pro-B cells do not 

express surface BCR. Dashed boxes refer to either constitutively low expression of that isotype 

on a particular subset (e.g. IgD on MZ B cells) or a low frequency of cells that express that 

isotype within a subset (e.g. IgD+ PCs, IgE+ LLPCs). Tuned expression refers to selective 

downregulation of IgM on Fo B cells that experience high levels of BCR signaling. Note: while 

some plasma cell populations express detectable surface IgM, isotype expression is primarily 

intracellular in class-switched plasma cells.  
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Figure 1.3. Domain structure of the BCR isotypes. 

Structure of mouse Ig isotypes in their membrane-bound forms. The four IgG isotypes differ in 

their hinge length and the sequence of their intracellular tails, and a consensus structure is 

shown. FAB refers to the entire antibody structure above the hinge, but the label is placed in close 

proximity to the antigen-binding domain. Igα/β and GPI-linked IgD are omitted for clarity. 
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Figure 1.4. BCR signaling cascade. 

Simplified diagram of BCR signaling. Protein kinases are green, scaffolds and adapters are 

black, and transcription factors are white. CD45 is a protein phosphatase that removes the C-

terminal inhibitory tyrosine (shown in red) on Src-family kinases (SFKs), and is counteracted by 

the kinase Csk. SFKs initiate the BCR signaling cascade by phosphorylating the ITAM domains 

of Igα/β, which promotes recruitment of Syk kinase. PI3K is a multi-subunit phosphatidylinositol 

kinase that converts PI(4,5)P2 to PI(3,4,5)P3, which promotes the recruitment of PH-domain-

containing proteins to the plasma membrane.  PLCγ2 converts PI(4,5)P2 into IP3 and 

diacylglycerol (DAG). IP3R and CRAC are calcium channels, and STIM1 is a calcium sensor 

that activates CRAC channels when ER calcium stores are depleted. SOS is a guanine nucleotide 

exchange factor that causes Ras to release GDP and bind GTP. GTP-bound Ras recruits Raf, and 

this interaction enhances Raf kinase activity and initiates the MAP kinase cascade. Not shown: 

DAG can also promote MAP kinase signaling via recruitment of the guanine nucleotide 

exchange factor RasGRP (Das et al., 2009). Akt indirectly promotes activation of the Raptor-

mTOR complex (mTORC1), which indirectly promotes phosphorylation of the S6 ribosomal 

subunit. Akt also phosphorylates the FOXO1 transcription factor, which prevents FOXO1 

translocation into the nucleus and promotes its degradation. 
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CHAPTER 2 

IgM and IgD B cell receptors differentially respond to endogenous antigens and control B 

cell fate 
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Abstract 

Naive B cells co-express two BCR isotypes, IgM and IgD, with identical antigen-binding 

domains but distinct constant regions. IgM but not IgD is downregulated on autoreactive B cells. 

Because these isotypes are presumed to be redundant, it is unknown how this could impose 

tolerance. We introduced the Nur77-eGFP reporter of BCR signaling into mice that express each 

BCR isotype alone. Despite signaling strongly in vitro, IgD is less sensitive than IgM to 

endogenous antigen in vivo and fate decisions are skewed accordingly. IgD-only Lyn-/- B cells 

cannot generate autoantibodies and short-lived plasma cells (SLPCs) in vivo, a fate thought to be 

driven by intense BCR signaling induced by endogenous antigens. Similarly, IgD-only B cells 

generate normal germinal center, but impaired IgG1+ SLPC responses to T-dependent 

immunization. We propose a role for IgD in maintaining the quiescence of autoreactive B cells 

and restricting their differentiation into autoantibody secreting cells.  
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Introduction 

The pre-immune mature naïve B cell compartment must balance the need for a diverse 

antibody repertoire with the risk of autoantibody-mediated disease. Early in development, B cells 

randomly rearrange their immunoglobulin genes through VDJ recombination and encounter a 

series of tolerance checkpoints that serve to remove autoreactive B cell receptors (BCRs) from 

the repertoire. Strongly autoreactive immature B cells rearrange additional light chains to “edit” 

their autoreactivity, and they ultimately undergo deletion if this is unsuccessful (Shlomchik, 

2008). Yet, despite stringent counter-selection of autoreactivity, the mature follicular (Fo) B cell 

compartment retains cells reactive towards endogenous antigens (Wardemann et al., 2003; 

Zikherman et al., 2012b). How these cells are restrained from mounting autoimmune responses is 

not fully understood. 

We previously described a BAC Tg reporter mouse (Nur77-eGFP) in which GFP 

expression is under the control of the regulatory region of Nr4a1, an immediate early gene 

rapidly induced by antigen receptor signaling (Mittelstadt and Defranco, 1993; Winoto and 

Littman, 2002). We showed that Nur77-eGFP expression in naïve B cells is proportional to 

strength of antigenic stimulation and consequently to autoreactivity (Zikherman et al., 2012b). 

The most prominent characteristic of GFPhi reporter B cells is decreased surface IgM BCR 

relative to GFPlo cells. Goodnow and colleagues first suggested that IgM downregulation may 

mark autoreactive B cells in the normal mature repertoire shortly after they reported selective 

downregulation of IgM in the IgHEL (hen egg lysozyme) BCR Tg / soluble HEL Tg model 

system of B cell autoreactivity (Goodnow et al., 1988; Goodnow et al., 1989). Indeed, multiple 

studies in mice and humans have identified naturally occurring IgD+IgMlo cells as autoreactive 

and “anergic” or functionally unresponsive (Duty et al., 2009; Kirchenbaum et al., 2014; Quach 
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et al., 2011; Zikherman et al., 2012b). These results corroborate observations with several BCR 

transgenic model systems (Cambier et al., 2007). However, whether or how IgM downregulation 

might constrain autoreactivity remains unclear because naturally-occurring autoreactive B cells 

maintain high expression of the IgD BCR isotype (Zikherman et al., 2012b). 

IgM and IgD are splice isoforms of a common precursor heavy chain mRNA (Moore et 

al., 1981). While they differ in their Fc domains, both BCR isotypes contain the same antigen-

binding domain, as well as identical 3-amino acid cytoplasmic tails, and they pair with Igα/β in 

order to initiate the canonical BCR signaling cascade (Blum et al., 1992; Radaev et al., 2010). 

However, the expression pattern of the isotypes differs; IgM expression begins as soon as heavy 

and light chains recombine early in B cell development, and persists until class switch 

recombination occurs following B cell activation (Chen and Cerutti, 2010). IgD is uniquely co-

expressed with IgM during a narrow developmental window on late transitional and mature 

naïve Fo B cells as a result of alternate splicing regulated by the zinc-finger protein ZFP318 

(Enders et al., 2014; Pioli et al., 2014). This suggests that IgD may play a critical role 

specifically in mature naïve B cells. Initial characterization of IgM- and IgD-deficient mice 

revealed only mild phenotypes and substantial redundancy; each isotype could mediate B cell 

development, initiate antibody responses to T-dependent and -independent immunization, and 

induce normal levels of steady-state serum IgG (Lutz et al., 1998; Nitschke et al., 1993; Roes and 

Rajewsky, 1993). This is consistent with prior studies in BCR transgenic model systems 

demonstrating that each isotype alone can mediate B cell development, deletion, and activation 

(Brink et al., 1992). 

IgM and IgD differ structurally; IgD has a much longer, flexible hinge region linking its 

Fab and Fc regions than IgM does (Chen and Cerutti, 2010). Recently, Ubelhart, Jumaa, and 
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colleagues demonstrated that a short and inflexible hinge confers upon IgM the unique capacity 

to signal in response to monovalent antigens, while both isotypes can respond to multivalent 

antigens (Ubelhart et al., 2015). However, the Goodnow lab subsequently showed that IgHEL Tg 

splenic B cells expressing either the IgD or IgM BCR exclusively could mobilize calcium in 

response to soluble HEL antigen in vitro, and each isotype can mediate a common gene 

expression program characteristic of anergy in vivo (Sabouri et al., 2016). Therefore, it remains 

unclear whether IgM and IgD BCRs expressed in an unrestricted B cell repertoire differentially 

sense bona fide endogenous antigens in vivo, particularly as the identity and nature of such 

antigens is largely unknown and not restricted to soluble monovalent antigens. For example, 5-

10% of circulating naïve B cells in healthy humans express the well-characterized unmutated and 

autoreactive human heavy chain V-segment IGHV4-34, and these cells exhibit anergy, selective 

IgM downregulation, and recognize cell-surface antigens on erythrocytes and B cells in vivo 

(Quach et al., 2011; Reed et al., 2016). 

We and others previously hypothesized that downregulation of IgM on Fo B cells might 

serve to restrain their response to endogenous antigen. Conversely, high expression of IgD on 

these cells might play a “tolerogenic” role (Zikherman et al., 2012b). To determine how IgM and 

IgD differentially regulate B cell responses to endogenous antigens, we generated Nur77-eGFP 

reporter mice deficient for either IgM or IgD (Lutz et al., 1998; Nitschke et al., 1993). Using this 

reporter of antigen-dependent signaling, we show that IgD is less sensitive than IgM to bona fide 

endogenous antigens in vivo despite higher surface expression and robust responsiveness to 

receptor ligation in vitro. Indeed, marginal zone (MZ) and B1a cells that express IgD but lack 

IgM induce less Nur77-eGFP than WT, and this is not attributable to repertoire differences. To 

further support these observations, we examine a series of cell fate decisions for which in vivo 
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BCR signaling requirements have been previously defined. We show that IgD drives a pattern of 

development consistent with reduced endogenous antigen recognition, favoring MZ B cell fate 

and disfavoring B1a cell fate. Similarly, IgD alone is less efficient than IgM at driving SLPC 

expansion in response to endogenous antigens, a process that requires robust BCR signaling. 

However, IgD is sufficient for germinal center B cell differentiation. Our data suggest that 

reduced endogenous antigen sensing (i.e. signal transduction in response to antigen binding) by 

the IgD BCR isotype shunts autoreactive IgDhi IgMlo follicular B cells away from differentiation 

into SLPCs. We propose that predominant IgD expression maintains the quiescence of 

autoreactive B cells in response to chronic endogenous antigen stimulation, and limits 

autoantibody secretion in the context of rapid immune responses.  

 

Results 

Endogenous antigen is both necessary and sufficient for expression of Nur77-eGFP 

reporter in B cells in vivo 

 We previously showed that antigen recognition was both necessary and sufficient for 

Nur77-eGFP reporter expression by B cells in vivo (Figure 2.1A)(Zikherman et al., 2012b). 

Thus, reporter expression reflects endogenous antigen recognition in vivo. Conversely, under 

steady-state conditions in vivo, the Nur77-eGFP reporter does not reflect signaling through other 

receptors expressed in B cells; indeed, loss of either CD40, or TLR3, 7, and 9 signaling has no 

effect on reporter expression in B cells in vivo (Figure 2.2A). Moreover, neither BAFF, nor IL-4, 

nor CXCR4-dependent signaling can regulate reporter expression in vitro (Figure 2.2B-C) 

(Zikherman et al., 2012b). To further confirm that Nur77 expression in naïve B cells under 

steady state conditions is not regulated by microbial stimulation of pattern recognition receptors 
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(e.g. TLRs 1, 2, 4, 6, and the TLR-4-like molecule RP105), we studied mice raised under either 

germ-free conditions or conventional specific-pathogen-free conditions. We observed no 

induction of endogenous Nur77 protein in splenic B cells or endogenous Nr4a1 transcript in 

splenocytes in the presence of commensal flora (Figure 2.2D-E). Moreover, MyD88-deficient 

and MyD88-sufficient splenocytes and peritoneal B1a cells express comparable amounts of 

endogenous Nr4a1 transcript and protein respectively under steady state conditions (Figure 2.2F-

G). Taken together, these data demonstrate that Nur77-eGFP expression in B cells under steady-

state conditions in vivo is a specific readout of antigen-dependent signaling through the BCR 

(Table 2.1). We therefore sought to take advantage of the Nur77-eGFP reporter in order to probe 

the responsiveness of a diverse BCR repertoire of mature B cells expressing either IgM or IgD 

alone to the vast range of endogenous antigens they may encounter in vivo.  

Dual expression of IgM and IgD BCRs is required to establish a broad dynamic range of 

BCR responsiveness across the repertoire  

Surface IgM, but not IgD, expression is inversely correlated with endogenous antigen 

recognition and GFP expression across a diverse repertoire of mature naïve follicular (Fo) B 

cells, such that B cells reactive to endogenous antigens express high levels of IgD and low levels 

of IgM on their surface (Figure 2.1B) (Zikherman et al., 2012b). The variation in surface IgM 

expression across the B cell repertoire is profound, spanning a 100-fold range. However, because 

IgD is expressed at high and invariant levels in all WT naïve follicular B cells, total surface 

BCR, unlike IgM, has little dynamic range across the WT repertoire (Figure 2.3A).  

To explore how IgM and IgD differentially regulate B cells reactive to endogenous 

antigens, we generated Nur77-eGFP mice deficient for either IgM or IgD (Lutz et al., 1998; 
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Nitschke et al., 1993). In IgM-/-
 mice, all B cells express IgD alone prior to class switch 

recombination (CSR), and in IgD-/- mice, all B cells express IgM alone prior to CSR. We 

observed that IgM is still downregulated on IgD-/- GFPhi Fo B cells, but the dynamic range of 

IgM expression is highly restricted relative to the broad range observed on WT cells (Figure 

2.1B).  

We previously showed that IgM down-modulation on GFPhi reporter B cells largely 

accounts for impaired signaling through IgM (Figure 2.1C) (Zikherman et al., 2012b). However, 

the narrow dynamic range of IgM on IgD-deficient cells renders GFPhi reporter B cells unable to 

fine-tune signaling through the IgM BCR across the GFP repertoire (Figure 2.1C).  Furthermore, 

IgD-mediated signaling is not altered across the GFP repertoire in the presence or absence of 

IgM (Figure 2.1C). As a result, reduced responsiveness of GFPhi B cells is most profound in B 

cells that express the IgM isotype in the presence of IgD. This suggests that IgD expression may 

be necessary to establish and/or maintain a broad and functionally dynamic range of surface IgM 

expression across the B cell repertoire. This is consistent with a previously proposed survival 

function for the IgD BCR (Roes and Rajewsky, 1993; Sabouri et al., 2016). 

 

IgM-/- follicular B cells express more surface BCR than IgD-/- follicular B cells, but similar 

Nur77-eGFP 

Deletion of either the IgM or the IgD BCR isotype results in compensatory upregulation 

of the remaining isotype. This may be due in part to a change in competition for pairing with 

Igα/β heterodimers, which is essential for trafficking of IgM to the cell surface (Hombach et al., 

1990; Sabouri et al., 2016). IgM-/- B cells express about twice as much surface BCR as IgD-/- B 
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cells, as measured by surface anti-light chain staining (Figures 2.1D and 2.3B-E). Nevertheless, 

distribution of Nur77-eGFP expression across the naïve B cell repertoire is nearly identical in 

IgM-/- and IgD-/- Fo B cells (Figure 2.1E). Further, at every level of Nur77-eGFP, cells that 

express IgD alone require more surface BCR to drive an equivalent amount of GFP compared to 

cells that express IgM alone (Figure 2.1F).  This suggests that on a per-receptor basis, IgD BCR 

may be less efficient at inducing Nur77-eGFP in response to endogenous antigens. Importantly, 

this is not attributable to differential dependence upon IgM or IgD expression for signaling via 

CXCR4 or downstream of canonical TLR ligands (Figures 2.2C and 2.4A). 

 

IgD BCR crosslinking induces robust signaling in vitro 

Because IgD drives less Nur77-eGFP per receptor than IgM in vivo, we wanted to 

determine whether there were defects in signal transduction downstream of IgD. To mimic 

antigen binding to the membrane-distal end of the BCR and allow for direct comparison between 

the isotypes, we stimulated IgD-only (IgM-/-) and IgM-only (IgD-/-) cells with anti-Igκ and 

compared downstream signaling. BCR ligation in IgD-only Fo B cells induced equivalent 

amounts of Erk phosphorylation relative to IgM-only B cells (Figure 2.5A), and there were no 

gross differences in pErk kinetics (Figure 2.5B). Additionally, IgD-only cells induced more 

robust intracellular calcium increase and S6 phosphorylation than IgM-only cells (Figures 2.5C 

and 2.6A). This was not due to differential effects of the Fc portion of the stimulatory antibody 

on IgM-only and IgD-only B cells as anti-Igκ-F(ab’)2 and anti-Igκ stimulation produced identical 

signaling (Figure 2.6B).  
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IgD BCRs sense endogenous antigens less efficiently than IgM BCRs 

Due in part to increased surface receptor expression, IgD-only B cells induce comparable 

Erk phosphorylation and enhanced calcium mobilization relative to IgM-only B cells stimulated 

with anti-Igκ. As a result, we observe significantly more CD86 and Nur77-eGFP induction in 

IgD-only B cells after 18 hours of anti-Igκ stimulation in vitro (Figure 2.5D-F). However, IgD-

only cells induced less Nur77-eGFP and MHC-II upregulation when cultured in the absence of 

exogenous stimulus (Figure 2.5G-H). This discrepancy suggests that despite increased receptor 

expression and efficient coupling to downstream signaling machinery, residual ex vivo antigens 

occupying the IgD BCR are less efficient at inducing signaling. Consistent with this hypothesis, 

basal calcium analyzed immediately ex vivo is depressed in cells that express only IgD (Figure 

2.5I).  These data suggest that while signal transduction downstream of the IgD BCR is robust in 

vitro, IgD responds less efficiently than IgM to the relevant antigens it encounters in vivo.    

 

Reduced endogenous antigen sensing by IgD BCR in innate-like B cells 

While IgD-only and IgM-only Fo B cells express comparable levels of Nur77-eGFP 

(Figure 2.1E), we suspected that competitive pressures for survival might constrain the 

acceptable range of BCR signaling among mature Fo B cells. We further speculated that 

compensatory mechanisms such as altered surface receptor and altered BCR repertoire might 

fine tune how much signaling Fo B cells experience in vivo in order to lie within this range. In 

contrast to Fo B cells, IgD-only marginal zone (MZ) and B1a cells expressed significantly less 

Nur77-eGFP than WT cells despite higher levels of surface BCR (Figures 2.7A and 2.3B-E). To 

determine whether this difference was due to isotype or altered BCR repertoire, we probed GFP 

expression in B1a cells specific for phosphatidylcholine (PtC), an endogenous antigen exposed 
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on the surface of dying cells that is thought to select developing B cells into the B1a 

compartment (Baumgarth, 2011). We found a large difference in GFP even among B1a cells 

with a common specificity, and this occurs in spite of high surface PtC binding in IgD-only B1a 

cells (Figure 2.7B-C).  

We took an independent and complementary approach to address the same question in 

MZ B cells; we crossed IgM-/- and IgD-/- reporter mice to a genetic background that drives over-

expression of the B cell survival factor BAFF (Gavin et al., 2005). BAFF overexpression 

“unrestricts” the BCR repertoire by removing competition for survival, thereby reducing both 

positive and negative selection pressures and permitting cells with either insufficient or excessive 

BCR signaling to persist in the repertoire, resulting in a massively expanded MZ compartment 

(Stadanlick and Cancro, 2008). Importantly, BAFF does not directly regulate reporter GFP 

expression, and therefore GFP reflects endogenous antigen stimulation on this genetic 

background (Zikherman et al., 2012b). In BAFF Tg mice, IgD-only MZ cells expressed much 

less GFP than those expressing IgM alone (Figure 2.7D-E). This was not explained by 

differences in surface receptor levels between these populations as they are comparable on this 

genetic background (Figure 2.8A). Indeed, IgD-only cells with low GFP and IgM-only cells with 

high GFP appear to be preferentially rescued in mice with excess BAFF, suggesting that distinct 

BCR repertoires, far from accounting for GFP differences between IgM-only and IgD-only MZ 

B cells, actually obscure these differences. Conversely, either “fixing” or unrestricting the BCR 

repertoire unmasks impaired GFP upregulation by IgD relative to IgM.  

As a result of allelic exclusion of the heavy chain locus during B cell development, 

IgM+/- heterozygous mice develop two genetically distinct sets of B cells in which half express 

only IgD and the other half express both IgM and IgD. We exploited this property to confirm that 
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the Nur77-eGFP difference in the MZ and B1a compartments is cell intrinsic and not a 

consequence of the presence or absence of serum IgM (Figure 2.8B).  

Since IgM-/- and IgD-/- mice were generated on the Balb/c and 129 genetic backgrounds 

respectively, their germline VDJ loci are different from that of C57/Bl6 mice to which they have 

been back-crossed. Throughout our study, we have validated our findings in either Balb/c-B6 F1 

mice or IgHa/b heterozygous mice, which have two sets B cells with identical IgM and IgD 

isotype expression but distinct germline VDJ loci. We took this approach to confirm that 

differences in MZ GFP were due to BCR isotype and not VDJ locus (Figure 2.8C). 

 

Cell-intrinsic skewing of B cell development by the IgM and IgD BCRs  

Generation of the B1a compartment requires endogenous antigen recognition and strong 

BCR signaling, while the opposite is true for MZ B cells (Figure 2.9A) (Cariappa and Pillai, 

2002; Casola et al., 2004). Indeed, B1a cells are modestly reduced in IgM-deficient mice, while 

MZ B cells are modestly increased (Figure 2.9B-C). Because serum IgM deficiency leads to 

increased B1a numbers, we assessed B1a and MZ B cell development in a competitive setting to 

isolate the cell-intrinsic effects of IgM and IgD BCRs (Boes et al., 1998). Analogous to the 

IgM+/- mice described above, IgM+/- IgD-/+ heterozygous mice develop two genetically distinct 

sets of B cells in which half express only IgD and the other half express only IgM (Figure 

2.10A). Although IgD-only B cells can partially populate the B1a compartment in the absence of 

competition (Lutz et al., 1998; Ubelhart et al., 2015), IgD-only cells are virtually excluded from 

this compartment in a competitive setting (Figure 2.10B). Indeed, this parallels the loss of PtC-

binding IgD-only peritoneal B cells observed in competition with wild type cells (Ubelhart et al., 

2015). In contrast, IgD-only B cells preferentially populate the MZ B cell compartment in 
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competition with IgM-only B cells (Figure 2.10B). These data are consistent with a signal 

strength model of B1a/MZ B cell development (Figure 2.9A), and this suggests that in vivo 

signaling, antigen recognition, or both are reduced in IgD-only B cells. These differences in 

signaling could in turn modulate the generation and/or survival of IgD-only B1a and MZ B cells.  

We sought to determine whether skewed development of B cell lineages was driven 

primarily by properties of IgD, IgM, or both by comparing development of B cell populations in 

IgM+/- IgD-/+, IgM+/-, and IgD+/- mice (Figure 2.10C-E). We conclude that skewing of MZ and 

B1a fates is primarily attributable to lack of IgM expression on IgD-only cells rather than lack of 

IgD expression on IgM-only cells because we observe little skewing in IgD+/- mice (Figure 

2.10E). Further, the competitive advantage of IgD-only cells in the marginal zone niche is 

reduced in the BAFF Tg setting, consistent with loosening of competitive selection pressures 

(Figure 2.10F).  

IgM-only B cells exhibit a disadvantage in the mature Fo compartment relative to IgD-

only B cells (Figure 2.10C). We find that absence of IgD rather than excess IgM expression 

accounts for some of this disadvantage as WT and IgD-only cells compete equally well in this 

compartment  (Figure 2.10D). This may reflect impaired positive selection or survival in absence 

of IgD. Indeed, similar to our observations, a disadvantage for Fo B cells lacking IgD was 

observed in IgD+/- mice previously (Roes and Rajewsky, 1993). As with differences in Nur77-

eGFP expression, we confirmed that the developmental fates of IgM-only and IgD-only cells 

were due to BCR isotype and not VDJ locus (Figure 2.9D). 

 

Either IgD or IgM BCR is sufficient to mediate polyclonal B cell activation and germinal 

center differentiation in Lyn-/- mice 
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Mice deficient for either IgM or IgD can mount T-independent and T-dependent immune 

responses to model antigens (Lutz et al., 1998; Nitschke et al., 1993; Roes and Rajewsky, 1993). 

However, endogenous antigens may have unique properties that are absent in model antigen 

systems. To test whether each BCR isotype was competent to mediate autoimmune responses to 

endogenous antigens in lupus-prone mice, we generated IgM+/- and IgD+/- mice on the Lyn-/- 

background (Chan et al., 1997). The Src family kinase Lyn is essential to mediate ITIM-

dependent inhibitory signals in B cells and myeloid cells (Scapini et al., 2009; Xu et al., 2005). 

Lyn-/- mice consequently develop a spontaneous lupus-like disease characterized by anti-DNA 

antibodies and nephritis on the C57Bl/6 genetic background (Chan et al., 1997; Hibbs et al., 

1995; Nishizumi et al., 1995). It has been shown that both B-cell-specific MyD88 expression and 

T cells are essential for IgG2a/c anti-dsDNA autoantibody production in Lyn-/- mice, and 

conditional deletion of Lyn in B cells is sufficient for autoimmunity (Hua et al., 2014; Lamagna 

et al., 2014).  

Secreted natural IgM is thought to play important homeostatic functions that repress 

autoimmunity, particularly clearance of dead cell debris (Boes et al., 2000; Manson et al., 2005). 

By performing our analysis in mice with wild type and IgM-only or IgD-only B cells in a 

common milieu (IgM+/- Lyn-/- and IgD+/- Lyn-/- mice), we could control for this and isolate the B 

cell-intrinsic effects of the IgM and IgD BCRs. Importantly, precursor Fo B cells are present at 

roughly equal ratios from WT and IgM-only or IgD-only loci in these mice, and this is 

unaffected by VDJ background (Figure 2.11A-C). Moreover, Lyn-/- B cells expressing either IgM 

or IgD alone exhibit enhanced BCR signaling in vitro relative to Lyn+/+ B cells, suggesting that 

neither isotype is uniquely coupled to ITIM-containing receptors (Figure 2.12A-B).  
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Polyclonal B cell activation in Lyn-/- mice precedes and is genetically separable from 

autoantibody production; it is driven by B cell-intrinsic loss of Lyn, is thought to result from 

enhanced BCR signaling, and is independent of MyD88 expression (Hua et al., 2014; Lamagna 

et al., 2014). Indeed, Lyn-/- reporter B cells have elevated Nur77-eGFP expression consistent with 

enhanced BCR signal transduction in vivo (Figure 2.13A). We had expected that activation of 

IgD-only Lyn-/- B cells might be impaired due to reduced sensing of endogenous antigens, but 

neither CD86 nor CD69 upregulation were significantly different on WT and IgD-only B cells in 

the absence of Lyn (Figure 2.14A). This implies that both BCRs can provide sufficient signals to 

drive polyclonal activation by endogenous antigens. 

Although GC fate is disfavored relative to SLPC fate in Lyn-/- mice, GCs do arise 

spontaneously with time (Hibbs et al., 1995; Hua et al., 2014). We found that both IgD-only and 

IgM-only cells in Lyn-deficient mice made comparable contributions to the GC compartment in 

competition with wild type B cells, independent of VDJ background (Figures 2.14B and 2.13B-

C). We propose that endogenous antigen sensing by IgD, while normally dampened, is sufficient 

to drive both polyclonal activation and GC differentiation on the Lyn-/- background. This further 

implies that antigen capture by IgD and presentation on MHC-II is robust enough to recruit 

adequate T cell help to support these cell fates.  

 

IgM BCR is required to drive dsDNA antibody production in Lyn-/- mice 

IgM- and IgD-deficient B cells express BCR heavy chain allotype [a] (IgHa), and their 

secreted antibodies can be differentiated from WT B6 antibodies (IgHb) even after isotype 

switching (e.g. IgG2a[a] vs. IgG2a[b] – also referred to as IgG2c). Allotype-specific antibodies 

have been previously used in the context of lupus mouse models to track autoantibodies 
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generated by B cells of distinct genetic origin (Mills et al., 2015; Pisitkun et al., 2006). We took 

an analogous approach to assess IgG2a/c anti-dsDNA autoantibodies emanating from each 

genetic locus in IgM+/-, IgD+/-, and IgHa/b control mice deficient for Lyn. In order to compensate 

for reduced penetrance of autoantibody production in IgM+/- Lyn-/- mice, we collected serum 

from this genotype at time points beyond 24 weeks to increase the number of samples in which 

tolerance had been broken. While B cells expressing IgM (of either IgH locus) generated 

IgG2a/c anti-dsDNA, IgD-only B cells were relatively protected from generating anti-dsDNA 

antibodies, even at late time points (Figures 2.14C-G and 2.13D-E). Importantly, this is 

attributable to BCR isotype and not VDJ locus (Figure 2.13D-E). 

We noted that anti-dsDNA antibody titers fluctuated substantially over time in Lyn-/- 

mice, in some cases dropping markedly over a four-week period (Figure 2.14C-D). Anti-dsDNA 

IgG autoantibodies in patients with systemic lupus erythematosus (SLE) similarly fluctuate over 

time – in contrast to other anti-nuclear specificities - and correlate with disease flares (Liu et al., 

2011). Indeed, unmutated germline BCRs from naïve B cells are recruited directly into the 

circulating plasmablast compartment during SLE flares (Tipton et al., 2015). Taken together, this 

suggests that anti-dsDNA antibodies in mice and humans are secreted at least in part by SLPCs 

emerging from an extra-follicular immune response, rather than long-lived plasma cells (LLPCs) 

that originate in GCs. Our data suggests that, in the absence of Lyn, the IgD BCR is sufficient to 

mediate B cell activation and GC entry, but the IgM BCR is essential to produce dsDNA-specific 

SLPCs. 

 

IgM BCR is required for expansion of unswitched plasma cells in Lyn-/- mice 
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In addition to stochastic generation of autoantibodies over time, Lyn-/- mice exhibit a 

massive expansion of the splenic IgM plasma cell compartment that corresponds to a roughly 10-

fold increase in serum IgM (Hibbs et al., 1995). While natural IgM is thought to be secreted by 

B1a-derived plasma cells (Baumgarth, 2011), elevated serum IgM in Lyn-/- mice arises from the 

follicular B2 compartment since Lyn-/- mice lack MZ B cells, and bone marrow chimeras lacking 

the B1a compartment reconstitute the hyper-IgM secretion phenotype (Luo et al., 2014). 

Moreover, while BCR signaling is prominently enhanced in Lyn-/- B2 B cells, it is markedly 

dampened in Lyn-/- B1a cells (Figure 2.15A) (Skrzypczynska et al., 2016).  

IgM plasma cell expansion is temporally and genetically separable from autoimmunity in 

Lyn-/- mice; this phenotype develops in mice as young as 7-10 weeks of age with 100% 

penetrance, is B-cell intrinsic, and is not dependent upon MyD88 expression (Hua et al., 2014; 

Infantino et al., 2014; Lamagna et al., 2014). A pathway involving Btk, Ets1, and Blimp-1 is 

thought to drive this phenotype. Ets1 inhibits differentiation into plasma cells in part by 

antagonizing the key transcriptional regulator of plasma cell fate, Blimp-1 (John et al., 2008). 

Mice deficient for Ets1 display IgM plasma cell expansion, Ets1 levels are reduced in Lyn-/- 

mice, and restoration of Ets1 expression normalizes IgM plasma cell numbers (Luo et al., 2014). 

Furthermore, reduced levels of Btk suppress IgM plasma cell expansion in Lyn-/- mice, and Ets1 

levels are concomitantly restored to normal levels in Btklo Lyn-/- mice (Gutierrez et al., 2010; Luo 

et al., 2014; Mayeux et al., 2015). Therefore, exaggerated BCR stimulation of B2 B cells by 

endogenous antigens promotes IgM plasma cell expansion in Lyn-/- mice (Figure 2.16A). Indeed, 

enhanced BCR signaling has been shown to favor SLPC fate over GC differentiation in Lyn-

sufficient mice as well (Chan et al., 2009; Nutt et al., 2015; Paus et al., 2006). We therefore 
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wondered whether impaired endogenous antigen sensing by IgD influenced Ets1 expression and 

unswitched PC expansion in Lyn-/- mice. 

As previously shown, Lyn-/- B cells downregulate Ets1 protein expression (Figure 2.17A) 

(Luo et al., 2014). However, Lyn-deficient B cells expressing only IgD did not do so, consistent 

with a reduced ability of IgD to transmit antigen-dependent signals in vivo, (Figure 2.17A). As 

previously reported, we found that the frequency of plasma cells in the spleens of Lyn-/- mice was 

increased fourfold relative to Lyn+/+ mice, but the bone marrow plasma cell compartment size 

was relatively unaffected (Figure 2.17B-C) (Infantino et al., 2014). The increase in splenic 

plasma cells was attributable entirely to unswitched (IgM+) plasma cells (Figure 2.17C). 

However, unswitched plasma cell expansion was completely absent in IgM-/- Lyn-/- spleens 

(Figure 2.17C). This was reflected in steady-state serum antibody levels; while Lyn-/- mice have 

elevated serum IgM relative to WT mice, IgM-/- Lyn-/- mice did not have elevated serum IgD 

relative to IgM-/- mice (Figure 2.17D-E). 

 To confirm that resistance to unswitched plasma cell expansion was a cell-intrinsic 

feature of IgD-only Lyn-/- B cells, we assessed this phenotype in IgM+/- Lyn-/- mice. Similar to the 

non-competitive setting, IgD-only Lyn-/- cells did not contribute to an expansion in the 

unswitched plasma cell compartment (Figure 2.17F-G). This effect was due to isotype and not 

VDJ allele usage because both WT IgHa and WT IgHb Lyn-/- B cells generated unswitched 

plasma cells in a competitive setting (Figure 2.13C). 

 

IgM BCR is required for efficient generation of short-lived IgG1+ plasma cells but is 

dispensable for GC B cell fate 
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IgD-only Lyn-/- Fo B cells are completely prevented from generating an expanded 

unswitched SLPC compartment in response to chronic endogenous antigen stimulation, but they 

are competent to enter the GC. To determine how this defect relates to responses towards 

exogenous model antigens, we sought to determine whether IgD-only Lyn+/+ B cells exhibit 

skewing of cell fate in the context of a T-dependent response to a model antigen. To generate a 

robust polyclonal B cell response in which T cell help should not be limiting, we used the classic 

immunogen sheep RBCs. During this immune response, Fo B cells can either enter the germinal 

center or differentiate into IgG1+ extrafollicular plasma cells (Chan et al., 2009; Paus et al., 

2006). We found that wild type, IgM-/-, and IgD-/- mice all produced extremely robust GC 

responses 5 days after SRBC injection, but B cells expressing IgD alone were unable to produce 

IgG1+ SLPCs at this time point (Figure 2.18A-D). 

Since serum IgM is absent in IgM-/- mice and is known to enhance PC generation (Boes 

et al., 1998), we wanted to assess the cell-intrinsic effect of IgD and IgM BCRs on the immune 

response to SRBCs. To do so, we immunized IgM+/- mice in which half of Fo B cells express 

IgD alone and half express both IgM and IgD. We could track the relative contribution of these 

two cell populations to the GC response because the bulk of GC B cells have not yet isotype-

switched and express surface IgM or IgD. Both cell types made a robust contribution to the 

germinal center response (Figure 2.18E). Next we tracked the generation of IgG1+ PCs by 

detecting allotype [a] or allotype [b] IgG1. In contrast to the GC response, IgD-only B cells were 

significantly disfavored in this compartment, although the defect was less severe than that 

observed in IgM-/- mice, which lack serum IgM (Figure 2.18F). To control for differences in the 

VDJ locus, we performed this experiment using IgHa/b control mice and observed no significant 
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differences between allotypes, implying that BCR isotypes rather than VDJ locus accounted for 

our observations (Figure 2.19A-B).  

In contrast to impaired IgG1 SLPC responses by IgD-only B cells, we observed that IgD-

only B cells were able to generate unswitched plasma cells in response to SRBC immunization in 

both non-competitive and competitive settings (Figure 2.19C-D). Unswitched PC numbers 

correlate well with MZ B cell numbers in these mice (Figures 2.9B and 2.10D). Moreover, MZ B 

cells efficiently generate short-lived unswitched plasma cells even in response to TD-antigens 

(Phan et al., 2005; Song and Cerny, 2003). We therefore suspect that IgG1 PCs emanate from the 

Fo B cell compartment, while the unswitched PC response may originate in the MZ B cell 

compartment. Normal SLPC generation by IgM-deficient MZ B cells in response to 

immunization would be consistent with previously reported normal T-independent II responses 

in IgM-deficient mice (Lutz et al., 1998). However, we cannot exclude a contribution of 

follicular-derived PCs that have failed to class switch to IgG1.  

We sought to confirm that the IgG1+ PC defect was generalizable to other T-dependent 

immunogens. The B cell response to NP hapten is stereotyped and makes predominant use of the 

VH186-2 heavy chain (Loh et al., 1983). We therefore immunized both IgM+/- and IgHa/b mice 

with NP hapten conjugated to rabbit serum albumin (NP-RSA) in order to control for differences 

in VDJ locus. Although allotype [a] makes a less robust response to NP than allotype [b], we 

normalized responses of IgD-only cells to wild type allotype [a] cells and found that GC 

responses at early time points were intact, but IgG1+ PCs and NP-specific IgG1 titers were 

significantly reduced 7-8 days after immunization (Figure 2.18G-I). These data suggest that IgD-

only follicular B cells are competent to enter the GC, but they have defects in adopting the SLPC 

fate (or class-switching) in response to T-dependent immunization.  
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Table 2.1. Regulation of Nur77 in B Cells. 

Summary of different stimuli and their ability to induce Nur77-eGFP reporter or endogenous 

Nur77/Nr4a1 protein and transcript in lymphocytes. References: (Au-Yeung et al., 2017; Moran 

et al., 2011; Zikherman et al., 2012b). 
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Figure 2.1. IgD expression enables a dynamic range of IgM responsiveness. 

(A) GFP expression in mature follicular splenic B cells (CD19+CD23+CD93-) from Nur77-

eGFP BAC Tg reporter mice with either a wild-type BCR repertoire (left), or harboring IgHEL 

Tg specific for the cognate antigen HEL (hen egg lysozyme) in the absence (middle), or presence 

(right) of endogenous cognate antigen driven by soluble HEL Tg. WT mature follicular B cells 

lacking GFP reporter are included for reference (gray shaded histograms). 

(B) Surface IgM and IgD expression in splenic Fo B cells from WT, IgM-/-, and IgD-/- mice 

expressing the Nur77-eGFP reporter. 

(C) Splenocytes from WT, IgM-/-, and IgD-/- mice were loaded with Indo-1 and stimulated with 

2.5 µg/mL of F(ab’)2 anti-IgM or 1:400 anti-IgD. Fo B cells with the highest 20% and lowest 

20% Nur77-eGFP expression are compared. 

(D) Representative histograms and quantification of surface Igκ expression in IgM-/- and IgD-/- 

Fo B cells normalized to WT. 

(E) Representative histograms and quantification of Nur77-eGFP expression in IgM-/- and IgD-/- 

Fo B cells normalized to WT. 

(F) Median surface Igκ expression of WT, IgM-/-, and IgD-/- Fo B cells was calculated for 200 

bins of equal width across the Nur77-eGFP spectrum. 

For (A), (B) and (F), data are representative of at least n = 4 independent experiments. For (C), n 

= 3 independent experiments for anti-IgM and n = 2 independent experiments for anti-IgD. For 

(D) and (E), n = 7 and n = 4, respectively, WT, IgM-/-, and IgD-/- mice. Welch’s t test was used to 

calculate p values, and mean + SEM is displayed. ***p < 0.001.  
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Figure 2.2. Regulation of Nur77 and Nur77-eGFP reporter expression.  

(A) Nur77-eGFP expression in mature Fo (B220+CD93-CD23+) B cells from mice with 

mutations in various signaling pathways (CD40L-/-, Unc93b13d/3d,TLR7-/-). This Unc93b1 

mutation abolishes signaling through TLR3, TLR7, and TLR9.  

(B) Nur77-eGFP and CD69 induction in B220+ splenocytes from Nur77-eGFP reporter mice 

stimulated with either anti-IgM or IL-4 in vitro for 24 hours. 

(C) Splenic B cells were stimulated with CXCR4 ligand (SDF-1) in vitro for 18 hours and 

Nur77-eGFP expression and CXCR4 downregulation were assessed. 

(D-E) Splenocytes from N=5 Germ-free and SPF mice were taken directly ex vivo and either 

permeabilized and stained to detect B220+ cells and endogenous Nur77 by intracellular staining 

(D), or total Nr4a1 transcript by qPCR (E).  

(F) PerC (peritoneal cavity) cells from n = 4 MB1 Cre+ MyD88fl/fl and controls were 

permeabilized and stained immediately ex vivo to detect B1a cells and endogenous Nur77 by 

intracellular staining. In D-E, Nr4a1-/- splenocytes serve as a control both for Ab and primer 

specificity. 

(G) Splenocytes from mice analyzed in (F) were harvested directly ex vivo to detect total Nr4a1 

transcript by qPCR.  

Data in (A) and (C) are representative of n = 2 independent experiments. Data in (B) are 

representative of n = 3 independent experiments.  
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Figure 2.3. Quantification of surface BCR expression on B cell subsets. 

(A) Surface Igκ expression relative to Nur77-eGFP reporter in Fo B cells from WT, IgM-/-, and 

IgD-/- mice. 

(B) Mean surface Igκ was calculated for splenic B cell (B220+) subsets in WT, IgM-/-, and IgD-/- 

mice. T1 (CD93+CD23-); T2 (CD93+CD23+); Fo (CD93-CD23+); MZ (CD21hiCD23lo). 

(C) Surface Igλ on B cell subsets described in (B) 

(D) Surface Igκ MFI of Igκ+ cells in peritoneal B cell (CD19+) subsets. B1a (CD5+CD23-); B1b 

(CD5-CD23-); B2 (CD5-CD23+). 

(E) Surface Igλ MFI of Igλ+ cells in peritoneal B cell subsets described in (D). 

Data in (A) are representative of n = 3 independent experiments. Values in (B-E) were calculated 

from n = 3 mice of each genotype. One-way ANOVA with Tukey’s multiple comparisons test 

(B-E) was used to calculate p values, and mean + SEM is displayed. *p < 0.05, **p < 0.01, ***p 

< 0.001.  
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Figure 2.4. Induction of Nur77-eGFP and CD69 in TLR-stimulated IgM-/- and IgD-/- B cells. 

(A) Nur77-eGFP and CD69 upregulation in IgM-/- and IgD-/- splenic B cells stimulated with 

indicated doses of LPS, CpG DNA, and Pam3CSK4. Histograms compare unstimulated cells 

with cells incubated with indicated stimuli for 18 hours at 37C. Histograms are representative of 

two independent experiments.  
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Figure 2.5. IgD signals strongly in vitro but weakly in vivo. 

(A) Median intracellular pErk in splenic Fo (B220+CD23+) B cells stimulated anti-Igκ for 15 

minutes. 

(B) Erk phosphorylation kinetics in Fo B cells stimulated with 15 µg/mL anti-Igκ. 

(C) Splenocytes from IgM-/- and IgD-/- mice were loaded with Indo-1 and stimulated with 2.5 or 5 

µg/mL anti-Igκ. (D) CD86 induction in CD23+ IgM-/- and IgD-/- splenocytes stimulated with 

anti-Igκ for 18 hours. 

(E) Summary data for CD86 MFI in (D). 

(F) Nur77-eGFP induction in cells from (D). 

(G) Nur77-eGFP in cells from (D) incubated with medium alone (0 µg/mL anti-Igκ). 

(H) Representative histograms and summary data for MHC-II induction in unstimulated cells 

from (D). 

(I) Basal calcium in unstimulated IgM-/- and IgD-/- Fo (B220+CD23+CD93-) B cells was 

calculated by normalizing the geometric mean of [Indo-1(violet)/Indo-1(blue)] to WT B cells in 

the same experiment. 

For (A), signaling in cells from n = 2 IgM-/- and IgD-/- mice is displayed, and results for 1.5, 3, 

and 15 µg/mL of anti-Igκ were replicated in n = 3 independent experiments. Data in (B) was 

compiled from n = 3 independent experiments with n = 3 mice of each genotype in each 

experiment. Data in (C) are representative of n = 4 independent experiments for 5 µg/mL and n = 

2 independent experiments for 2.5 µg/mL. For (D-H), values were calculated for splenocytes 

from n = 3 mice of each genotype. For (I), basal calcium ratios from n = 6 independent 

experiments are compiled. Welch’s t test was used to calculate p values, and mean ± SEM is 

displayed. *p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 2.6. S6 and calcium signaling in IgM-/- and IgD-/- B cells. 

(A) S6 phosphorylation kinetics in splenic CD23+ B cells following stimulation with 15 µg/mL 

anti-Igκ. 

(B) Splenocytes from IgM-/- and IgD-/- mice were loaded with Indo-1 and stimulated with 10 or 5 

µg/mL anti-Igκ or anti-Igκ F(ab’)2. 

Data (A) and (B) are representative of n = 3 and n = 2 independent experiments, respectively. 

Welch’s t test was used to calculate p values, and mean ± SEM is displayed. *p < 0.05.  
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Figure 2.7. Reduced in vivo antigen sensing by IgD in innate-like B cells. 

(A) Nur77-eGFP in peritoneal B1a (CD19+CD5+CD23-) and splenic MZ 

(B220+CD21hiCD23lo) B cells from WT and IgM-/- mice. 

(B) Nur77-eGFP in PtC-binding peritoneal B1a cells from WT, IgM-/-, and IgD-/- mice. 

(C) Nur77-eGFP and PtC MFIs were calculated for total B1a and PtC-binding B1a cells. The 

ratio of the IgM-/- (IgD-only) MFI to the IgD-/- (IgM-only) MFI is displayed with a 95% 

confidence interval. 

(D) Representative histograms of Nur77-eGFP in IgM-/- and IgD-/- splenic MZ B cells from mice 

without (left) and with (right) a BAFF overexression transgene. 

(E) Quantification of Nur77-eGFP in MZ B cells from (D). 

For (A) and (E), n = 3 mice of each genotype were analyzed. For (B), histograms are 

representative of n = 4 mice of each genotype. For (C), ratios are pooled for n = 4 mice of each 

genotype from three independent experiments. For (D), histograms are representative of n = 3 

mice of each genotype. Welch’s t test (A and E) was used to calculate p values, and mean + SEM 

is displayed (except in C). *p < 0.05.  
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Figure 2.8. The effect of BAFF, competition, and allotype on Igκ and Nur77-eGFP 

expression. 

(A) Surface Igκ expression on IgM-/- and IgD-/- splenic MZ B cells from mice without (left) and 

with (right) a BAFF overexpression transgene. 

(B) Nur77-eGFP expression in peritoneal B1a and splenic MZ B cells from IgM-null (IgD[a]+) 

and WT (IgM[b]+) loci in IgM-/- mice. 

(C) Nur77-eGFP expression in IgM[a]+ and IgM[b]+ splenic MZ B cells in 6-month-old IgHa/b 

mice with a BAFF overexpression transgene. 

Values (A) were calculated from n = 3 mice of each genotype. Values in (B) and (C) were 

calculated in n = 6 and n = 4 mice, respectively. Welch’s t test (A) and a paired t test (B-C) were 

used to calculate p values, and mean + SEM is displayed. **p < 0.01, ***p < 0.001.  
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Figure 2.9. B cell subset development in IgM-/-, IgD-/-, WT, and IgHa/b mice. 

(A) Signal strength model of B1a and MZ B cell development. While B1a and MZ cells originate 

from different precursor populations, their development is thought to be signal strength-

dependent. 

(B) B cell compartments as a percentage of total B220+ splenic B cells. T1 (CD93+CD23-); T2 

(CD93+CD23+); Fo (CD93-CD23+); MZ (CD21hiCD23lo). 

(C) B cell compartments as a percentage of total CD19+ peritoneal B cells. B1a (CD5+CD23-); 

B1b (CD5-CD23-); B2 (CD5-CD23+). 

(D) Relative competition between IgM[a]+ and IgM[b]+ B cells in Balb/c-B6 F1 mice was 

calculated for splenic and peritoneal compartments described in (B-C). 

For (B), n = 10-12 mice of each genotype were analyzed. For (C), n = 6 mice of each genotype 

were analyzed. For (D), n = 3 mice were analyzed. Mice in (D) were 6-14 weeks old. One-way 

ANOVA with Tukey’s multiple comparisons test (B-C) was used to calculate p values, and mean 

± SEM is displayed. *p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 2.10. Cell-intrinsic skewing of B cell developmental decisions by IgM and IgD 

BCRs. 

(A) Allelic exclusion leads to a 1:1 mixture of IgM-only and IgD-only B cells in IgM+/- IgD-/+ 

mice. 

(B) Proportion of peritoneal B1a (CD19+CD5+CD23-) and splenic MZ (B220+CD21hiCD23lo) 

B cells originating from each Ig locus in IgM+/- IgD-/+ mice. 

(C) Relative competition between IgM+ and IgD+ B cells in IgM+/- IgD-/+ mice was calculated 

for bone marrow, splenic, and peritoneal B cell compartments. Results include data from (B) for 

reference. Immature (CD23-CD93+); T2-like (CD23+CD93+); mature recirculating 

(CD23+CD93-); T1 (CD93+CD23-); T2 (CD93+CD23+); Fo (CD93-CD23+); MZ 

(CD21hiCD23lo); B1a (CD5+CD23-); B1b (CD5-CD23-); B2 (CD5-CD23+). 

(D) Relative competition between WT (IgM[b]+) and IgM-null (IgD[a]+) B cells in IgM+/- mice 

was determined as in (C). 

(E) Relative competition between WT (IgM[b]+) and IgD-null (IgM[a]+) B cells in IgD+/- mice 

was determined for splenic and peritoneal compartments as described in (C). 

(F) Competition in peritoneal B1a and splenic MZ compartments in IgM+/- mice with or without 

a BAFF overexpression transgene. Results include data from (D) for reference. 

For (B) and (C), n = 3-5 mice were analyzed. For (D), n = 3-8 mice were analyzed. For (E), n = 5 

mice were analyzed. For (F), n = 4-5 mice of each genotype were analyzed. Welch’s t test was 

used to calculate p values, and mean ± SEM is displayed. **p < 0.01, ***p < 0.001.  
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Figure 2.11. Splenic B cell subsets in IgHa/b, IgM+/-, and IgD+/- Lyn-/- mice.  

(A) Gating scheme for determining Ig locus of origin for splenic B cell subsets in 6-month-old 

IgHa/b Lyn-/- mice. CD21hi cells did not express surface BCR and were not considered bona fide 

MZ B cells. 

(B) Quantification of compartments in (A). T1 (CD93+CD23-); T2 (CD93+CD23+); Fo (CD93-

CD23+). 

(C) Percentage of Fo B cells originating from each Ig locus in IgM+/- and IgD+/- mice on the Lyn-

/- background. 

Percentages in (A-C) were calculated using n = 5-6 mice of each genotype, and mean + SEM is 

displayed.  
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Figure 2.12. Signaling in IgM+/- and IgD+/- Lyn-/- B cells. 

(A) IgM+/- and IgD+/- mice on either Lyn+/+ or Lyn-/- backgrounds were loaded with Indo-1 and 

stimulated with anti-Igκ. WT (IgM[b]+) B cells were gated out to isolate IgM-null (IgD-only) 

and IgD-null (IgM-only) cells. Mature (CD19+CD23+) B cells are displayed. 

(B) Intracellular Erk phosphorylation in mature (B220+CD23+) B cells from mice in (A) 

stimulated with anti-Igκ for 5 minutes. Shaded histogram corresponds to IgM[b]+ cells from 

IgD+/- Lyn-/- mice incubated with medium alone. 

(A) and (B) are representative of two independent experiments.  
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Figure 2.13. Nur77-eGFP in Lyn-/- B cells and the role of BCR allotype in Lyn-/- phenotypes.  

(A) Nur77-eGFP expression in splenic mature follicular B cells from Lyn+/+ and Lyn-/- mice. 

(B) Gating scheme for determining the Ig locus of origin for germinal center B cells in 6-month-

old IgM+/- Lyn-/- mice. 

(C) Relative contribution of IgH[a]+ and IgH[b]+ B cells to the splenic unswitched GC (CD19+ 

Fas+ GL-7+ IgM+) and unswitched PC (CD138+ IgM+) compartments of 6-month-old IgHa/b 

Lyn-/- mice. 

(D) Anti-dsDNA IgG2a from each Ig locus in 5-6 month old IgM+/-, IgD+/-, and IgHa/b mice on 

the Lyn-/- background was quantified by ELISA. 

(E) The OD ratio of knockout (allotype a) to WT (allotype b) anti-dsDNA IgG2a was calculated 

for all mice in (D) in which either locus produced an OD > 0.3. 

Histograms in (A) are representative of at least n = 3 mice of each genotype. Percentages in (B-

C) were calculated using n = 5-6 mice of each genotype, and mean ± SEM is displayed. For (D), 

n = 10-13 mice of each genotype were analyzed. For (E), n = 5-9 autoantibody-positive mice 

were analyzed. Welch’s t test (E) was used to calculate p values, and mean ± SEM is displayed. 

*p < 0.05.  
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Figure 2.14. IgD can drive polyclonal activation and germinal center entry, but not anti-

dsDNA IgG2a production, in Lyn-/- mice. 

(A) Surface CD69 and CD86 expression on CD23+ splenic B cells from each Ig locus in IgM+/- 

mice on Lyn+/+ and Lyn-/- backgrounds.  

(B) Percentage of unswitched germinal center (CD19+ Fashi GL-7hi IgM/IgD+) B cells from each 

Ig locus in IgM+/- and IgD+/- mice on the Lyn-/- background. 

(C) Anti-dsDNA IgG2a titers from each Ig locus in IgM+/- Lyn-/- mice were calculated by ELISA 

using pooled IgHa/b autoimmune serum with high-titer autoantibodies from each locus as a 

reference (titer set at 1000). 

(D) Anti-dsDNA IgG2a titers in IgD+/- Lyn-/- mice were calculated as in (C).  

(E) Paired anti-dsDNA titers from each locus in IgM+/- Lyn-/- mice from (C) with additional mice 

from 24 weeks to 12 months. 

(F) Paired anti-dsDNA titers from each locus in IgD+/- Lyn-/- mice from (D). 

(G) Ratio of anti-dsDNA IgG2a[a] to IgG2a[b] from all samples in (E) and (F) with an anti-

dsDNA IgG2a titer > 250 from either locus; cutoff defined by titers in young WT mice.  

For (A), n = 4 IgM+/- Lyn-/- mice are compared to a reference IgM+/- Lyn+/+ mouse. Qualitatively 

similar results were obtained in two independent experiments. For (B) n = 5-6 mice of each 

genotype were analyzed. For (C) and (D), n = 9 and n = 12 mice were tracked. For (G), n = 36 

IgM+/- Lyn-/- and n = 39 IgD+/- Lyn-/- anti-dsDNA IgG2a+ samples were compared. Welch’s t test 

was used to calculate p values, and mean ± SEM is displayed. **p < 0.01.  
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Figure 2.15. BCR signaling in Lyn-/- peritoneal B cell subsets. 

(A) Intracellular Erk phosphorylation in peritoneal B220+ B cells stimulated with anti-Igκ for 5 

minutes. B1a (CD5+CD23-); B2 (CD5-CD23+). 

Histograms in (A) are representative of cells from n = 2 WT and Lyn-/- mice.  
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Figure 2.16. Model of how Lyn restrains follicular B cells. 

(A) Lyn restrains BCR signaling in Fo B cells. Loss of Lyn leads to Btk-dependent repression of 

Ets1 and expansion of unswitched (IgM+) plasma cells.  
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Figure 2.17. Cell-intrinsic IgM expression is required for unswitched plasma cell expansion 

in Lyn-/- mice. 

(A) Representative blot and quantification of Ets1 and GAPDH protein in purified splenic B cells 

from WT, Lyn-/-, and IgM-/- Lyn-/- mice. 

(B) Composition of the CD138+ plasma cell compartments in the spleens and bone marrow of 

WT, Lyn-/-, and IgM-/- Lyn-/- mice was determined by intracellular staining of IgM, IgD, and IgA. 

(C) Percentages in (B) multiplied by the fraction of live cells positive for CD138 in each tissue. 

Unswitched cells are positive for either IgM or IgD. Statistics correspond to unswitched plasma 

cell percentages; differences in IgA+ cells were not significant. 

(D) Serum IgM in 16-week-old mice was quantified for B6.IgHa (WT) and Lyn-/- mice by 

ELISA. A sample from an IgM-/- mouse is shown for reference. 

(E) Serum IgD in 16-week-old mice was quantified for IgM-/- and IgM-/- Lyn-/- mice by ELISA. A 

sample from a WT mouse is shown for reference. 

(F) Gating scheme for quantifying the unswitched splenic plasma cell composition of IgM+/- Lyn-

/- mice. 

(G) Percentage of unswitched splenic plasma cells (CD138+B220loIgM/IgD+) from each locus in 

IgM+/- and IgD+/- mice on the Lyn-/- background. 

For (B) and (C), figures are representative of n = 4-5 mice of each genotype. For (D), values 

from n = 3 WT and n = 4 Lyn-/- mice are averaged. For (E), values from n = 3 IgM-/- and n = 4 

IgM-/- Lyn-/- mice are averaged. For (F) and (G), n = 4-5 mice of each genotype were used. 

Welch’s t test was used to calculate p values, and mean ± SEM is displayed. *p < 0.05, **p < 

0.01, ***p < 0.001.  
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Figure 2.18. IgD-only cells have intact germinal center responses but impaired IgG1+ 

plasma cell responses. 

(A) Splenic B (CD19+) cells from unimmunized and WT, IgM-/-, and IgD-/- mice 5 days after i.p. 

immunization with 200 µL of 10% SRBCs. 

(B) Quantification of germinal center (Fashi GL-7hi) cells in (A). 

(C) Splenocytes from unimmunized and WT, IgM-/-, and IgD-/- mice 5 days after i.p. 

immunization with 200 µL of 10% SRBCs. 

(D) Quantification of CD138+ IgG1+ plasma cells in (C). 

(E) WT (IgM[b]+) and IgM-null (IgD[a]+) germinal center B cells as a percentage of live 

splenocytes in unimmunized and IgM+/- mice 5 days after i.p. immunization with 200 µL of 10% 

SRBCs. 

(F) WT (IgG1[b]+) and IgM-null (IgG1[a]+) switched plasma cells (CD138+IgG1+) as a 

percentage of live splenocytes in unimmunized and IgM+/- mice 5 days after i.p. immunization 

with 200 µL of 10% SRBCs. 

(G) Fraction of unswitched NP-specific germinal center cells (CD19+ Fashi GL-7hi IgM/IgD+) 

from the IgH[a] locus in the spleens of Balb/c-B6 F1 and IgM+/- mice 7-8 days after i.p. 

immunization with 100 µg NP-RSA. 

(H) Fraction of IgG1+ CD138+ plasma cells from the IgH[a] locus in Balb/c-B6 F1 and IgM+/- 

mice 7-8 days after i.p. immunization with 100 µg NP-RSA. 

(I) NP-specific IgG1[a] and IgG1[b] titers at OD = 0.2 were calculated for the mice in (G-H) by 

ELISA. The IgG1[a] to IgG1[b] titer ratio was calculated for each mouse, and all ratios were 

normalized such that the average IgG1[a]/IgG1[b] ratio in Balb/c-B6 F1 samples = 1.0. 

For (A-D), statistics from n = 4 umimmunized mice of each genotype and n = 3 WT, n = 6 IgM-/-



121 

, and n = 7 IgD-/- immunized mice were pooled. For (E-F), n = 5 unimmunized and n = 5 

immunized mice are shown. For (G-I), n = 5 Balb/c-B6 F1 mice and n = 3 IgM+/- mice are 

shown. One-way ANOVA with Tukey’s multiple comparisons test (B and D), a paired t test (E-

F), and Welch’s t test (G-I) were used to calculate p values, and mean + SEM is displayed. *p < 

0.05, **p < 0.01, ***p < 0.001.  
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Figure 2.19. Role of BCR allotype and generation of unswitched plasma cells in SRBC-

immunized mice. 

(A) Quantification of IgM[a]+ and IgM[b]+ germinal center B cells (CD19+ Fashi GL-7hi) as a 

percentage of live splenocytes in IgHa/b mice 5 days after i.p. immunization with 200 µL of 10% 

SRBCs. 

(B) Quantification of IgM[a]+ and IgM[b]+ plasma cells (CD138+) as a percentage of live 

splenocytes in IgHa/b mice 5 days after i.p. immunization with 200 µL of 10% SRBCs. 

(C) Quantification of splenic unswitched (IgM+ or IgD+) CD138+ plasma cells from 

unimmunized and WT, IgM-/-, and IgD-/- mice 5 days after i.p. immunization with 200 µL of 10% 

SRBCs. 

(D) WT (IgM[b]+) and IgM-null (IgD[a]+) unswitched plasma cells (CD138+) as a percentage 

of live splenocytes in unimmunized and IgM+/- mice 5 days after i.p. immunization with 200 µL 

of 10% SRBCs. 

For (A) and (B), n = 3 mice were analyzed. Paired t tests (A-B and D) and one-way ANOVA 

with Tukey’s multiple comparisons test were used to calculate p values, and mean + SEM is 

displayed. For (C), cell numbers from n = 4 umimmunized mice of each genotype and n = 3 WT, 

n = 6 IgM-/-, and n = 7 IgD-/- immunized mice were analyzed. For (D), n = 5 unimmunized and n 

= 5 immunized were analyzed. **p < 0.01, ***p < 0.001. 
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Figure 2.20. Role of IgM and IgD in regulating rapid antibody responses. 

(A) Model: Control of peripheral B cell tolerance by IgM and IgD. Selective downregulation of 

IgM is a well-described feature of autoreactive B cells, and this study demonstrates how loss of 

IgM could desensitize B cells towards self-antigens. High and invariant IgD expression provides 

survival signals to allow these autoreactive cells to be maintained in the repertoire. Upon 

activation by foreign antigen, the least autoreactive cells receive strong signals through IgM and 

can quickly differentiate into plasma cells with little danger of autoimmunity. In contrast, the 

most autoreactive B cells are activated through IgD, which is less efficient at transducing signals 

in vivo. This weak signaling forces IgDhi IgMlo cells into the germinal center where they can be 

“redeemed” via somatic hypermutation, as proposed by Goodnow and colleagues. In this way, 

dual expression of IgM and IgD expression facilitates repertoire diversity and balances immune 

responsiveness with autoimmune potential.  

 

Discussion 

We and others previously hypothesized that a major tolerance strategy employed by 

autoreactive Fo B cells is selective downregulation of IgM. However, since all Fo B cells express 

a high and invariant amount of surface IgD, it was unclear whether and how loss of IgM 

expression could affect B cell responses to antigenic stimulation. It was recently reported that 

IgM, but not IgD, is uniquely responsive to monomeric antigens due to a short and inflexible 

linker region coupling the Fab and Fc portions of IgM (Ubelhart et al., 2015). This could account 

for selective quiescence of mildly autoreactive B cells to monovalent endogenous antigens. 

However, the identity and structural characteristics of endogenous antigens are not well 

understood, and include cell-surface antigens on the surface of red cells and B cells (Quach et al., 
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2011; Reed et al., 2016). Moreover, recent work from Goodnow and colleagues showed that 

HEL-specific IgD BCR, when expressed on primary mouse splenocytes, can indeed mobilize 

calcium in vitro and can mediate gene expression changes in vivo in response to monovalent 

cognate antigen (Sabouri et al., 2016).  

How do our observations help move beyond and reconcile the seemingly contradictory 

published work on antigen sensing by IgM and IgD? In vitro signaling studies of HEL-specific 

BCRs by the Jumaa and Goodnow labs differ in several important ways; the former work 

assesses calcium signaling in pre-B cells that lack Slp-65 expression, while the latter studies 

splenic B cells with a considerably more mature phenotype. In addition, differences in reagents 

or strength of stimulus may also contribute to opposing conclusions. Our data suggests that the 

reduced sensitivity of IgD to bona fide endogenous antigen may lie somewhere between these 

two extremes; we find that IgD can sense endogenous antigens, just less efficiently than IgM. 

Consistent with this conclusion, both HEL-specific IgM and IgD BCRs can mediate B cell 

anergy and drive a common gene expression program in response to chronic high affinity soluble 

antigen exposure in vivo (Brink et al., 1992; Sabouri et al., 2016).   

Here we show that B cells expressing IgD BCR alone inefficiently sense endogenous 

antigens, and exhibit impaired in vivo cell fate decisions that are dependent upon BCR signal 

strength. This is epitomized by dramatic skewing of IgD-only B cells away from the B1a and 

towards the MZ fate in a competitive setting. Importantly, signal transduction mediated by the 

IgD BCR in response to anti-Igκ stimulation in vitro is intact for all assayed parameters, 

suggesting that antigen sensing and signal initiation rather than signal transduction downstream 

of IgD is impaired. We propose that this impaired sensing is conferred by structural properties of 
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IgD, either through direct binding of antigen and signal transduction through the BCR or through 

differential pairing with co-receptors that directly modulate the BCR signaling pathway. 

Characterization of bona fide endogenous antigens that drive Nur77-eGFP expression in 

the polyclonal repertoire is necessary in order to further dissect the biophysical basis for reduced 

antigen sensing by IgD in vivo. These antigens may not be exclusively restricted to those that are 

germline-encoded or generated by host enzymes; rather they may include non-inflammatory 

antigens taken up through the gastrointestinal tract and recognized by specific BCRs. At least 

some relevant endogenous antigens may be membrane-bound (Quach et al., 2011; Reed et al., 

2016), and recent studies have illustrated the importance of membrane spreading, contraction, 

and stiffness discrimination in BCR signaling (Fleire et al., 2006; Shaheen et al., 2017). We 

propose that relevant endogenous antigens are presented in contexts that do not efficiently trigger 

signaling through the flexible structure of IgD. This might explain the discrepancy between weak 

responsiveness of IgD to endogenous antigens in vivo and strong signaling in response to 

crosslinking antibodies in vitro. 

An alternative mechanism is that differential clustering of co-receptors with IgD and IgM 

might influence how BCR signals are integrated in vivo. It has long been proposed that there are 

not only quantitative, but also qualitative differences between IgM and IgD signaling. Early 

studies of IgM and IgD signaling in cell lines suggested that kinetics but not quality of signaling 

triggered by each isotype differed (Kim and Reth, 1995b). However, we have been unable to 

identify a difference in kinetics of BCR signaling in primary IgM- or IgD-deficient B cells in 

vitro. More recently, studies using TIRF, dSTORM, and PLA (proximity ligation assay) showed 

that IgD is more densely clustered on the cell surface than IgM, and these distinct IgM- and IgD-

containing “islands” are differentially associated with co-receptors such as CD19 in resting and 
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activated B cells (Chandra Maity et al., 2015; Klasener et al., 2014; Mattila et al., 2013). Since 

function of the ITIM-containing inhibitory co-receptor CD22 depends on its ability to efficiently 

access the BCR, differences in cluster density of IgM and IgD might render them differentially 

sensitive to such inhibitory tone (Gasparrini et al., 2016). It is possible that differential 

association with such co-receptors contributes to differences in the function of the IgM and IgD 

BCRs in vivo by modulating BCR signal strength, or by selectively perturbing specific 

downstream signaling events. 

In addition to B cell co-receptors that have long been known to directly modulate 

canonical BCR signaling, a growing list of immunoreceptors expressed on B cells have more 

recently been shown to require expression of the BCR for optimal function; Becker et al. have 

shown that expression of the IgD BCR is critical for CXCR4-dependent signaling (Becker et al., 

2017). This may influence the biology of B cells expressing only IgM; indeed, CXCR4-deficient 

B cells exhibit reduced plasma cell migration from spleen to bone marrow (but intact splenic 

SLPC responses) (Nie et al., 2004). Importantly, defective CXCR4 signaling in IgM-only B cells 

could not account for reduced Nur77-eGFP expression in IgD-only B cells because reporter 

expression is insensitive to CXCR4 signaling (Figure 2.2C). Nor would it account for skewed 

cell fate decisions by IgD-only B cells in competition with wild type B cells, both of which retain 

intact CXCR4 signaling. B cell responses to TLR4 ligands also require expression of the BCR, 

but importantly canonical TLR ligands do not exhibit selective dependence on either the IgM or 

the IgD isotypes (Figure 2.4A). Finally, recent work establishes a role for the Fc-receptor for 

IgM in modulating B cell responses, and could therefore play a role downstream of serum IgM 

that is absent in IgM-/- mice (Nguyen et al., 2017a; Nguyen et al., 2017b). We control for this 
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effect by confirming that all phenotypes in this study are cell-intrinsic and independent of 

secreted IgM. 

 Accumulating evidence suggests that strong BCR signals favor SLPC over GC fate (Chan 

et al., 2009; Nutt et al., 2015; Paus et al., 2006). This is thought to be transcriptionally mediated 

at least in part by loss of Ets1 expression and induction of Irf4 in a BCR signal-strength 

dependent manner (Nutt et al., 2015). Here we show that IgM and IgD are each sufficient to 

drive GC responses, but IgD is less efficient at promoting SLPC fate in response to endogenous 

antigens, implying that IgDhi IgMlo B cells may similarly be shunted away from SLPC responses. 

This discrepancy is unlikely to be attributable to differences in antigen capture and presentation 

by the IgM and IgD BCRs, as GC entry is highly T cell-help dependent. Instead, we provide 

evidence to suggest that reduced antigen-dependent BCR signals are transduced in vivo by IgD. 

We show that, in the absence of Lyn, Ets1 downregulation and unswitched PC expansion require 

the IgM BCR. IgM-/-Lyn-/- mice phenocopy BtkloLyn-/- mice; both strains are protected from Ets1-

downregulation, PC expansion, and anti-dsDNA autoantibody production in vivo (Mayeux et al., 

2015; Whyburn et al., 2003). This suggests that robust Btk-dependent Ets-1 downregulation in 

response to endogenous antigens relies upon efficient antigen sensing by the IgM BCR and is 

important to drive unswitched PC expansion in the absence of Lyn. It will be important to 

explore whether a similar mechanism accounts for impaired IgG1+ SLPC responses by Lyn-

sufficient B cells with low or absent IgM expression.  

We propose that the purpose (and consequence) of IgM downregulation on B cells 

reactive to endogenous antigens is to limit their direct differentiation into SLPCs in response to 

chronic endogenous antigen stimulation, and prevent secretion of auto-antibodies in the context 

of an acute humoral immune response (Figure 2.20A). However, IgD is sufficient to drive 
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germinal center differentiation without the contribution of IgM. This has been well-demonstrated 

both in the present study as well as prior work (Lutz et al., 1998). Indeed, not only are IgDhi 

IgMlo B cells that are reactive to endogenous antigens competent to enter the germinal center, 

they appear to do so with greater efficiency, perhaps due in part to improved survival (Sabouri et 

al., 2016; Sabouri et al., 2014). It is worth emphasizing that selection pressures and tolerance 

mechanisms operating within the germinal center must independently ensure that somatic 

hypermutation both abolishes germ-line-encoded autoreactivity and prevents de novo acquisition 

of autoreactivity. Goodnow and colleagues recently showed that autoreactive BCRs can indeed 

be “redeemed” by somatic hypermutation, providing proof-of-principle that entry of autoreactive 

B cells into the GC does not necessarily pose a risk to the organism (Sabouri et al., 2014).  

Why, though, are autoreactive B cells preserved in the periphery and not deleted? Why is 

IgD necessary at all? One suggestion is that such BCRs are retained in the pre-immune B cell 

compartment to fill holes in the repertoire, and that IgD is essential for their survival; indeed, it 

has been shown that loss of IgD expression, with or without compensatory upregulation of IgM, 

leads to loss of mature naïve B cells in competition (Roes and Rajewsky, 1993; Sabouri et al., 

2016). We similarly find that IgD-only B cells have a profound competitive advantage in the 

follicular B cell compartment relative to IgM-only (but not WT) B cells, implying an obligate 

survival function for the IgD isotype BCR. This is consistent with a well-appreciated pro-

survival function of the BCR as demonstrated by Rajewsky and colleagues (Kraus et al., 2004; 

Lam et al., 1997). Since IgD expression is needed to keep IgMlo B cells alive, this may explain 

why IgD expression facilitates a broad dynamic range of IgM expression across the B cell 

repertoire (Figure 2.1B-C), allowing B cells to fine-tune the intensity of their SLPC responses 

according to their autoreactivity. IgD expression on IgMlo cells could serve to mediate antigen 
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capture and participation in T-dependent immune responses, while simultaneously limiting 

SLPC responses as we show here. 

We demonstrate here for the first time that IgD BCRs sense endogenous antigen more 

weakly than IgM BCRs in vivo, are inefficient at driving SLPC responses to endogenous 

antigens, and thereby may function to divert autoreactive follicular B cells from direct PC 

differentiation. We propose that this property of the IgD BCR limits generation of auto-reactive 

antibodies in the context of immediate humoral immune responses. Taken together with recent 

work from the Jumaa and Goodnow groups, we propose a unified model of how IgM 

downregulation in the face of high IgD expression regulates the fate of naïve autoreactive B cells 

in vivo while retaining their contribution to the mature BCR repertoire. 
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Materials and Methods 

Mice. Nur77-eGFP mice and Lyn-/- mice have been previously described (Chan et al., 1997; 

Zikherman et al., 2012b). BAFF Tg mice were originally generated in the Nemazee lab, in which 

BAFF is under the control of a myeloid promoter, human CD68 (Gavin et al., 2005) (source: 

MMRRC UC Davis). IgD-/- and IgM-/- mice were previously described, and the former were 

generously shared by Dr. Hasan Jumaa (Lutz et al., 1998; Nitschke et al., 1993). TLR7-/-, CD40L-
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/-, Unc93b13d/3d, Nr4a1-/-, and MB1-Cre MyD88fl/fl mice were previously described (Hobeika et 

al., 2006; Hou et al., 2008; Lee et al., 1995; Lund et al., 2004; Renshaw et al., 1994; Tabeta et 

al., 2006). All strains were backcrossed to the C57BL/6 genetic background for at least six 

generations. Mice were used at 5-12 weeks of age for all functional and biochemical experiments 

unless otherwise noted. Germ-free (GF) and specific pathogen free (SPF) C57BL/6 mice used for 

direct comparison were purchased from Taconic and Jackson Laboratory and kept in 

microisolators under GF or SPF (ISOcage P-Bioexclusion System, Tecniplast) conditions. All 

GF mice were housed in closed caging systems and provided with standard irradiated chow diet, 

acidified water and housed under a 12-hour light cycle; 7-week-old males mice were used. GF 

and control mice were generously provided by Drs. Sergio Baranzini and Anne-Katrin Proebstel 

at UCSF. All other mice used in our studies were housed in a specific pathogen free facility at 

UCSF according to the University Animal Care Committee and National Institutes of Health 

(NIH) guidelines. 

 

Antibodies and Reagents. Fluorescently-conjugated or biotin-conjugated antibodies to B220, 

CD5, CD19, CD21, CD23, CD69, CD86, CD93 (AA4.1), CD95 (Fas), CD138, CXCR4, IgA, 

IgM, IgM[a], IgM[b], IgD, IgD[a], IgG1[a], IgG1[b], Igκ, Igλ, GL-7, MHC Class II, and 

fluorescently-conjugated streptavidin were from Biolegend, eBiosciences, BD Biosciences, 

Tonbo, or Life Technologies. NP-PE was from Biosearch Technologies. 100 nm Rhodamine PtC 

liposomes were from FormuMax. Antibodies for intra-cellular staining, pErk Ab (clone 194g2) 

and pS6 Ab (2F9), were from Cell Signaling Technologies, and Nur77 Ab (clone 12.14) 

conjugated to PE was from eBioscience. Goat anti-mouse IgM F(ab’)2 was from Jackson 

Immunoresearch. Goat anti-mouse Igκ and goat F(ab’)2 anti-mouse Igκ were from Southern 
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Biotech. Anti-IgD was from MD Biosciences. CXCR4 ligand (CXCL12/hSDF-1α) was from 

Peprotech. LPS (Cat. L8274) was from Sigma. CpG DNA (ODN 1826 Biotin; Cat. tlrl-1826b) 

and Pam3CSK4 (Cat. tlrl-pms) were from InvivoGen. 

 

Flow Cytometry and Data Analysis. Cells were stained with indicated antibodies and analyzed on 

a Fortessa (Becton Dickson) as previously described (Hermiston et al., 2005). Data analysis was 

performed using FlowJo (v9.7.6) software (Treestar Incorporated, Ashland, OR). Statistical 

analysis and graphs were generated using Prism v6 (GraphPad Software, Inc). Figures were 

prepared using Illustrator CS6 v16.0.0. Median Igk levels (Figure 2.1F) were calculated for 200 

equally sized “bins” spanning the Nur77-eGFP spectrum using Canopy v1.4.1 (Enthought); 

source code is provided, and parameters can be modified to condense any 2D FACS plot for 

comparisons of multiple samples.  

 

Statistics and Replicates. We define biological replicates as independent analyses of cells 

isolated from different mice of the same genotype, and we define technical replicates as analyses 

of cells isolated from the same mouse and used in the same experiment. When technical 

replicates were used, we averaged them to calculate a value for the biological replicate. All 

reported values and statistics correspond to biological replicates only, and all “n” values reported 

reflect the number of biological replicates. Wherever MFIs are directly compared, we collected 

all samples in a single experiment to avoid potential error that could arise from fluctuations in 

our flow cytometers. In some instances, MFI ratios were compiled from different experiments 

for statistical purposes, but qualitative findings were consistent experiment to experiment. As our 

panels reproducibly generated flow plots with well-defined populations, population sizes were 
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calculated from data compiled from different experiments. When comparing two groups, we 

employed Welch’s t test, which is more stringent than Student’s t test and does not assume that 

the groups have the same standard deviation. We used paired difference t tests when studying 

parameters in allotype-heterozygous mice that are sensitive to cell-extrinsic factors (e.g. dose of 

immunogen or severity of autoimmune disease). When comparing three genotypes (e.g. receptor 

levels on WT vs. IgM-/- vs. IgD-/-), we used one-way ANOVA and Tukey’s multiple comparison 

test to calculate p values.  

 

Intracellular Nur77, pErk and pS6 Staining. Ex vivo or following stimulation, cells were fixed in 

2% paraformaldehyde, permeabilized with 100% methanol, and stained with anti-Nur77, anti-

pErk or anti-pS6 followed by lineage markers and secondary antibodies if needed. 

 

Intracellular Plasma Cell Staining. Cells were fixed in 2% paraformaldehyde and permeabilized 

in BD Perm/Wash. Stains for antibody isotypes and allotypes were prepared in BD Perm/Wash. 

 

Intracellular Calcium Flux. Cells were loaded with 5 µg/mL Indo-1 AM (Life Technologies) and 

stained with lineage markers. Cells were rested at 37 C for 2 minutes, and Indo-1 fluorescence 

was measured immediately prior to stimulation to calculate basal calcium. 

 

In vitro B Cell Stimulation. Splenocytes or lymphocytes were harvested into single cell 

suspension, subjected to red cell lysis using ACK buffer, and plated at a concentration of 7.5 x 

105 cells/200 µL in round bottom 96 well plates in complete RPMI media with stimuli for 18 
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hours prior to analysis. In vitro cultured cells were stained using fixable near IR live/dead stain 

(Life technologies) per manufacturer’s instructions. 

 

ELISA. Serum antibody titers for total IgM, total IgD, anti-dsDNA IgG2a, and NP-specific IgG1 

were measured by ELISA. For total IgM and total IgD, 96-well plates (Costar) were coated with 

1 µg/mL anti-IgM F(ab’)2 (Jackson) or 1 µg/mL anti-IgD (BD 553438), respectively. Sera were 

diluted serially, and total IgM and total IgD were detected with anti-IgM-biotin (eBioscience) 

and SA-HRP (Southern Biotech) or anti-IgD-HRP (American Research Products). dsDNA plates 

were generated by serially coating plates with 100 µg/mL poly-L-lysine (SigmaAldrich) and 0.2 

U/mL poly dA-dT (SigmaAldrich) in 0.1 M Tris-HCL pH 7.6. Sera were diluted serially on 

dsDNA plates, and autoantibodies were detected with IgG2[a]-biotin, IgG2a[b]-biotin, and SA-

HRP. NP plates were generated by coating 96-well plates with 1 µg/mL NP-BSA (Biosearch, 

conjugation ratio 23) in PBS. Sera from NP-RSA immunized and unimmunized mice were 

diluted serially, and NP-specific IgG1 was detected with IgG1[a]-biotin, IgG1[b]-biotin, and SA-

HRP. All ELISA plates were developed with TMB (Sigma) and stopped with 2N sulfuric acid. 

Absorbance was measured at 450 nm. For total IgM, total IgD, and dsDNA IgG2a, OD values or 

OD ratios were calculated and displayed. For NP-specific IgG1, titers were calculated at OD = 

0.2 and normalized such that the average IgG1[a]/IgG1[b] ratio in immunized Balb/c-B6 F1 mice 

equals 1.0.  

 

B Cell Purification and Western Blots. Splenic B cells were purified by negative selection with a 

MACS kit according to manufacturer’s protocol (Miltenyi Biotech, cat# 130-090-862). Purified 

B cells were lysed in 2N 4X SDS and boiled at 95C for 5 minutes. 500,000 cells per lane were 
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loaded onto NuPAGE 4-12% Bis-Tris gels (Invitrogen NP0335), run for 50 minutes at 200V, and 

transferred onto PVDF membranes using XCell II Blot Module (Invitrogen). Membranes were 

blocked with 3% BSA. Proteins were detected with rabbit monoclonal anti-Ets1 (Epitomics, 

custom lot provided by Lee Ann Garrett-Sinha), mouse anti-mouse GAPDH (Santa Cruz 

Biotechnology 32233), and HRP-conjugated secondary antibodies goat anti-rabbit IgG (H+L) 

and goat anti-mouse IgG (H+L) (SouthernBiotech). Membranes were developed with Western 

Lightning Plus ECL (Perkin Elmer 0RT2651 and 0RT2751) and imaged using a ChemiDoc 

Touch Imaging System (Bio-Rad). Quantifications were performed using Image Lab v. 5.2.14 

(Bio-Rad). 

 

Immunizations. Mice were immunized i.p. with 200 uL of 10% sheep red blood cells (Rockland 

R406-0050) diluted in PBS. Mice were sacrificed 5 days after immunization, and serum and 

spleens were harvested. Mice were immunized i.p. with 100 ug of NP-conjugated rabbit serum 

album (NP-RSA, Biosearch N-5054-10, conjugation ratio 10) prepared in PBS with Alhydrogel 

1% adjuvant (Accurate Chemical and Scientific Corp. 21645-51-2). NP-RSA immunized mice 

were sacrificed 7-8 days following immunization, and serum and spleens were harvested. To 

ensure that our calculated values accurately reflect the magnitude and variability of immune 

response induced by immunization, we analyzed all mice that had larger plasma cell and 

germinal center compartments than unimmunized mice.  One IgM+/- mouse immunized with 

SRBCs (Figure 2.18E-F) was excluded because it did not display an expanded plasma cell 

compartment; no other mice were excluded from analysis. 
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Quantitative PCR. Splenocytes were lysed in TRIzol (Invitrogen) and stored at -80 C. cDNA was 

prepared using a SuperScriptIII kit (Invitrogen). Quantitative PCR reactions were run on a 

QuantStudio 12K Flex thermal cycler (Applied Biosystems) with FastStart Universal SYBR 

Green Master Mix (Roche). Nr4a1 (forward: gcctagcactgccaaattg; reverse: 

ggaaccagagagcaagtcat) and GAPDH (forward: aggtcggtgtgaacggatttg; reverse: 

tgtagaccatgtagttgaggtca) primers were used at 250 nM each.  
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CHAPTER 3: DISCUSSION 
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The results outlined in Chapter 2, interpreted in light of the literature, provide useful 

insight into the mystery of dual expression of IgM and IgD. This chapter will reintroduce and 

then build upon many of the points raised in the discussion section of Chapter 2. This chapter 

will also address remaining questions and how they might be answered with currently available 

technologies and mouse models.  

Why is IgM downregulated and IgD maintained on autoreactive B cells? 

 B cells require surface BCR expression for survival. This was clearly demonstrated by a 

series of BCR deletion studies in the Rajewsky lab (Kraus et al., 2004; Lam et al., 1997; 

Srinivasan et al., 2009), and by a study in the Tybulewicz lab that showed that BAFF signaling 

requires the BCR (Schweighoffer et al., 2013). More recently, the finding that B cells lacking 

surface IgD expression without compensatory IgM upregulation (dmit) have poor survival 

provides additional evidence in favor of IgD’s role in promoting B cell survival (Sabouri et al., 

2016). The competition data in Chapter 2 also paint a broader picture of IgD’s survival function. 

Notably, IgD-deficient B cells compete efficiently into the T1 compartment but compete poorly 

where IgD expression is normally the highest: in the mature-follicular compartment. IgD-

deficient B cells also compete poorly into the MZ compartment, which may be due to their 

putative origin in the IgD-expressing T2 compartment. IgM-deficient B cells do not display a 

disadvantage against WT cells for entry into the Fo compartment, which suggests that IgD alone 

can promote survival in this compartment. Mechanistically, IgD’s pro-survival function may 

arise from its close association with CD19 on resting B cells (Klasener et al., 2014). Given 

CD19’s ability to promote PI3K signaling, which was shown to rescue cell death in the face of 

BCR deletion (Srinivasan et al., 2009), it is likely that an IgD-CD19-PI3K axis promotes the 

survival of Fo B cells. Exactly where BAFF signaling feeds into this axis could be dissected 
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using the tools described in Chapter 1. PLA, dSTORM, and other imaging techniques could 

determine whether BAFFR is preferentially associated with either BCR isotype and whether its 

mobility is affected by cytoskeletal disruption or BCR signaling. These techniques can also 

determine whether differential co-localization with relevant co-receptors requires dual 

expression of IgM and IgD. For example, does the distance between IgM and CD19 clusters 

shrink on IgD-deficient B cells? And if so, how much of this is due to the elevated surface IgM 

expression on these cells? 

 In contrast to the high level of IgD on all follicular B cells, IgM is downregulated on 

autoreactive B cells. The Nur77-eGFP and developmental data presented in Chapter 2 strongly 

suggest that IgM is more sensitive to endogenous antigens than IgD is. At the most basic level, 

selective IgM downregulation might serve to desensitize autoreactive B cells towards self 

antigens. However, there is also a broad range of surface IgM expression at every level of 

Nur77-eGFP. The fact that follicular B cells do not fall into a tightly-clustered line on an IgM vs. 

Nur77-eGFP plot indicates that variability is a feature of the system. Furthermore, the dynamic 

range of surface IgM expression is strongly restricted on IgD-deficient B cells. This suggests that 

IgD provides survival signals that enable greater variation in surface IgM expression. However, 

it remains unclear whether IgMlo B cells are completely eliminated from the repertoire of IgD-/- 

mice, or whether these cells increase their surface IgM expression. Answering this question 

could require taking several complementary approaches. Most directly, one could sequence 

heavy chain sequences of B cells at different levels of Nur77-eGFP in WT (129/Sv) and IgD-/- 

mice. Interpretation of sequence data may be problematic, however, because the diversity of the 

follicular compartment is astronomical (Yang et al., 2015). On the other hand, sequence 

information could be used to generate knock-in mice that recognize bona fide endogenous 
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antigens and analyze how IgD deficiency influences their Nur77-eGFP and surface IgM 

expression. Alternatively, inducibly IgD-deficient mice could be generated by flanking Cδ with 

loxP sites and introducing a tamoxifen-responsive Cre. In this system, any changes in Nur77-

eGFP, surface IgM, or cell viability would substantially inform our understanding of how surface 

IgM variability is generated and maintained.  

Why are autoreactive B cells maintained within the repertoire? 

The breadth of Nur77-eGFP and IgM expression on follicular B cells raises the question 

of why autoreactive B cells are maintained in the repertoire instead of being purged. As outlined 

in Chapter 1, certain broadly-neutralizing anti-HIV antibodies arise from precursors that are 

normally purged from the repertoire due to their autoreactivity (Verkoczy and Diaz, 2014). 

Furthermore, two well-characterized broadly-neutralizing anti-HIV antibodies also cross-react 

with the endogenous phospholipid cardiolipin (Haynes et al., 2005). This means that in some 

cases, protective antibodies require autoreactive precursors to serve as a “backbone” for further 

mutation, and others recognize self antigens. It could be that some degree of autoreactivity is 

tolerated within or selected into the B cell repertoire because autoreactivity implies recognition 

of biological patterns. While generating antibodies that strongly cross-react with self antigens 

may be harmful to the host, weakly autoreactive precursors might require fewer mutations to 

recognize foreign antigens than “blank slate” precursors. As mutation within the germinal center 

is a random event and pathogens can multiply very rapidly, a starting population that only 

requires a few mutations to acquire foreign reactivity could mean the difference between life and 

death for the host.   

Moreover, autoreactivity/polyreactivity is a predominant feature of the natural antibody 

repertoire (Lacroix-Desmazes et al., 1998). Because of this autoreactivity, the cells responsible 
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for natural antibody production, B1 cells, reveal interesting aspects of IgM and IgD function. 

Notably, the role of IgD in the survival of B1a cells stands in marked contrast to its role the 

follicular compartment. In the B1a compartment, IgM-deficient B cells compete poorly, 

suggesting that generation and/or survival of B1a cells requires signals that only the IgM BCR 

can efficiently provide. As the data in Chapter 2 clearly demonstrate, the IgM BCR is much more 

sensitive to endogenous antigens than the IgD BCR, and this sensing may play a role in 

maintaining proper B1a function. Perhaps not coincidentally, the B1a compartment produces 

polyreactive antibodies that play a role in clearing cell debris. In a way, the role of autoreactivity 

in the B1a compartment blurs the line between antigen-dependent and “tonic” BCR signaling. 

Another unique feature of B1a cells is their capacity for self-renewal (Martin and Kearney, 

2001). Whether IgM provides unique signals that drive self-renewal remains to be addressed. 

Further investigation could also determine whether IgM and IgD differ in their ability to 

maintain the balance between B1a self-renewal and differentiation into antibody secreting cells. 

How are autoreactive B cells excluded from rapid antibody responses? 

 The original defining feature of anergic B cells in IgHEL/sHEL model systems was a 

lack of antibody secretion upon immunization (Brink et al., 1992; Goodnow et al., 1988; 

Goodnow et al., 1989). Blunted antibody responses are also a notable characteristic of anergic B 

cells in other transgenic models of B cell tolerance (Cambier et al., 2007). Subsequent 

investigation provides clues as to where the block(s) in antibody production may occur. In the 

HEL model, it was shown that, on a per-receptor basis, IgM and IgD are equally efficient at 

upregulating the costimulatory markers CD80 and CD86 (Brink et al., 1995). This, along with 

studies of IgM-/- and IgD-/- mice (Lutz et al., 1998; Nitschke et al., 1993; Roes and Rajewsky, 

1993), would imply that IgM and IgD are both competent to mediate at least a subset of B cell-T 
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cell interactions. However, the subsequent fate of the B cells may be shaped by their 

autoreactivity. For non-tolerized HEL-specific B cells, interaction with T cells normally leads to 

proliferation and antibody secretion, but chronic HEL exposure converts this interaction into 

Fas-mediated apoptosis (Rathmell et al., 1995). While this is a dramatic example, more subtle 

shifts in cell fate could shape the immune response of more mildly autoreactive B cells. It was 

previously shown that cAMP-dependent signals are required for optimal germinal center entry of 

cells stimulated through IgD (Chaturvedi et al., 2002). However, the authors of that study did not 

look at other cell fates, particularly plasma cell differentiation. 

Given the skewing of IgD-only cells away from the IgG1+ SLPC fate upon immunization 

(described in Chapter 2), it is especially enticing to think that cAMP signaling discourages rapid 

SLPC generation from IgD-only cells. A crude experiment would be to treat immunized mice 

with PKA inhibitors or cAMP and see whether this influences SLPC generation in IgM-/-, IgD-/-, 

and WT mice. Intriguingly, cAMP supplementation enhances antibody responses in the absence 

of T cells but inhibits antibody responses when T cells are present (Kammer, 1988). However, it 

is unclear whether the concentrations of cAMP the B cells experienced are comparable to the 

cAMP increase generated by IgD stimulation, and it is underdetermined how much of the 

phenotype was driven by alterations in T cells, myeloid cells, and stromal cells. To control for 

these cell-extrinsic factors, it would be necessary to develop an ex vivo stimulation strategy that 

promotes rapid PC induction following reintroduction into a host. In this system, one could 

supplement IgM-only cells with dibutyrl cAMP or treat IgD-only cells with PI-PLC and see 

whether this influences their propensity to differentiate into IgG1+ PCs.  

While the IgG1+ SLPC defect in IgD-only mice was profound, it was partially 

ameliorated in IgM+/- that contain serum IgM. In this case, the defect appears to be more 
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quantitative than absolute. Similarly, IgM-only and IgD-only B cells respond to anti-Igκ but 

differ in their relative abilities to induce pERK, calcium increase, pCD22, pSHP-1, and 

activation marker upregulation (Figures 2.5 and 3.1). The exact balance of triggered biochemical 

second messengers and activation markers expressed on the surface of B cells interacting with T 

cells could influence their fate. A more comprehensive examination of activation marker 

upregulation on IgM-only and IgD-only cells could identify potential targets that drive the 

SLPC/GC skewing in immunized mice. Alternatively, unbiased transcriptional or biochemical 

analysis might identify new candidates that are differentially expressed or activated. 

Despite the recurrent theme of defective plasma cell responses by IgD-only cells, IgD-

only cells were perfectly competent to enter the germinal center in all situations examined in 

Chapter 2. Given that GC B cells (eventually) give rise to antibody-secreting cells, additional 

tolerance mechanisms must restrain autoreactive B cells that enter the GC. GC tolerance models 

that rely entirely on antigen presentation to T cells (or lack thereof) are incomplete because B 

cells and T cells need not recognize the same epitope for a productive interaction; a B cell could 

recognize an autoantigen linked to a foreign antigen and present a foreign peptide to nearby T 

cells. Therefore, GC tolerance mechanisms that consider the intrinsic self reactivity of the BCR 

are particularly relevant. The original MD-4/ML-5 study examined anti-HEL antibody secretion 

24 days after HEL/CFA immunization and after a recall challenge with HEL-SRBCs (Goodnow 

et al., 1988). These experiments did not examine GC entry and utilized a BCR transgene 

integrated outside of the BCR locus, which may preclude high levels of SHM and studies of 

physiological GC responses. A related model system, SWHEL, which integrates a HEL-specific 

BCR into the endogenous BCR locus, was used to uncover the strong negative selective pressure 

B cells face when they encounter autoantigen in the GC (Chan et al., 2012). This led to a model 
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in which GC B cells that recognize ubiquitous autoantigens are deleted, but GC B cells that 

cross-react with tissue-restricted autoantigens pose a danger to the host (Chan and Brink, 2012; 

Brink, 2014). However, ubiquitous autoreactivity does not necessarily condemn a B cell to death 

once it enters the GC. Two recent papers demonstrated that germinal center B cells participate in 

a process called clonal redemption where they acquire mutations that abolish their self reactivity 

(Reed et al., 2016; Sabouri et al., 2014). 

Given the selective downregulation of IgM on autoreactive B cells, strong signaling 

through IgD and weak signaling through IgM might be a way that these cells “know” they need 

to be redeemed. Once these cells enter the GC, however, it’s unclear how they know whether 

their autoreactivity has been lost. This is a particular challenge in light of the finding that BCR 

signaling is suppressed in GC B cells (Khalil et al., 2012). Nevertheless, a subset of germinal 

center cells do actively signal through their BCRs (Mueller et al., 2015), but the fate of those 

cells is less clear. Intriguingly, GC B cells turn off IgD expression and primarily express IgM 

(unless they have class switched). In other words, they express the isotype that is more sensitive 

to self antigens. In this way, the balance between BCR signaling (autoreactivity + foreign 

reactivity) and T cell help (foreign reactivity alone) could guide the evolution of germinal center 

B cells. A better understanding of the context in which GC B cells see self antigens would be 

instrumental in further developing and testing this model. 

How do the phenotypes in Lyn-/- mice relate to human disease? 

 The finding that IgM-deficient B cells are excluded from unswitched SLPC responses in 

Lyn-/- mice suggests that IgM downregulation might be sufficient to enforce tolerance in a well-

characterized autoimmune mouse model. The IgM-null cells also contributed significantly less to 

the anti-dsDNA IgG2a/c response than IgM-sufficient cells did. However, it is unclear whether 
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these two phenomena are linked because the cellular and secreted antibody isotypes differ. 

Reliable quantification of IgG2a/c plasma cells was difficult because these cells are rare in the 

spleen and bone marrow, and the compartment size varies substantially (data not shown). On the 

other hand, the rapid fluctuation in antibody titers suggests that at least some of the anti-dsDNA 

IgG2a/c comes from short-lived plasma cells. Sequencing of antibody secreting cells generated 

during SLE flares indicates that a substantial fraction of them arise directly from the naïve 

follicular B cell repertoire without acquiring SHM, implying generation outside of the germinal 

center (Tipton et al., 2015). A subset of SLE patients also display clinical improvement after B 

cell depletion (Looney et al., 2004). Because plasma cells lack many of the markers used in B 

cell depletion therapy, this would suggest that depleting their precursors can have a therapeutic 

effect in a subset of patients. Therefore, the tolerance mechanisms employed by mature-naïve B 

cells may have clinical relevance in human disease. Whether IgM and IgD play a similar role in 

enforcing tolerance and modulating fate decisions in human B cells remains to be understood, 

and it is unknown whether this process is dysregulated in patients with rheumatological disease. 

Further investigation is necessary to determine whether selective downregulation (or blocking) 

of IgM on human B cells could restrain autoimmune responses without having to ablate the 

entire compartment.  

Remaining unanswered questions 

What properties of IgM and IgD confer the phenotypes described in Chapter 2? 

 Based on existing evidence, IgM and IgD could mediate their non-redundant phenotypes 

through two (non-mutually exclusive) mechanisms: direct binding of antigen or differential 

association with co-receptors. In the favor of the direct binding hypothesis is the finding that the 

hinge of IgD renders it unresponsive to monovalent antigens (Ubelhart et al., 2015). While an 
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independent study found that this defect is not absolute (Sabouri et al., 2016), the phenotypes 

were clean and dramatic in the model system Ubelhart used. Sabouri found that IgM and IgD can 

drive similar gene expression patterns in the IgHEL/sHEL model, but this system features a very 

strong BCR-antigen interaction. The Vh125/Vκ125 (insulin) and the Ars/A1 (ssDNA/Ars 

hapten) model systems could be modified to see whether IgM and IgD equivalently drive anergic 

phenotypes in models with low affinity BCR-antigen interactions. In each case, it would be 

prudent to first validate the phenomenology in TKO cells before generating new mouse lines. It 

is also possible to explore the role of IgD’s hinge in shaping polyclonal repertoires. Many of the 

phenotypes described in Chapter 2 are very robust and could be probed in IgM-/- mice with a 

shortened IgD hinge. While reproducible, Nur77-eGFP phenotypes in IgD-only B cells were 

mild and quantitative, but the skewing of B1a/MZ development was striking, cell-intrinsic, and 

would be easy to probe in IgM+/- (IgD+/Δhinge) mice. Once these mice are generated, they can be 

crossed onto Lyn-/- for quantification of unswitched SLPC generation.  

 The other proposed mechanism, differential association of IgM and IgD with co-

receptors, can be tested in several ways. An epistasis-based approach would involve crossing 

IgM-/- and IgD-/- mice onto backgrounds that lack relevant co-receptors such as CD22, CD45, 

CD19, and Siglec-G. CD45 is of particular interest because of its role in regulating SFK activity 

and the absolute requirement for SFKs in B cell responses to monomeric antigens (Mukherjee et 

al., 2013). IgM+/- mice were crossed an allelic series of CD45 (Zikherman et al., 2012a), and 

signaling and developmental competition were examined (Figure 3.2 A-C). Notably, CD45-/- 

IgD-only cells competed poorly into the splenic follicular and peritoneal B2 compartments, 

suggesting impaired survival or positive selection of IgD-only cells in the absence of CD45. 

CD45-/- IgD-only B cells also lost much of their competitive advantage in the marginal zone 
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compartment, possibly because reduced signaling enabled entry of more WT cells into the 

massively expanded compartment (Figure 3.2D). In the peritoneal compartment, 

superphysiological levels of CD45 (H/+) promoted an expansion of the B1a compartment at the 

expense of the B2 compartment (Figure 3.2E-G). This was accompanied by modest increase in 

the competitive fitness of IgD-only B1a cells, although they were still strongly disfavored 

(Figure 3.3C).  

CD22 is another reasonable candidate for mediating differences between IgM and IgD 

signaling because CD22-/- cells display strong enhancement of anti-IgM signaling but less 

enhancement of anti-IgD signaling (Figure 3.3A). However, this phenotype could be an artifact 

of the anti-IgM and anti-IgD stimulatory antibodies because although they produced dramatic 

signaling phenotypes in CD45-/- B cells (Figure 3.3B), anti-Igκ produced identical signaling in 

IgD-only and WT (IgM + IgD) CD45-/- B cells (Figure 3.2A). Nevertheless, crossing IgM and 

IgD mutants onto CD19-/- could unmask new survival phenotypes, and crossing them onto 

Siglec-G-/- could uncover how the isotypes function in B1a cells.  

 Other approaches could selectively mutate the BCR and/or co-receptors to abolish or 

enforce their association. This approach was taken with the IgD TM-S mutant to abolish its 

ability to oligomerize and with BiFC stabilization to force oligomerization (Yang and Reth, 

2010b). With regards to co-receptors, the path forward is murkier. One could take a systematic 

approach and mutate different domains and glycosylation sites on the receptors and see whether 

this alters their co-localization with the BCR. However, it’s hard to know where to start without 

crystal structures showing interactions between the BCR isotypes and relevant co-receptors. 

Complicating matters further, mutations in IgD’s hinge could influence its ability to interact with 

co-receptors, a possibility Ubelhart et al. did not address. Because of these caveats and 
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complications, understanding the mechanistic basis of the phenotypes observed in IgM-only and 

IgD-only mice will require parallel and orthogonal approaches.  

How is IgM selectively downregulated? 

 Selective downregulation of IgM is likely mediated post-translationally because total IgM 

(intracellular + surface) varies much less than surface IgM across the Nur77-eGFP repertoire 

(Figure 3.4). The Igα/β complex is an obvious potential mediator of selective IgM 

downregulation on autoreactive B cells. It is already known that IgM absolutely requires Igα/β 

for surface expression, but IgD can be expressed in its absence (Venkitaraman et al., 1991). 

However, it is underdetermined whether or how Igα/β expression is changed in autoreactive B 

cells. Anything from changes in total expression, to dimerization, to glycosylation could 

modulate its ability to mediate surface BCR transport. Furthermore, IgD’s hinge or differential 

pairing with other co-receptors could influence how efficiently it is transported to the surface or 

contribute to its lack of downregulation on autoreactive B cells. There is also the possibility that 

variation in surface IgM is stochastically generated early in development, and the cells receiving 

the right amount of signaling persist within the repertoire. The proposed experiments with 

inducibly IgD-deficient B cells (described earlier) would help address this possibility.  

What is the nature of the endogenous antigens that mature-naïve B cells recognize? 

 The study of B cell autoimmunity brings up a question that veers from the scientific to 

the philosophical: what is self? In one sense, “self” is something produced by an organism that 

can be attacked during the progression of autoimmune disease. These targets include many of the 

molecules described earlier: dsDNA, ssDNA, and cardiolipin. Some SLE patients have 

circulating antibodies that bind B220, a CD45 isoform expressed on B cells (Cappione et al., 

2004). The identity of the “self” seen by Nur77-eGFPhi B cells is less clear. It’s most likely not 
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encountered passively or non-specifically (e.g. in response to TLR ligands) because IgHEL B 

cells can respond to many TLR ligands yet do not constitutively express high levels of Nur77-

eGFP (Figure 3.5). “Self” could also include antigens not encoded in the host genome, including 

enzymatically generated and modified molecules or even food antigens. One could clone BCR 

specificities found in Nur77-eGFPhi B cells and see what they bind in antigen arrays, or develop 

biochemical techniques to elute antigens from the BCRs of individual B cells. It is also possible 

(likely) that a given B cell could recognize multiple self antigens, with different affinities for 

each interaction. These many possibilities will make B cell biology an exciting field for years to 

come.  
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Figure 3.1. Anti-Igκ-stimulated IgD-only B cells display reduced CD22 phosphorylation 

relative to other pathways.  

Splenic B cells from IgM-/- and IgD-/- mice were MACS enriched by negative selection according 

to manufacturer’s protocol (Miltenyi). Purified B cells were incubated with PBS or stimulated 

with 10 µg/mL anti-Igκ for 5 minutes and then lysed with SDS and reduced with DTT. Lysates 

were ultracentrifuged, run on a 4-12% gradient NuPAGE Tris-Bis gel (Invitrogen), and 

transferred to PVDF membranes. Following blocking, membranes were probed for pCD22 Y822 

(EPITOMICS), pSHP-1 Y564 (Cell Signaling), pERK1/2 p44/42 (Cell Signaling), and total 

ERK1/2 (Santa Cruz) and developed with ECL substrate (Perkin Elmer). Blots were quantified 

with Image Lab v. 5.2.14 (Bio-Rad), and PBS-treated IgM-/- cells assigned a value of 1.0 for all 

parameters. Protein phosphorylation normalized to total ERK was compiled from three 

independent experiments.  
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Figure 3.2. The role of CD45 in signaling and development of IgD-only B cells.  

(A) IgM+/- CD45+/+ (BaffTg+) and IgM+/- CD45-/- cells were loaded with Indo-1, and stimulated 

with varying doses of anti-IgD and anti-Igκ. IgM-null and WT cells were differentiated using 

anti-IgM-Fab staining, and calcium signaling in mature (CD19+CD23+) B cells is displayed. 

1:400 anti-IgD and 5 µg/mL anti-Igκ and are shown. Results represent a single preliminary 

experiment. 

(B) Relative competition between WT and IgM-null (IgD-only) B cells in IgM+/- mice was 

calculated for splenic B cell compartments on backgrounds expressing varying levels of CD45. 

Mouse lines used in the CD45 allelic series were previously described (Zikherman et al., 2012a). 

Subset definitions: T1 (CD93+CD23-); T2 (CD93+CD23+); Fo (CD93-CD23+); MZ 

(CD21hiCD23lo) 

(C) Relative competition in the peritoneal B cell compartments of mice described in (B). Subset 

definitions: B1a (CD5+CD23-); B1b (CD5-CD23-); B2 (CD5-CD23+). 

(D-G) Quantification of B cell subsets in (B) and (C) as a fraction of total B cells in each tissue. 

(B) and (C) contain data from Figure 2.10 for reference. (B-F) display mean + SEM for n = 3-8 

mice per genotype. 
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Figure 3.3. IgM and IgD signaling in CD22-/- and CD45-/- B cells. 

(A) CD22-/- and BoyJ (CD22+/+) cells were mixed, loaded with Indo-1, and stimulated with 

varying doses of anti-IgM and anti-IgD. Genotypes were differentiated on the basis of CD45.1 

expression, and calcium signaling in mature (CD19+CD23+) B cells is displayed. 10 µg/mL anti-

IgM-F(ab’)2 and 5 µg/mL anti-IgD (clone 11-26) produced equivalent responses in CD22+/+ B 

cells, and these doses are displayed for CD22-/- B cells. Surface BCR expression in CD22+/+ 

(IgM MFI: 549, IgD MFI: 2343) and CD22-/- (IgM MFI: 232, IgD MFI: 1759) B cells was 

quantified in a parallel stain. Results are representative of three independent experiments, though 

polyclonal anti-IgD was used in one experiment. 

(B) CD45-/- B cells were compared to BoyJ (CD45+/+) as in (A), and 5 µg/mL anti-IgM-F(ab’)2 

and 1:200 anti-IgD (clone 11-26) produced equivalent responses in CD45+/+ B cells. Surface 

BCR expression in CD45+/+ (IgM MFI: 12622, IgD MFI: 2017) and CD45-/- (IgM MFI: 40008, 

IgD MFI: 1740) B cells was quantified in a parallel stain. Results represent a single preliminary 

experiment. 
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Figure 3.4. Regulation of surface IgM across the Nur77-eGFP repertoire is primarily post-

translational.  

Splenocytes were stained with saturating concentrations of fluorophore-conjugated anti-IgM and 

anti-IgD either before (left) or after (right) permeabilizing cells with BD Perm Wash. Surface 

and total IgM and IgD on Nur77-eGFP reporter mature CD23+ B cells is displayed. Data are 

representative of two independent experiments. 
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Figure 3.5. Naïve B cells are competent to upregulate Nur77-eGFP in response to canonical 

TLR ligands even in the absence of endogenous antigen.  

Splenocytes from non-BCR Tg and IgHEL BCR Tg reporter mice were stimulated overnight 

with low and high doses of ligands for TLR4 / rp105 (left), TLR9 (center), and TLRs1/2 (right). 

Histograms depict GFP fluorescence in B220+ splenocytes. Nur77-eGFP expression is low in the 

absence of endogenous antigen (IgHEL BCR Tg), but these cells are nevertheless responsive to a 

broad range of TLR ligands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



161 

APPENDIX 

The role of V(D)J locus in autoantibody production in BAFF-transgenic mice 
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While investigating the role of IgM and IgD in driving autoimmune disease, we 

generated IgM+/- and IgD+/- mice on a BAFF-overexpressing background. The original intent 

was to study an autoimmune disease model driven by perturbations outside of the BCR signaling 

cascade, in contrast to Lyn-/- mice. Mice with transgene-driven BAFF overexpression develop an 

autoimmune disease characterized by anti-DNA autoantibodies and immune complex deposition 

in the kidneys (Mackay et al., 1999). However, unlike Lyn-/- mice, BAFF-overexpressing mice 

have a massively expanded B cell compartment (Gavin et al., 2005; Mackay et al., 1999). In 

addition to promoting expansion of the B cell compartment in general, BAFF overexpression 

rescues autoreactive B cells that are normally deleted or otherwise pruned from the repertoire on 

the basis of their poor competitive fitness (Ota et al., 2010).  

 The autoimmune disease that develops in BAFF overexpressing mice is mechanistically 

complex due to the many cell types involved and the multiple receptors BAFF can bind. In 

addition to BAFFR, BAFF also binds to TACI and BCMA, and this can be influenced by 

BAFF’s multimerization state and association with another TNF family member, APRIL 

(Mackay et al., 2007). BAFF transgenic mice can develop disease in the absence of T cells, but 

they require MyD88 to develop disease (Groom et al., 2007). Groom et al. identified a feed-

forward loop in which BAFF increases expression of TLR7 and TLR9 on B cells, and TLR7/9 

signaling upregulates TACI expression on B cells. However, the exact identity of the B cells that 

drive autoantibody production in BAFF transgenic mice remains controversial. One model 

proposes that BAFF rescues autoreactive MZ and B1 cells, allowing them to produce 

autoantibodies (Groom and Mackay, 2008). Another model proposes that excess BAFF promotes 

the expansion of TACI+ transitional B cells that spontaneously secrete class-switched 

autoantibodies (Jacobs et al., 2016). Regardless, many SLE patients have elevated serum BAFF 
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levels (Cancro et al., 2009), and this pathway is targeted in existing and proposed treatments for 

SLE (Liu and Davidson, 2011). 

 When we collected serum IgM+/- and IgD+/- BaffTg+ mice, we were struck by the high 

penetrance of the disease, which is present even in 6-week-old mice (Figure A1A-D). While WT 

B cells generated extremely high titers of ANA and anti-dsDNA IgG2a, IgD-only B cells 

appeared to be completely protected (Figures A1A and A1C). IgM-only B cells were also 

partially protected from ANA IgG2a generation and completely protected from anti-dsDNA 

IgG2a generation (Figures A1B and A1D). It is worth emphasizing that autoantibody titers were 

measured in isotype-heterozygous mice using allotype-specific detection antibodies. Thus, the 

phenotypes were cell-intrinsic. However, the phenotype was entirely driven by the V(D)J 

background of the IgM-null and IgD-null B cells. IgHa/b mice crossed onto the BaffTg 

background only developed autoantibodies from the IgHb (B6) locus and did not develop any 

from the IgHa (Balb/c) locus (Figure A1E). Because the IgHa B cells in these mice express both 

IgM and IgD, we concluded that the lack of autoantibody by IgM-null and IgD-null B cells was 

due to their V(D)J background and not perturbations in isotype expression.  

 These results suggest that the autoantibodies generated in BaffTg mice are germline-

encoded. Future investigation could use this information to more definitively identify the B cell 

compartment(s) that generate(s) autoantibodies in this model. BCR repertoire sequencing of the 

MZ, B1, and transitional B cell subsets and IgG2a+ plasma cells in these mice could provide a 

more definitive link between each compartment and autoantibody generation.  
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Figure A1. Autoantibodies on the BaffTg background preferentially arise from the allotype 

[b] Ig locus.  

Allotype-specific IgG2a/c titers against lysed 293T cells (A-B) and dsDNA (C-D) were 

calculated by ELISA for IgM+/- and IgD+/- mice overexpressing transgenic BAFF. Pooled serum 

from 6-month autoimmune IgHa/b mice was assigned an arbitrary value of 1000 and used as a 

standard.  

(E) Allotype-specific ANA IgG2a/c titers in 6 month old IgM+/-, IgD+/-, and IgHa/b mice with and 

without the BAFF overexpression transgene. BaffTg- IgHa/b mice were 12 weeks old.  
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