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Negative Regulation of B cell Responses by Nur77 (Nr4a1) 

by 

Corey Tan 

Abstract 

 B cells are essential players in the humoral immune response, generating both 

short- and long-lived antibody responses against a wide range of microbes. 

Rearrangement of the immunoglobulin locus, via V(D)J recombination, leads to vast 

combinatorial diversity in the B cell receptor (BCR) repertoire. As a result, the precursor 

frequency of any particular BCR specificity is low, and B cells must clonally expand in 

order to properly mount an immune response. Despite efficient central tolerance 

mechanisms, autoreactive B cells persist into the periphery. Thus, B cells must both 

scale their responses to foreign antigen, and simultaneously prevent inappropriate 

activation by self-antigens. The molecular mechanisms which restrict B cell responses 

to self-antigens while facilitating such scaling are incompletely understood. 

  Nr4a1-3 are primary response genes whose expression is induced by mitogenic 

stimuli in a variety of cell types. The Nr4a genes encode a small family of orphan 

nuclear hormone receptors that function, in T cells, to mediate antigen-induced cell 

death as well as other immunoregulatory roles. Although the Nr4a family are among the 

most highly induced genes in B cells following BCR stimulation, their function in this 

context is unknown. In this thesis, we examine the expression and functional role of 

Nr4a1 (Nur77) in B cell responses following both chronic and acute BCR stimulation. 

 We utilize two different models of B cell autoimmunity, the IgHEL/sHEL dTg and 

VH3H9 models, to study the role of Nur77 in the context of chronic antigen stimulation. 
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In both model systems, endogenous Nur77 expression is elevated in autoreactive B 

cells. Furthermore, through use of the Nur77-eGFP reporter in which eGFP is placed 

under the control of the regulatory regions of the Nr4a1 gene, we find that Nur77-eGFP 

expression correlates with the induction of central and peripheral tolerance 

mechanisms. Although Nur77 expression was dispensable for receptor editing, central 

deletion, follicular exclusion, IgM downregulation and anergic BCR signal transduction, 

we identified a specific role for Nur77 in mediating antigen-induced cell death of self-

reactive B cells in the periphery. Nur77-deficient anergic B cells exhibited a survival 

advantage in vitro and in vivo that was dependent upon antigen and a limiting supply of 

the B cell survival factor BAFF. Thus, we identified a role for Nur77 in regulating 

competitive fitness of anergic B cells in the periphery. In the VH3H9 model, loss of 

Nur77 expression leads to an expansion in the overall size of the B cell compartment, 

and is sufficient to break tolerance. 

 In the context of acute antigen receptor signaling, we identify a role for Nur77 in 

restraining the survival and proliferation of B cells which receive BCR stimulation (signal 

1) alone, thus enforcing reliance upon costimulatory signals (signal 2). Here, we find 

that endogenous Nur77 is rapidly and robustly induced following BCR stimulation, and 

its induction scales with both the amount and affinity of antigen. Through the use of 

mixed in vitro competitive co-cultures, we find that Nr4a1-/- B cells out compete Nr4a1+/+ 

B cells in response to BCR stimulation alone. However, this competitive advantage is 

lost in the presence of costimulatory signals, alone or in conjunction with BCR 

stimulation. Accordingly, we find increased titers of antigen specific antibody in Nur77-

deficient mice immunized with TI-II but not TI-I or T-dependent immunizations. Finally, 
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we identify a competitive advantage of Nr4a1-/- B cells in vivo in response to T-

dependent immunizations in contexts where antigen is limiting. Thus, we find that Nur77 

acts to restrain B cell responses when B cells receive BCR signaling alone, rendering B 

cells reliant upon “signal 2”, and also acts to restrain B cells in situations where antigen 

and access to signal 2 is limiting.  
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Overview of B Cell Development and Function 
 

B cells are essential for generation of both short and long-lived protective 

antibodies against a large range of microbes. B cells are unique in combining an 

extremely diverse antigen receptor repertoire with the ability to evolve over the course 

of an immune response, dramatically increasing their affinity to foreign antigen. 

Rearrangement of the immunoglobulin (Ig) locus via V(D)J recombination leads to vast 

combinatorial diversity in the B cell receptor (BCR) repertoire.2 As a result, the precursor 

frequency of any particular B cell clone is low, and B cells must undergo clonal 

expansion over the course of an immune response.3 Despite efficient central tolerance 

mechanisms that eliminate highly self-reactive BCRs, autoreactive B cells persist in the 

periphery and modest self-reactivity is common.4 Thus, activation and expansion of B 

cells must be tightly controlled to prevent autoimmune disease. However, the underlying 

mechanisms that allow B cells to properly scale their expansion to foreign antigen while 

preventing inappropriate response to self-antigen are poorly understood. In this thesis, I 

propose that the orphan nuclear hormone receptor Nur77 serves both of these inter-

related functions in B cells and makes an important and previously unappreciated 

contribution to B cell tolerance.  

In this chapter, I will first give an overview of B cell development and canonical 

types of B cell immune responses. I will then expand in greater detail upon mechanisms 

of central and peripheral B cell tolerance, and the critical dependence for B cell 

responses upon both antigenic and co-stimulatory signaling. Finally, I will review what is 

known about the function of Nur77 and its family members in immune cells. This will lay 

the groundwork for the research questions that this thesis aims to address. 
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B cell development 

B cell development begins in the bone marrow, and early events generate 

combinatorial diversity within the B cell repertoire. The first event that occurs during B 

cell development is the generation of the BCR, membrane-bound antibody through 

which the B cell can detect and respond to its cognate antigen. At the beginning of B 

cell development, B cells rearrange their heavy chain immunoglobulin (Ig) locus through 

a process known as V(D)J recombination.5 Ig chains can be generally split into two 

regions: the N-terminal region which is variable and contributes to antigen binding, and 

the C terminal constant domain which imparts the class and function of the antibody 

molecule. The variable region is assembled through site specific recombination of V, D, 

and J segments. The RAG1 and 2 genes cooperate to generate dsDNA breaks at 

recombination signal sequences (RSS) which flank the coding regions of the V, D, and J 

segments, allowing for joining via repair by nonhomologous end joining proteins. Prior to 

repair, the enzyme terminal deoxynucleotidyl transferase (TDT) adds additional random 

nucleotides at the site of the dsDNA break, allowing for the generation of an additional 

layer of junctional diversity in the variable antigen-binding domain of the BCR. 

The random nature of V(D)J recombination allows for the introduction of 

frameshift mutations in the rearranged sequence, resulting in the production of some 

nonfunctional Ig proteins.2 The first selection checkpoint during B cell development tests 

for functionality of the rearranged heavy chain. After heavy chain rearrangement, pre-B 

cells express the surrogate light chain proteins VpreB and λ5.6 The surrogate light chain 

bound to the heavy chain is expressed as the preBCR. If heavy chain rearrangement is 

not productive, the pre-B cell dies via apoptosis in the absence of preBCR signaling.7 If 
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heavy chain rearrangement is successful, signaling through the preBCR in conjunction 

with IL-7 receptor signaling leads to proliferation and survival of pre-B cells.8 The pre-B 

cell then proceeds to the next stage of development, and begins light chain 

rearrangement. Light chain rearrangement proceeds via genomic recombination in the 

same way as heavy chain rearrangement, though the light chain Ig locus lacks D 

segments.9 The light chain joins with the heavy chain to form the mature BCR, and is 

then tested for its capacity to signal and its degree of autoreactivity. If the light chain is 

either autoreactive or nonfunctional, the B cell can attempt further light chain 

rearrangements, discarding the originally rearranged light chain and repeating V(D)J 

recombination, in a process referred to as receptor editing.10 (Discussion of receptor 

editing as a tolerance mechanism will be discussed in more detail later in this 

introduction.) B cells can repeatedly undergo light chain rearrangement, though the 

process is limited by the physical size of the light chain locus as well as by time.11 It is 

thought that both strong signaling, indicating autoreactivity, and weak signaling, 

indicating faulty rearrangement, leads to death via apoptosis once light chain editing 

options and/or time is exhausted.10 (Discussion of this selection checkpoint as a 

tolerance mechanism will be discussed in more detail later in this introduction.) 

Immature B cells then travel to the spleen, where they are initially classified as 

transitional 1 (T1) B cells. T1 B cells are particularly poised to undergo apoptosis upon 

encounter with antigen, as a further checkpoint on autoimmunity.12 If the T1 B cell is 

able to avoid negative selection, it matures into a T2 B cell, which is less susceptible to 

BCR induced apoptosis. Following this, B cells then differentiate into either mature 

follicular (FO) B cells, or into marginal zone (MZ) B cells, depending on the signaling 
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received. Extensive evidence suggests that MZ B cells are more susceptible to negative 

selection than FO B cells.13,14 BCR signal transduction is also critical for normal B cell 

maturation, although whether tonic signals or antigen recognition are needed for this 

remains controversial. Classic BCR Tg studies from Hardy and Hayakawa have 

provided strong evidence in support for an antigen-dependent positive selection 

checkpoint for MZ B cell development.15 Recent work from our lab provides new 

evidence for an analogous (but lower) antigen-dependent signaling threshold required  

for optimal FO B cell development.16  

Naïve B cells express the IgM and IgD BCR isotypes as splice isoforms of a 

common precursor mRNA but can undergo genomic (and irreversible) class switch 

recombination (CSR) in order to change their BCR to the IgG, IgA or IgE isotypes.17 The 

different Ig isotypes when secreted bind isotype-specific FC receptor on effector cells 

and exhibit distinct capacity to fix complement, conferring unique effector functions on 

this basis.17 In addition, these isotypes exhibit varied signal transduction intensity when 

expressed on the surface as BCRs.  

 

Innate-like B cells 

MZ and FO B cells originate from bone marrow precursors and constitute the so-

called B2 lineage of mature B cells. In contrast, the B1 lineage, comprised of B1-a and 

B1-b cells, is thought to originate from the fetal liver and are maintained by self-renewal 

in adult life.18 Evidence for the B2 and B1 lineages having distinct precursors comes 

from experiments with bone marrow chimeras: while reconstitution of lethally irradiated 

mice with adult bone marrow leads to reestablishment of the B2 lineage, B1 cells are 
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poorly reconstituted.19 The repertoire of B1-a cells is dramatically less diverse than that 

of B2 lineage B cells and is enriched for BCRs with reactivity towards self-antigen and 

antigen displayed by apoptotic cells.20,21 B1-a cells are thought to be responsible for the 

generation of pre-immune or “natural” IgM antibody in the serum, which may be useful 

for the clearance of apoptotic debris and early responses to pathogens.22 Indeed, B1-a 

cells and MZ B cells are thought of as “innate-like” B cells, with the ability to produce 

antibody in the early phases of the immune response, in contrast to conventional B cells 

which are specialized to produce long-lived and high affinity responses via affinity 

maturation in the germinal center. Chimeric mice with a B2 compartment derived from 

wildtype mice and the B1-a compartment derived from mice in which B cells cannot 

secrete IgM exhibit elevated mortality rates in response to influenza.23 In fact, these 

mortality rates reflect that of mice which lack the ability to secrete IgM across all B cell 

subsets, implying that early responses by innate-like B cells are crucial for complete 

control of pathogens. 

 

Primary B cell Immune Responses 

B cell responses to foreign antigen can vary depending upon the nature of the 

antigen encountered. Traditionally, B cell responses can be separated into three 

different categories: T-independent (TI) I and II, and T-dependent (TD). As their names 

imply, the primary difference between TI and TD responses are the involvement of T 

cells in the response. Though both TI-I and TI-II responses do not rely upon T cell help 

to promote activation of B cells, the two TI responses differ in the nature of stimulation 

seen by the B cells. In TI-I responses, B cells receive secondary signals via innate 
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immune receptors like toll like receptors (TLR) in addition to signaling through the 

BCR.24 TI-II responses require antigen with highly repetitive epitopes, allowing for 

extensive aggregation of the BCR and bypassing any necessity for a secondary signal 

to promote B cell activation.25 Consistent with this, Btk-deficient mice (murine model of 

Bruton’s x-linked agammaglobulinemia) with extremely impaired BCR signal 

transduction make intact TD and TI-I responses, but exhibit defective TI-II responses; 

indeed these typical immunogens were first defined by this phenotype.26,27 The primary 

B cell subsets that respond during T-I responses are the innate-like MZ and B1-a B cell 

subsets, while FO B cells are specialized to make efficient T-D responses. However, 

these distinctions are not absolute.28 

In order to mount T-dependent responses, follicular B cells activated through 

their BCR by antigen migrate out of the B cell follicle towards the T cell zone in order to 

present processed antigenic peptides loaded onto MHCII to CD4 T cells (which are 

themselves activated by DCs).29 This process of antigen presentation allows B cells to 

recruit T cell help, which drives a series of important events including plasma cell 

differentiation, class-switch recombination, and/or the germinal center response.29 

Enormous progress has been made in defining the molecular constituents of T cell help 

over the past couple of decades, including cell-surface interactions via CD40L-CD40, 

and critical T cell cytokines IL-4 and IL-21.30 (This will be discussed in more detail 

below) In the absence of T cell help (i.e. CD40/CD40L deficiency), B cells are incapable 

of class switching or mounting germinal center responses and affinity maturation.31,32 

Humans lacking these important components develop an immunodeficiency syndrome 

termed hyper-IgM syndrome.33  
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Germinal Centers 

The germinal center (GC) is a structure that forms within the B cell follicle in 

secondary lymphoid tissues in the first few days following immunization with a TD 

antigen or pathogen encounter.34 The biology of the GC has been the focus of intense 

investigation over decades because it forms the basis for affinity maturation and is 

essential for generating long-lived high affinity antibody responses. B cells at the T-B 

border in the spleen compete for T cell help to enter the GC by presenting antigen 

collected from follicular dendritic cells to T follicular helper (Tfh) cells.30 (More in-depth 

discussion of mechanism and outcomes of T cell help to B cells will occur later in this 

introduction)  

The mature germinal center is divided into two sections, the dark zone (DZ) and 

light zone (LZ).29 The DZ is comprised almost entirely of rapidly cycling GC B cells, 

while GC B cells in the LZ are interspersed amongst a network of follicular dendritic 

cells (FDCs) and CD4+ helper T cells. GC B cells traffic to the DZ once they 

downregulate expression of the chemokine receptor CXCR5.35 B cells in the DZ 

undergo a proliferative burst, the size of which seems to be regulated by the degree of T 

cell help recruited. DZ GC B cells upregulate the enzyme AID, enabling targeted 

mutation of the Ig locus.36,37 This process is referred to as somatic hypermutation, 

referring to random stepwise mutation of the BCR expressed by B cells in the DZ in an 

attempt to increase the affinity of their BCR. After a few rounds of division and mutation, 

GC B cells upregulate the chemokine receptor CXCR5 and migrate to the LZ.35 In the 

LZ, B cells interface with FDCs bearing antigen. At this point, B cells with a functional 

BCR but low to no affinity towards antigen die due to neglect.29 As the supply of antigen 
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is limited, B cells with higher affinity BCRs are able to capture more antigen for 

presentation to helper T cells.38 B cells then compete for help from T cells, and higher 

affinity B cells are able to garner more T cell help than low affinity B cells. B cells that 

successfully obtain T cell help can then adopt one of three fates, either returning to the 

DZ for further rounds of proliferation and mutation or exiting from the GC into either the 

long-lived plasma cell or memory B cell compartments.39 The requirement for T cell help 

during the GC response can act as a tolerance mechanism, as autoreactive B cells may 

receive high levels of BCR signaling, but are unlikely to find cognate T cells. The 

flexibility of the B cell repertoire and the ability of B cells to evolve during the adaptive 

immune response is crucial for effective protection against a wide range of pathogens 

but must be counterbalanced against the inherent risk of autoimmunity that this poses.  

 

Central Tolerance: Receptor Editing and Deletion 
 

The process that generates a diverse BCR repertoire carries with it an inherent 

risk of autoreactivity. Despite this, autoreactive B cells are efficiently controlled, and 

autoimmune disease is rare. In general, B cell tolerance mechanisms can be divided 

into two general categories, depending upon the stage of B cell development during 

which they occur. Tolerance mechanisms that occur during early B cell development in 

the bone marrow are known as “central” tolerance mechanisms, and those that act 

during later stages of B cell development in the spleen, lymph node and beyond are 

known as “peripheral” tolerance mechanisms.4 Central and peripheral tolerance 

mechanisms act in concert to first prune the repertoire of autoreactive B cells, and then 
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restrict the responsiveness of any autoreactive B cells that manage to complete 

development.10 

Central tolerance comprises two primary tolerance mechanisms. The first, 

referred to as receptor editing, is a process in which pre-B cells which express an 

autoreactive (or faulty) BCR can undergo further rounds of light chain rearrangement, 

thus editing towards a functional, non-autoreactive BCR.40 Receptor editing hinges upon 

the ability of the B cell to re-express RAG genes important for recombination allowing 

for the replacement of light chains in order to decrease autoreactivity.40 Light chain 

rearrangement is not totally random, and receptor editing is ordered to a degree. κ light 

chains tend to be rearranged before λ light chains, upstream κ segments tend to be 

used before downstream κ segments, and there is evidence that some genes are more 

easily recombined than others.40,41 Interestingly, in humans it has been shown that λ 

light chains are more effective at editing an autoreactive heavy chain than κ light 

chains.42 

Receptor editing was initially discovered in two distinct BCR Tg models, which 

converged upon a common mechanism.43–45 In this overview, I will focus on studies 

utilizing the VH3H9 tg model of autoreactivity.44–46 The VH3H9 heavy chain was initially 

cloned from the MRL-lpr mouse model of lupus and was used to generate both Tg and 

knock-in Tg mouse lines.47 This heavy chain Tg, when paired with endogenous light 

chains, generates a BCR that biases the repertoire towards dsDNA specificity, with 

especially high reactivity when paired with the λ1 light chain.47 In the VH3H9 tg model, B 

cells bearing κ light chains are autoreactive enough to promote further receptor editing, 

leading to greatly increased usage of λ light chains relative to non-tg mice, despite their 
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autoreactivity when paired with VH3H9.44 In general, receptor editing efficiently prunes 

autoreactivity from the repertoire, but is unable to completely purge autoreactivity.48   

B cells which are unable to edit away autoreactivity undergo deletion, also 

referred to as negative selection. Two different transgenic mouse models were initially 

used to demonstrate antigen-dependent negative selection. The first utilized an anti-H-

2KkDk tg BCR that recognized a specific idiotype of MHC class I.49 The second utilized a 

dual transgenic system in which B cells expressed the IgHEL transgene with specificity 

towards hen egg lysozyme (HEL), and membrane bound HEL (mHEL) was ubiquitously 

expressed.50,51 Both systems revealed that high avidity interactions with membrane 

bound autoantigen lead to loss of autoreactive B cells during the bone marrow stages of 

development.49,50 However, lower avidity interactions, as demonstrated in the 

IgHEL/sHEL (soluble HEL) system, was permissive for further B cell development, 

though autoreactive cells in this system displayed shorter half-life in the periphery as 

well as several other features of so-called clonal anergy which will be reviewed in 

greater detail below.52,53 Deletion of the proapoptotic BCL-2 family member Bim leads to 

modest rescue of negative selection in the IgHEL/mHEL dtg system, though it does not 

seem to play as major a role in central deletion as in peripheral tolerance, which will be 

discussed below.54 In contrast, overexpression of either BCL-2 itself or BCL-x(L), both 

anti-apoptotic proteins, rescues autoreactive cells from central deletion.51,55–57  

Thus, central deletion appears to hinge upon balancing expression of pro-

survival factors with the induction of pro-apoptotic factors upon BCR signaling during 

these early stages of development. More recently, it has been shown that recognition of 

nucleic-acid associated self-antigens can trigger signaling through endosomal pattern 
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recognition receptors (TLRs 3, 7, 9) to synergistically drive central tolerance of BCRs 

reactive to nucleic acid associated self-antigens.58 Ligation of autoreactive BCRs by 

self-antigen can drive internalization of the BCR bound to antigen, leading to 

colocalization with endosomal TLRs. Synergy between BCR signaling and TLR 

signaling then drives tolerance. Loss of TLR signaling via deletion of Myd88 in VH3H9 tg 

mice relaxed the control of immature autoreactive B cells in the system, leading to a 

larger immature compartment and higher DNA avidity within the compartment.58 This 

makes a striking contrast to the fate of DNA-reactive B cells in the periphery, where 

analogous signaling drives loss of tolerance and frank autoimmunity. 

While both receptor editing and negative selection are important components of 

central tolerance, it appears that receptor editing is the primary mechanism for the 

elimination of immature autoreactive B cells, with negative selection acting as a fallback 

mechanism if editing is unsuccessful. Evidence for this comes from a study in which the 

authors utilized a mixed bone marrow chimera system where B cells bearing the 3-83i 

BCR that recognizes the MHC class I antigen H-2kb is placed in competition with 

wildtype B cells.48 Hosts that either did or did not express H-2kb were reconstituted with 

1:1 mixes of 3-83i and wildtype bone marrow. In these experiments, the wildtype bone 

marrow served as an internal reference, such that a relative loss of 3-83i B cells in hosts 

that expressed antigen could be attributed to deletion. This study showed that while 

there was no relative loss of B cells originating from 3-83i donor bone marrow in the 

presence of autoantigen, few of these B cells still expressed the autoreactive BCR, 

indicating that receptor editing still occurred in the absence of negative selection. The 

same study showed that 3-83i mice which were compromised in their ability to receptor 
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edit due to deletion of downstream Jκ
 segments displayed increased deletion, implying 

that deletion may act as a secondary mechanism that can compensate when editing 

fails. Conversely, there is some evidence for increased editing in mice with deficient 

negative selection, as B cells from IgHEL/sHEL dtg mice which overexpressed the anti-

apoptotic protein BCL(x) re-expressed RAG and displayed evidence of novel light chain 

rearrangement.56  

  While receptor editing and negative selection are vital mechanisms for 

eliminating highly autoreactive B cells from the normal repertoire, neither tolerance 

mechanism is perfectly efficient. As a result, autoreactive B cells that escape to the 

periphery must be restrained to avoid autoimmune disease. 

 

Peripheral Tolerance: “Clonal Anergy” 
 

Non-deletional tolerance, dubbed “clonal anergy” by Nossal and Pike in 1980, is 

a state of functional unresponsiveness.59 Clonal anergy has many distinct features, 

including impaired signal transduction, downregulation of surface BCR (IgM), reduced 

competitive fitness in the periphery, and exclusion from B cell follicles.4 

The earliest transgenic model of B cell anergy is the IgHEL/sHEL tg model 

system. In mice expressing both the IgHEL and the sHEL transgene, IgHEL expressing 

B cells make it to the periphery, but are functionally silenced and do not secrete HEL 

specific antibody, either at steady state or in response to HEL-sheep red blood cell 

(SRBC) immunization.60 In contrast, ‘naïve’ B cells from mice that only express the 

IgHEL transgene are capable of producing IgHEL specific antibody in both situations.60 



14 
 

This monoclonal model has been very important to the field of B cell tolerance because 

nearly all basic features of anergy were first described in this model system. 

The functional unresponsiveness of anergic B cells is mediated by several 

mechanisms, and these vary to some extent across different models, possibly in 

proportion to Ag affinity.4,61 A nearly universal feature of anergic B cells both in Tg 

models and in naturally-occurring settings is downregulation of the IgM but not the IgD 

BCR.62–65 This phenomenon was first described in IgHEL/sHEL dTg mice, and led to 

speculation that the range of surface IgM expression in the normal B cell repertoire 

might correlate with and reflect the persistence of self-reactive B cells in the primary 

repertoire.60 More recently, our laboratory took advantage of a reporter of BCR 

signaling, Nur77-eGFP BAC Tg, to show that this was indeed the case in mice.66 At 

steady state, we established that Nur77-eGFP reflects the autoreactivity of mature FO 

B2 cells across a continuum, and this correlates inversely with surface IgM, but not IgD 

BCR expression.64  

The mechanism by which IgM downregulation reduces responsiveness despite 

persistent high expression of the IgD BCR has been explored recently by several 

labs.66–68 IgD and IgM have been proposed to have differing capacities to sense certain 

kinds of antigen. The IgD and IgM BCR differ in their hinge region: the IgD hinge is 

flexible, which may render the IgD BCR less responsive to antigens of low valency.67 

This feature is inherent to the IgD hinge, as replacement of the IgD hinge with the IgM 

hinge leads to increased responsiveness to low valency antigen, and vice versa. Recent 

work from our lab utilized mice which had B cells that expressed IgM only or IgD only to 

show that IgM and IgD have differing capacities to recognize endogenous antigen.66 B 
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cells which only expressed IgD upregulated Nur77-eGFP, a reporter of endogenous 

antigen encounter by B cells, to a lesser extent and preferentially populated B cell 

compartments that favored weaker BCR signaling. Furthermore, while mice which 

lacked expression of the inhibitory tyrosine kinase LYN break tolerance and produce 

autoantibodies, LYN deficient B cells which express only IgD fail to produce short-lived 

plasma cells and autoantibodies.66 

Anergic B cells in several model systems exhibit impaired BCR signal 

transduction that is not merely attributable to IgM downregulation. Anergic B cells also 

exhibit defective proximal signaling. B cells from IgHEL/sHEL dTg mice exhibit reduced 

tyrosine phosphorylation of the BCR subunits Igα and Igβ and spleen tyrosine kinase 

(SYK), the primary tyrosine kinase that binds pITAM domains of the BCR and is 

essential for all downstream signaling.69,70 IgHEL/sHEL dTg mice fail to increase 

calcium or phosphorylate key signaling molecules like LYN or ERK in response to BCR 

stimulation.53,71 Interestingly, basal phosphorylation and calcium is slightly elevated 

when compared to naïve FO B cells, perhaps due to occupancy of the BCR by 

autoantigen.69  

Molecular candidates for enforcers of the anergic state include SHIP-1, SHP-1 

and PTEN, all phosphatases involved in the BCR signaling cascade.61,72,73 PTEN is a 

phosphatase which directly antagonizes PI3K, a kinase which phosphorylates PI(4,5)P2 

to PI(3,4,5)P3, allowing for the recruitment and activation of Akt as well as BTK and 

PLCγ2.74,75 PTEN expression is elevated in anergic B cells from IgHEL/sHEL dtg mice, 

leading to inhibition of PI3K signaling and reduced PIP3 levels.72 Conditional deletion of 

PTEN in B cells rescues PI3K signaling in anergic IgHEL/sHEL B cells, leading to a 
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reversal of the anergic phenotype and the production of anti-HEL antibodies.72 

Stimulation of immature B cells lacking PTEN with anti-IgM in vitro leads to survival and 

proliferation rather than death, suggesting that PTEN is necessary for the induction of 

tolerance.76  

Phosphorylation of ITIMS by LYN leads to the recruitment of SHP-1 and SHIP-1, 

which act as part of negative feedback loops restraining the initial response to antigen.77 

Conditional deletion of SHIP-1 in B cells in either the IgHEL/sHEL or Ars/A1 model 

systems leads to a loss of the anergic state, and the proliferation and differentiation of 

autoreactive B cells.73 Since SHIP-1 hydrolyzes PIP3 to PI(3,4)P2, the similar effects of 

SHIP-1 and PTEN deletion suggest that anergy is at least partially imposed by limiting 

generation of PIP3. Deletion of SHP-1 leads to increased negative selection in these 

mouse models.73 However, when SHP-1 is conditionally deleted in mature anergic B 

cells through the use of a tamoxifen inducible-cre, these anergic B cells acquire the 

ability to proliferate and differentiate into plasma cells, implying that SHP-1 is necessary 

for the maintenance of the anergic state.73  

Prolonged exposure of B cells to either antigen or anti-BCR antibodies (in the 

absence of T cell help) can lead to the induction of anergy.4 Furthermore, chronic 

antigen exposure seems to be necessary for the maintenance of anergy, as anergic 

IgHEL tg B cells isolated from sHEL tg mice and adoptive transferred into non-

transgenic hosts gradually lose features of anergy and become responsive to antigen 

once again.78 This is perhaps most obvious in the Ars/A1 model developed by Cambier 

and colleagues in which B cells with a BCR transgene specific for the hapten arsonate 

have low affinity cross reactivity with ssDNA.79 B cells in this model system are anergic, 
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and display reduced ERK phosphorylation and calcium flux after anti-IgM stimulation. 

However, displacement of self-antigen from these transgenic B cells via treatment with 

Ars hapten followed by washout of the hapten rapidly restored functional 

responsiveness of these anergic cells.80 These studies indicate that chronic occupancy 

of autoreactive BCRs is necessary for both induction and maintenance of the anergic 

state. 

While the IgHEL/sHEL tg model system has been instrumental in defining the 

anergic state, it is highly nonphysiological: The IgHEL tg has extremely high affinity for 

its cognate antigen, and the sHEL tg leads to very high levels of autoantigen 

encounter.60 Thus, it is useful to look at anergy in other model systems of autoreactivity. 

One advantage of the VH3H9 tg model system is that although the overall repertoire 

skews towards dsDNA reactivity, the repertoire remains diverse, with varying levels of 

autoreactivity depending on the light chain expressed.47 In bulk, VH3H9 tg B cells exhibit 

reduced calcium flux and ERK phosphorylation after BCR stimulation, though not to the 

same extent as seen in the IgHEL/sHEL system.81 Transgenic mice bearing the VH3H9 

tg in conjunction with specific light chains have been generated and 

characterized.47,81,82 The VH3H9 x Vλ2 model system bears high affinity to dsDNA, and 

exhibits an anergic phenotype mirroring that of the IgHEL/sHEL model system.82 In 

contrast, the VH3H9 x Vκ8 model system bears more modest reactivity to ssDNA, and 

while these cells exhibit reduced proliferation in response to BCR ligation, calcium flux 

is normal in these cells.81 The extent of the anergic state induced seems to depend 

upon the affinity of the autoreactive cell for the autoantigen, and the relative availability 



18 
 

of the autoantigen in in vivo systems, and this observation seems to bear out in model 

systems with specificity to Smith antigen, insulin, arsonate and others.4 

A notable feature of self-reactive B cells first noted in the IgHEL/sHEL model and 

subsequently appreciated in other model systems is reduced half-life of such cells in the 

periphery52,83,84 The decreased half-life of these autoreactive cells is thought to be due 

to  increased dependence of these cells on the B cell survival factor BAFF. BAFF 

signaling is required for the survival and development of B cells, as both BAFF and 

BAFF receptor deficient mice exhibit a developmental blockade at the T1 stage of B cell 

development.85,86 In IgHEL/sHEL tg mice, the B cell compartment is reduced in 

comparison to wildtype mice. Accordingly, the amount of BAFF per B cell in 

IgHEL/sHEL tg mice is elevated, and each individual B cell receives more BAFF 

signaling, contributing to the survival of anergic B cells in the periphery of these mice.87 

However, anergic IgHEL B cells recovered from competitive mixed bone marrow 

chimeras display reduced BAFF signaling in comparison to wildtype competitors 

indicating a need for greater amounts of BAFF to provide equivalent survival signals.87 

Indeed, increasing the supply of available BAFF via a BAFF transgene satisfies the 

increased BAFF requirements for autoreactive B cells, increasing the size of the total B 

cell compartment, rescuing autoreactive B cells from reduced survival in the periphery, 

and breaking tolerance and both the IgHEL/sHEL and VH3H9 model systems.88,89 

Competitive elimination of anergic B cells in the periphery requires both antigen and 

competitor B cells. When anergic B cells from IgHEL/sHEL transgenic mice are 

adoptively transferred into sHEL tg mice without the IgHEL transgene, they are quickly 

lost.90 However, when anergic B cells from IgHEL/sHEL tg mice are adoptively 
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transferred into either wildtype mice or μMT mice which lacks B cells, survival of these 

HEL-binding B cells is significantly enhanced. 

The requirement for higher levels of BAFF by anergic B cells is driven in part by 

expression of Bim, a pro-apoptotic BCL2 family member.91 Anergic IgHEL tg B cells 

from competitive mixed chimeras exhibit elevated levels of Bim expression in 

comparison to their wildtype competitors. Loss of Bim expression appears to reduce the 

requirement for BAFF in anergic IgHEL tg B cells.91 The B cell compartment from 

IgHEL/sHEL tg mice lacking Bim is expanded, and production of anti-HEL antibodies is 

observed. IgHEL tg B cells from Bim-/- IgHEL/sHEL dtg mice exhibit lower requirements 

of BAFF for survival in vitro.92 Thus, the greater requirement for BAFF by anergic B cells 

seems to stem from a need to counterbalance increased induction of pro-apoptotic 

proteins such as Bim resulting from chronic occupancy of the autoreactive BCR via 

autoantigen. 

Another notable feature of anergic B cells is follicular exclusion. This 

phenomenon was first described in the IgHEL/sHEL model in which autoreactive B cells 

are excluded from the B cell zone in secondary lymphoid organs, becoming trapped at 

the B cell-T cell border.93 Follicular exclusion is separable from the anergic state: naive 

IgHEL tg B cells harvested from non-sHEL tg mice adoptively transferred into sHEL tg 

hosts are also excluded from the B cell zone.83 Furthermore, follicular exclusion of 

anergic B cells is reliant upon antigen, as anergic IgHEL tg B cells from sHEL tg hosts 

are not excluded from the B cell follicle when adoptively transferred into hosts lacking 

expression of cognate antigen.93 Follicular exclusion has been described in other 

autoimmune models, such as the VH3H9 tg model, though this is not universal: ssDNA 
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specific B cells from the VH3H9/Vκ8 model can enter and remain in the B cell follicular, 

perhaps because of their relatively mild degree of anergy.84,94 

The mechanism of follicular exclusion seems to be driven by altered chemokine 

receptor expression. Anergic B cells from IgHEL/sHEL tg mice have reduced expression 

of CXCR5, the receptor for the chemokine CXCL13 which attracts and retains B cells in 

the B cell follicule.95 CCR7 expression on anergic B cells is also necessary for homing 

to the T-B barrier, and excluded anergic cells die at the T-B border.95 However, 

localization to the T-B border is not necessary for this competitive loss, as CCR7-/- 

anergic B cells still die despite not homing to the T-B border. Follicular exclusion may be 

a symptom of an abortive attempt to obtain signal 2 (T cell help). 

The purpose of central and peripheral tolerance differs fundamentally. Central 

tolerance mechanisms are designed to remove autoreactivity from the repertoire 

outright, while peripheral tolerance mechanisms prevent autoreactive cells from 

wreaking havoc in the periphery, but permit retention of modestly self-reactive B cells in 

the mature repertoire. Accordingly, many peripheral tolerance mechanisms are 

reversible, while central tolerance mechanisms are not.10 The retention of some number 

of tolerant self-reactive B cells in the periphery may be intentional. Central tolerance 

mechanisms may lead to the generation of gaps or “holes” in the BCR repertoire, as the 

range of self-antigen stays fairly consistent between individuals. In a series of recent 

papers, Goodnow and colleagues have championed the concept of clonal “redemption” 

of autoreactive B cells in the germinal center, demonstrating that such clones can be 

recruited into the GC, and there experience selective pressure to mutate away from 

self-reactivity.96–98 Maintenance of low levels of autoreactivity increases the overall 
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diversity of the BCR repertoire, and autoreactive cells may be allowed to participate in 

immune responses via redemption. Thus, retention of an anergic population of self-

reactive B cells may in effect patch holes in the repertoire, allowing for mutation away 

from self-reactivity and towards microbial antigen in the context of T cell help in the 

germinal center. 

 

The Two Signal Model of B Cell Activation 
 

The two signal model of lymphocyte activation was first conceptualized by 

Bretscher and Cohn in 1970.99 Their proposed model suggested that lymphocyte 

activation during immune responses required two separate signals: signal one from 

antigen receptor signaling and signal two coming from other sources. The basic 

concepts proposed by Bretscher and Cohn remain central components of modern 

models of B cell activation, but research over the years has added further complexity. 

Initial antigen encounter (signal 1) and acquisition of co-stimulation (signal 2) by B cells 

is temporally separated. Transient BCR signaling primes B cells for the receipt of co-

stimulation.100 In addition, B cells which receive BCR stimulation alone are activated 

and proliferate in an abortive manner, but are driven towards apoptotic cell death or 

adopt the anergic state.101,102 Receipt of signal 2, in the form of either T cell help or toll-

like receptor (TLR) signaling, is necessary to avoid the induction of apoptosis or 

tolerance, and this signal must be received within a small window of time in order for B 

cells to avoid tolerance.102 

 The secondary signals recognized by B cells can be broadly generalized into 

two categories: signals received from innate immune receptors (i.e. TLR signaling), and 
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signals received because of T cell help. Innate immune pattern recognition receptors 

are important for early immune responses and also play roles as the response evolves. 

Of particular relevance for B cell responses are the toll-like receptors (TLRs), which are 

a class of innate immune receptors that recognize pathogen associated molecular 

patterns (PAMPs).24 Most PAMPs are bacterial and viral components, including ssDNA, 

ssRNA and lipopolysaccharide (LPS). Most TLRs signal through the adapter molecule 

MyD88, while the remainder require TRIF1, but all converge on the transcription factor 

NF-κB. A majority of TLRs are expressed upon the cell surface, excepting TLR 3,7,9 

which are localized within endosomal compartments. These TLRs recognize nucleic 

acids, and their endosomal localization is likely to prevent recognition of self.24  

 Innate-like B cells are particularly specialized to make rapid and even antigen-

independent polyclonal immune responses in response to TLR stimuli. Consistent with 

this role, innate-like B cells are exceptionally sensitive to such stimuli.103 Though TLR 

signaling is important for T-independent responses, TLR signaling can also cooperate 

with BCR signaling and may also play a role in T-dependent responses as well. In vitro, 

TLR signaling can cooperate with BCR signaling to drive proliferation and antibody 

production by FO B cells. Though MyD88 signaling is not required for the production of 

antigen-specific antibody in response to T-dependent immunizations, several studies 

have shown that B cell intrinsic MyD88 signaling can augment production of antigen 

specific antibody during T dependent responses to antigens that incorporate TLR 

ligands;103 B cell-specific expression of MyD88 is necessary for optimal GC responses 

to viral like particles.104 Indeed, in B cells, endosomal TLRs are specialized to sense 

viral nucleic acids captured by the BCR. 
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 The exact nature of T cell help to B cells in vivo is still incompletely understood 

although extensive progress has been made in uncovering major molecular pathways. It 

is now understood that the main subset of CD4 T cells that are specialized to provide 

help to B cells are T follicular helper (Tfh) cells, defined by key cell-surface markers PD-

1 and CXCR5, and the lineage-defining transcription factor Bcl6.30  

 The first event that occurs after BCR signaling is that B cells move out of the B 

cell follicle to recruit T cell help. BCR signaling sets B cells up to recruit T cell help by 

promoting upregulation of ICAM1, CD86, MHC class II and modulating expression of 

chemokines and chemokine receptors.105–109 Later in the response, once CD4 T cells 

acquire the Tfh phenotype, CXCR5 on their surface attracts them to the B cell to further 

facilitate Tfh-B cell colocalization and seeding of the early GC.29,30 

 The formation of a B cell/T cell synapse is an important component of T cell 

help, allowing for surface co-stimulatory ligand interactions and short-range cytokine 

signaling. Thus, expression of adhesion molecules on both T cells and B cells, including 

ICAM/LFA-1 and SAP/SLAM, are important for stable T cell-B cell interactions.110,111 

Disruption of these adhesion molecules leads to abrogation of such T cell-B cell contact, 

limiting the duration of help signaling and leading to loss of antigen-specific B cell 

survival and proliferation, and loss of downstream events such as the formation of 

germinal centers and plasma cell differentiation.110  

T cell help can lead to several main outcomes in B cell responses, including 

survival, proliferation, plasma cell differentiation, somatic hypermutation, and 

immunoglobulin class switching.110 As a result, the molecular mechanisms involved in 

driving help are large and varied, with some molecules playing a role in driving different 
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forms of help. Accordingly, T cell help is not a singular concept: different forms of T cell 

help are necessary during different phases of the immune response. One of the key 

events necessary for the initiation of the TD response is interaction between CD40L on 

the surface of T cells and its receptor CD40 on B cells. This is important for the 

induction and maintenance of proliferation early in B cell responses. Blocking of 

CD40/CD40L interactions or CD40 deficiency leads to an abrogation of TD but not TI 

responses.31,32 CD40 is a member of the tumor necrosis factor receptor (TNFR) super-

family. Binding of CD40 to its ligand induces the recruitment of TNFR-associated factors 

(TRAFs), leading to activation of a variety of signaling pathways, most notably NfκB.112 

CD40 signaling, in conjunction with production of the cytokine IL-4 and the pro-B cell 

survival factor BAFF by Tfh cells also drives the survival of B cells.112–114 This is 

especially crucial, as both FO B cells and germinal center B cells which receive BCR 

signaling alone are driven towards an apoptotic fate, presumably as a bulwark against 

autoreactivity.101 Though transient stimulation of IgM by itself drives B cell apoptosis, it 

also promotes hyper-responsiveness to anti-CD40 stimulation in both in vitro and in vivo 

model systems, simultaneously restraining B cells which see signal one alone and 

producing a cellular environment conducive for the recruitment of co-stimulation.100 

In addition to its role in driving early B cell responses, CD40 signaling acts as a 

mechanism for B cell fate decisions. While CD40 blockade prevents the formation of 

germinal centers, increasing CD40 signaling via a CD40 agonist or through elevated T 

cell help leads to diversion of responding B cells from the GC to plasmablasts.115 Thus, 

CD40 signaling appears to act along a continuum, shunting B cells down different fate 

decisions depending upon the intensity of stimulation. CD40 signaling also plays a 
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crucial role during the GC response. GC B cells with low affinity towards antigen die via 

apoptosis. However, CD40 signaling arising from engagement of high affinity GC B cells 

with Tfh cells leads to rescue from cell death.116 CD40 signaling is also important for the 

process of class switch recombination (CSR), as CD40 deficiency leads to hyper-IgM 

syndrome.32  

 Another important component of T cell help to B cells is the secretion of 

cytokines by Tfh cells. The two major cytokines secreted by Tfh cells are IL-4 and IL-21.30 

These cytokines promote proliferation, class switch recombination and differentiation of 

B cells. Both IL-4 and IL-21 are required for germinal center responses, as deficiency of 

either IL-4 or IL-21 leads to reduced GC responses, and combined deficiency leads to a 

total blockade in GC maturation.117 However, these cytokines also play non-redundant 

roles in B cells. Both cytokines signal through the common γ chain, but engage different 

STAT proteins leading to differential downstream signaling.118 Both IL-4 and IL-21 

induce class switch recombination, though they promote different isotypes: IL-4 drives 

IgG1, IgG4 and IgE, while IL-21 drives IgG1, IgG3 and IgA.119–122 IL-21 can drive 

expression of various molecular mechanisms necessary for the differentiation of various 

B cell fates: BCL-6 for GC B cells, BLIMP for plasma cells, and AID for CSR.119 Though 

BCL-6 and BLIMP act in opposition, it is likely that the integration of the collective 

signals seen by individual B cells during T cell help influences the fate adopted. 

 While the components and consequences of T cell help and signal 2 have been 

extensively explored, the mechanisms that restrain antigen-dependent B cell responses 

in the absence of signal 2 are still incompletely understood. BCR signaling regulates but 

is not sufficient to drive differentiation, and as alluded to earlier results in abortive 
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proliferation and antigen induced cell death.39 BCR signaling directly triggers metabolic 

reprogramming, increasing uptake of glucose and potentiating both oxidative 

phosphorylation and glycolysis in preparation for clonal expansion.123,124 However, 

maintenance of metabolic reprogramming in B cells requires co-stimulatory signaling in 

addition to BCR signaling. B cells which receive BCR signaling alone eventually display 

mitochondrial dysfunction and lose glycolytic capacity, leading to apoptosis.101 This cell 

death could be rescued by the addition of secondary signals both in vitro and in vivo, 

and scaled with both the duration and strength of stimulus.101 In contrast, B cells that 

are only transiently activated can regress to a naïve-like state, avoiding death, and can 

be recruited into humoral responses upon receiving co-stimulation.125 Thus, it appears 

that B cells lie upon a spectrum, with different fates depending upon the strength of 

BCR stimulation received. Addition of signal 2 allows B cells to participate in the 

humoral immune response regardless of the fate imparted by BCR stimulation. This 

reliance upon “signal 1” and “signal 2” helps to ensure that B cells respond to bona-fide 

foreign antigen, rather than spuriously activating in response to autoantigen. However, 

the mechanisms which render B cells reliant upon secondary signals are still 

incompletely understood. 

 

The Nr4a Family of Orphan Nuclear Hormone Receptors 
 

Nr4a1-3 encode a small three-member family of orphan nuclear hormone 

receptors, Nur77, Nurr 1 and Nor1 respectively, that have a high degree of homology in 

their structure.126 The Nr4a genes were initially cloned as primary response genes in 

cell lines in response to mitogenic stimuli.127,128 The Nr4a genes, like other nuclear 
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hormone receptors, are transcription factors that contain 3 domains: a transactivation 

domain, a DNA binding domain, and a ligand binding domain, with particularly high 

homology in the DNA binding domains (Fig 1.1).129 The Nr4a family are thought to 

function as ligand-independent “orphans”. The crystal structure for Nurr1 has been 

solved, revealing a lack of a classical coactivator binding site, and showing that the 

ligand binding pocket is occluded by bulky polar side chains.130 Furthermore, the 

conformation taken by Nurr1 mirrors that of other nuclear hormone receptors bound to 

their ligand, suggesting that Nurr1 may take a constitutively active conformation. The 

crystal structure of the drosophila ortholog of Nur77, DHR38, similarly shows an 

occluded ligand binding pocket and lack of a coactivator binding site.131 Taken together, 

these structural studies suggest that the Nr4a family members may not need to bind to 

ligand in order to carry out their function. 

The Nr4a genes are induced in a wide variety of cell types, including neurons, 

macrophages, and immune cells amongst others.132 As primary response genes, also 

known as immediate early genes, the Nr4as are induced by a wide variety of mitogenic 

stimuli. In lymphocytes, the Nr4a genes are rapidly induced upon antigen receptor 

stimulation.133 Characteristic of most primary response genes, Nr4a gene induction is 

maximal within a couple of hours following antigen receptor stimulation, and protein is 

rapidly degraded as well.133,134  

Mice with germline deficiency of each of the three Nr4a family members have 

been generated. Nr4a1-deficient mice do not display any gross abnormalities, while 

Nr4a2 deficiency leads to embryonic lethality due to neuron agenesis.135,136 Two 

different Nr4a3 knockout mice have been reported with contrasting phenotypes. The 
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first, reported by Ponnio et al., has no gross abnormalities and is viable and fertile.137 

The second, reported by DeYoung et al., is embryonic lethal.138 It is not entirely clear 

what causes this discrepancy. Neither paper validates deletion of Nor1 protein on a 

protein level and the deletion introduced in the paper reported by Ponnio et al. is less 

extensive than in the paper published by DeYoung et al. Thus, the discrepancy may 

arise from expression of truncated Nor1 in one or both models. A third Nr4a3 knockout 

mouse was generated by Taconic and utilized in a series of papers published by Sekiya 

et al., though the phenotype of this mouse is unclear.139,140 

 

Roles of Nur77/Nr4a1 in Immune Cells 
 

Thymic Development and Antigen Induced Cell Death 

Among immune cells, Nr4a family function has been most extensively studied in 

T cell lineages. Nur77 was initially implicated in the regulation of T cell apoptosis. Nur77 

overexpression induces apoptosis in T cell hybridomas while a dominant negative 

construct lacking the N-terminal domain of Nur77 prevents TCR-induced apoptosis.141 

Further work utilizing similar full length and dominant negative mutants expressed as 

transgenes restricted to the T cell lineage implicated the Nr4a family members as 

regulators of T cell death in vivo, though mice with germline deletions of Nur77 do not 

exhibit significantly altered negative selection of thymocytes.135,142,143 However, more 

recent work did identify a subtle defect.144 The mechanism by which Nur77 mediate Ag-

induced cell death in T cells is thought to be non-transcriptional; direct interaction of 

Nur77 with BCL2 exposes the BH3 domain of BCL2, converting it from a pro-survival 
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factor to a pro-apoptotic factor.145 Follow-up studies have shown that Nur77 is able to 

bind to other BCL2 family members, and conversely, Nor1 is also capable of driving 

apoptosis via BCL2 binding.146 The residues necessary for this interaction have been 

identified, and it is known that BCL2 binds to the ligand binding domain of Nur77.147 The 

DNA binding domain of Nur77 is dispensable for induction of apoptosis via BCL2, ruling 

out any role of Nur77 as a transcription factor in driving cell death in this context. 

 

Treg Differentiation 

Though initial studies of Nur77 function in T cells have focused on its non-

transcriptional role in regulating T cell apoptosis, roles for the Nr4a family members as 

transcription factors have been identified as well. A series of papers utilized a T cell 

specific CD4-cre to generate T cell specific triple knockouts of the Nr4a family and 

found that regulatory T cell (Treg) differentiation was blocked in the absence of Nr4a 

expression.139,140,148 The proposed mechanism for this is thought to be due to direct 

transcriptional regulation of FoxP3 and other genes important for Treg cell 

differentiation.139 Notably, FoxP3 and the Nr4as appear to constitute a positive feedback 

loop, with disruption of Nr4a family expression in Treg precursors leading to 

dysfunctional Treg development and generation of pathogenic autoreactive cells.148  A 

follow-up study showed that while mice with conditional deletion of the Nr4a family 

members in Tregs driven via Foxp3-cre had normal numbers of Tregs, these Nr4a 

deficient Tregs lost suppressive activity and took on characteristics of TH2 and Tfh 

cells.139 Again, these phenotypes were driven via direct transcriptional regulation of 

Treg transcriptional programming via the Nr4as.  
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Metabolic Reprogramming of CD4+ T cells 

Previous studies of Nr4a function in T cells have focused primarily on thymocyte 

development, T cell differentiation and antigen induced cell death. More recently, 

studies regarding Nur77 regulation of mature CD4+ and CD8+ T cell function have been 

published. In a study focused on the role of Nr4a1 in regulating metabolic 

reprogramming in activated CD4+ T cells, the authors report that Nr4a1-/- CD4+ T cells 

exhibit elevated proliferation and Th17 differentiation in response to TCR ligation, which 

may lead to exacerbated disease in a model of EAE.149 The authors note that Nur77-

deficient T cells exhibit enhanced mitochondrial respiration and glycolysis following TCR 

stimulation via SEAHORSE assays, indicating that Nur77 limits T cell responses via 

restriction of T cell metabolism. The authors also utilized CHIPseq to find that Nur77 

directly binds to the regulatory regions of genes required for metabolic function, leading 

to transcriptional repression.  

 

T Cell Exhaustion 

A recent paper focused on the role of Nr4a1 in the generation and maintenance 

of primary exhausted CD4+ T cells.150 Through the use of an in vivo OT-II peptide 

induced model of exhausted CD4+ T cells, the authors report that exhausted T cells 

express higher levels of Nur77 than activated T cells. Furthermore, deletion of Nr4a1 in 

OT-II peptide induced exhausted T cells leads to greater retention of effector 

functionality, as read out by IL-2 and IFNγ secretion following anti-CD3 re-stimulation. In 

addition, the group reported that disruption of Nur77 expression prevented CD8+ T cell 
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exhaustion in both tumor and viral infection models and allowed for greater control of 

disease. Mechanistically, the authors attributed regulation of exhaustion by Nur77 to its 

function as a transcription factor, finding direct binding of Nur77 to the enhancer regions 

of a subset of genes attributed to T cell exhaustion via CHIPseq and CHIP-PCR. 

Another recent study focused on the role of the Nr4a family members in 

regulating the function of chimeric antigen receptor (CAR) CD8+ T cells in controlling 

solid tumors.151 The authors report overexpression of the three Nr4a genes in both 

human and mouse tumor-infiltrating lymphocytes. Deletion of the Nr4a genes in CAR T 

cells leads to greater capacity to control tumors in vivo, leading to increased survival of 

inoculated mice. Interestingly, there was evidence for redundancy amongst the Nr4a 

genes for this function, as while CAR T cells lacking a single Nr4a gene performed 

better than wildtype CAR T cells, deletion of all three Nr4a genes led to a dramatic 

further increase in survival. The group reported altered gene expression and chromatin 

accessibility in Nr4a deficient CAR T cells indicative of increased effector function and 

suggest that the Nr4a genes may act to maintain accessibility of genes which regulate T 

cell exhaustion.  

 

Tumor Suppressor in Myeloid Cells 

The effect of Nr4a deficiency in myeloid cells has been studied in depth. Though 

mice lacking either Nr4a1 or Nr4a3 do not exhibit any gross abnormalities, mice lacking 

both Nr4a1 and Nr4a3 die between the age of two to four weeks due to the develop of 

acute myeloid leukemia.152 Furthermore, this phenotype scales with the copy number of 
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Nr4a family members expressed, as mice totally deficient in one Nr4a family member 

and heterozygous for the other Nr4a family member display an intermediate 

phenotype.153 Mechanistically, Nr4a1 has been implicated as a transcription factor that 

binds directly to the promoter of cMyc in several human cell lines.154,155 It is proposed 

that the Nr4a proteins repress cMyc expression and thereby function as tumor 

suppressors. They are, in fact, expressed at low levels in human AMLs; a related 

phenomenon was reported in B cell lymphomas (DLBCL).156 

 

Currently Known Roles in B cells 

Despite robust literature exploring the function of the Nr4a genes in T cells, the 

role of Nr4a family members in regulating the function of B cells has not been 

thoroughly explored to this point. The Nr4a family members are reported to be 

suppressed in B cell leukemias and lymphomas, and elevated expression of the Nr4as 

was correlated more favorable outcomes in patients with aggressive B cell 

lymphomas.156 The mechanism linking Nr4as to B cell cancers was not well defined, 

though overexpression of Nur77 in several B cell lymphoma lines drove apoptosis of 

these cells. 

Finally, our lab has shown that Nur77 may play a role in the regulation of a 

naturally occurring autoreactive population of B cells, known as B1-a cells. Mice lacking 

Nur77 expression have higher levels of natural IgM, which is thought to originate from 

the B1-a compartment.157 Furthermore, these mice also exhibit marked expansion of 

IgM antibody secreting cells, though the mechanism underlying this phenomena 
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remains to be defined. This previous study implicated Nur77 in the regulation of a 

naturally occurring autoreactive B cell population which experiences chronic antigen 

stimulation.  

 

Nur77-eGFP Reporter of Antigen-Receptor Signaling 
 

As Nur77 is robustly upregulated in response to antigen receptor signaling, it has 

appeal for use as a reporter. Two separate GFP reporters have been generated, in 

which GFP expression is placed under the control of the regulatory regions of Nr4a1. 

The first was generated by the Hogquist group; the second was generated by the Gene 

Expression Nervous System Atlas (GENSAT) and characterized in Zikherman et al.64,158 

Both reporter lines utilized a bacterial artificial chromosome (BAC) transgene insertion, 

such that expression of endogenous Nr4a1 is not altered. Both reporters give 

qualitatively similar GFP expression following antigen receptor signaling, albeit with 

different dynamic ranges. The Hogquist reporter also differs in that CRE recombinase is 

also incorporated in the reporter, and thus the cells express CRE in response to antigen 

receptor signaling in addition to GFP. This introduction and the work in the following 

chapters will focus on the second Nur77-eGFP reporter described in Zikherman et al 

and its dynamic expression pattern in B cells.64  

As we have previously reported, Nur77-eGFP is rapidly induced in B cells 

following stimulation BCR crosslinking and scales with the strength of BCR 

stimulation.64 Interestingly, Nur77-eGFP is upregulated during development between 

the T1-T2 stage of splenic B cell development in otherwise unperturbed mice, perhaps 

reflecting endogenous antigen recognition. Genetic perturbation of BCR signal strength 
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modifies Nur77-eGFP expression; the Nur77-eGFP reporter was crossed to the CD45 

allelic series, in which CD45 expression is varied over a wide range and BCR signaling 

is altered accordingly.14 As expected, mice with sub-physiological expression of CD45 

exhibited lower Nur77-eGFP expression in B cells, while mice with super-physiological 

expression of CD45 exhibited elevated Nur77-eGFP expression in B cells. Indeed, 

upregulation of Nur77-eGFP at steady state requires antigen: mice expressing the 

IgHEL tg alone do not upregulate Nur77-eGFP, but Nur77-eGFP expression is restored 

when IgHEL tg mice are crossed to a background expressing the sHEL tg. In 

accordance with the extremely high affinity of the IgHEL BCR for its cognate antigen, 

mature B cells from IgHEL/sHEL Nur77-eGFP tg mice exhibit higher Nur77-eGFP MFI 

in comparison with mature B cells from Nur77-eGFP mice with an unrestricted 

repertoire.159  

Given that the distribution of Nur77-eGFP at steady state in unperturbed reporter 

mice is wide, basal Nur77-eGFP expression may reflect differing autoreactivity of B 

cells. Nur77-eGFP is negatively correlated with surface IgM but not IgD.66 Furthermore, 

B cells with differing levels of Nur77-eGFP exhibit differing functional responsiveness to 

BCR stimulation. B cells that express higher levels of Nur77-eGFP exhibit higher basal 

but impaired inducible signaling as read out by both calcium flux and ERK 

phosphorylation following anti-IgM stimulation.64 When Nur77-eGFP high and Nur77-

eGFP low B cells were sorted and stimulated with LPS in vitro, Nur77-eGFP high B cells 

produced significantly higher titers of anti-nuclear antigen (ANA) antibody normalized to 

total Ab produced.64 Nur77-eGFP expression also varies amongst the different mature B 

cell compartments. B cells in the B1-a compartment, which is enriched for self-reactivity 
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in its repertoire, express higher levels of Nur77-eGFP than B2 FO B cells.157 When 

taken as a whole, this data suggests that Nur77-eGFP expression is reflective of 

endogenous antigen encounter in otherwise unperturbed mice. Importantly, although 

reporter expression can be induced by mitogenic stimuli that signal through the NFκB 

pathway including TLRs and CD40, it is insensitive to BAFF, CXCR4 ligation and 

cytokines that signal through JAK-STAT.64,66 More critically, we recently showed that 

under steady state conditions, Nur77 expression in mature B cells was independent of 

commensal flora and MyD88.66 This argues that in mature B cells Nur77-eGFP reporter 

expression reflects antigen recognition and marks autoreactivity. 

Despite being implicated in the regulation of T cell death and differentiation, the 

function of Nur77 in regulating B cell biology has not been well explored. Nur77 is 

robustly induced following BCR stimulation, and its basal expression is elevated in 

anergic IgHEL/sHEL B cells and in naturally occurring anergic B cells.64,68 Given its 

pleotropic roles in regulating the functions of T cells discussed above, it seems likely 

that Nur77 may have related roles in B cells. This dissertation aims to address this gap 

in knowledge by examining the role of Nur77 in regulating autoreactive B cells 

undergoing chronic antigen receptor stimulation, and in B2 B cells undergoing acute 

antigen receptor stimulation. 

Topics to be covered 

 Chapter 2 will focus on the expression and function of Nur77 in autoreactive cells 

which undergo chronic antigen stimulation, utilizing the IgHEL/sHEL dtg and VH3H9 tg 

models of self-reactive B cells. Chapter 3 will focus on the expression pattern and 

function of Nur77 in mature B2 cells following acute antigen receptor stimulation. A 
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discussion synthesizing insight regarding the overall role of Nur77 in B cell biology and 

speculating about future directions will follow in Chapter 4. 

  



37 
 

Figure 1.1 Nr4a1 Family Domain Structure  
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Chapter 2 : Nur77 Links Chronic Antigen Stimulation to B 

Cell Tolerance by Restricting the Survival of Self-Reactive B 

Cells in the Periphery 
 

  



39 
 

Introduction 
 

Self-reactive B cell receptors (BCRs) are a frequent byproduct of random VDJ 

recombination. Moreover, despite layered tolerance mechanisms including receptor 

editing and central deletion, self-reactive B cells persist in the periphery of healthy mice 

and humans.10,160 How are such cells normally kept in check and restrained from 

mounting a productive immune response to spurious stimulation by endogenous 

antigens? It has long been known that self-reactive B cells are rendered functionally 

unresponsive (“anergic”) by a combination of antigen receptor downregulation and by 

transcriptional and post-translational mechanisms that serve to suppress BCR signal 

transduction.4 Finally, self-reactive B cells have a heightened dependence upon the B 

cell survival factor BAFF, and have a reduced lifespan in the periphery under 

competitive conditions, yet the molecular mechanisms accounting for this are 

incompletely understood.87,88  

Nr4a1-3 encode a small family of orphan nuclear hormone receptors (Nur77, 

Nurr1, and Nor1 respectively) with significant homology in their DNA- and ligand-binding 

domains.126 Nr4a1-3 were initially cloned as primary response genes, and are rapidly 

induced in response to antigen receptor stimulation in lymphocytes.127,128,133 The Nr4a1-

3 gene products are thought to function as constitutively active transcription factors with 

no known endogenous ligand.126 Indeed, crystal structures of their Drosophila ortholog 

and of murine Nurr1 reveal that the ligand binding pocket is occluded by conserved 

hydrophobic side chains.130,131Furthermore, the ligand binding pocket of Nurr1 adopts a 

constitutively active conformation similar to that of other ligand-bound nuclear 

receptors.130 In addition to important roles as transcriptional regulators of Treg and 
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myeloid cell fate140,152,161, the Nr4a family mediate TCR-induced apoptosis141,162, and 

are essential for negative selection of self-reactive thymocytes.142,143 It has been argued 

that Nr4a family members mediate apoptosis (at least in part) independently of their 

DNA-binding capacity by translocating to the cytosol, binding to Bcl2 and inducing a 

conformational change that exposes the BH3-only domain of Bcl2.145,147 Yet, although 

Nur77 and its family members are also upregulated by BCR stimulation, relatively little 

is known about their role in B cells.133,163  

We previously characterized a BAC Tg reporter mouse line in which eGFP is 

under the control of the regulatory region of Nr4a1 (Nur77-eGFP).64 We showed that 

Nur77-eGFP expression in reporter lymphocytes scales with the intensity and duration 

of BCR and TCR stimulation in vitro, and is highly upregulated in antigen-specific 

lymphocytes after immunization or infection in vivo164–166. In addition to dynamic 

induction of Nur77-eGFP with strong BCR stimuli, we showed that its expression scales 

in proportion to self-reactivity among naturally occurring self-reactive B cells.64 

Importantly, we established that such steady-state Nur77-eGFP expression scales with 

the strength of BCR signal transduction, requires endogenous antigen recognition, and 

is independent of microbiota.64,66 More recently, we showed that naturally self-reactive 

B-1a cells also upregulate Nur77-eGFP in response to chronic self-antigen stimulation, 

and found that Nur77 plays a critical negative regulatory role in B-1a cells by restricting 

the generation of natural IgM plasma cells under steady state conditions.157 However, 

the function of Nur77 in B-2 cells is unknown. 

Here we take advantage of the Nur77-eGFP reporter to show that Nur77 is 

upregulated in self-reactive B cells from two distinct murine models of B cell anergy: the 
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hen egg lysozyme (HEL) model, in which monoclonal Ig-HEL B cells develop in the 

context of soluble cognate antigen (sHEL), and the VH3H9 heavy chain (HC) model in 

which DNA-reactive B cells can be tracked in the context of a polyclonal repertoire on 

the basis of endogenous light chain expression.167,168 We show that Nur77-eGFP 

expression correlates with the self-reactivity, editing, deletion, and anergy of individual B 

cell clones. We go on to show that Nur77 itself is dispensable for editing and deletion in 

the VH3H9 model system, and that it is largely dispensable for IgM downregulation and 

anergy in both model systems. However, we find that Nur77 restricts the survival of self-

reactive B cells in the periphery by promoting antigen-induced cell death in a cell 

intrinsic manner. This can be overcome by the soluble B cell survival factor BAFF. 

Despite generation of a highly self-reactive B cell repertoire, layered tolerance 

mechanisms ensure that VH3H9 HC Tg mice do not develop autoantibodies. We find 

that Nur77 contributes to removal of the most highly self-reactive B cells from the 

repertoire of these mice as they age, and loss of Nur77 is sufficient to break tolerance in 

this model. We thus show that Nur77 is upregulated in self-reactive B-2 cells in 

response to chronic antigen stimulation, and is critical to maintain tolerance by 

restricting the survival of these cells, particularly in the setting of competition with less 

self-reactive cells for a limited supply of BAFF.   
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Materials and Methods 
 

Mice. Nur77-eGFP mice, IgHEL Tg (MD4), and sHEL Tg (ML5) mice were previously 

described.60,64 Site-directed VH3H9 HC Tg mice have been previously described and 

were generously shared by Anthony DeFranco.167 Nr4a1fl/fl mice were generously 

shared by Pierre Chambon and Catherine Hedrick.140 Mb1 Cre, Nr4a1-/-, C57BL/6, and 

CD45.1+ BoyJ mice were from The Jackson Laboratory.135,169 All strains were fully 

backcrossed to C57BL/6 genetic background. All mice were housed in a specific 

pathogen-free facility at UCSF according to University and National Institutes of Health 

guidelines.  

Antibodies and Reagents. Streptavidin (SA) and Abs to B220, CD3, CD19, CD21, 

CD23, CD93 (AA4.1), CD45.1, CD45.2, IgM, IgM[a], IgM[b], IgD, IgD[a], IgD[b], Igκ, 

Igλ1 and Igλ1,2,3  conjugated to biotin or fluorophores (Biolegend, eBiosciences, BD, 

Miltenyi Biotech or Tonbo); Antibodies for intra-cellular staining, pErk Ab (clone 194g2) 

and pS6 Ab (clone 2F9), were from Cell Signaling Technologies, Nur77 Ab conjugated 

to PE (clone 12.14) manufactured by Invitrogen, purchased from eBioscience. Donkey 

anti-rabbit secondary Ab conjugated to APC was from Jackson Immunoresearch. 

Stimulatory antibodies: Goat anti-mouse IgM F(ab’)2 was from Jackson 

Immunoresearch. Anti-IgD was from MD Biosciences.; ELISA reagents: Costar Assay 

Plate, 96 Well Clear, Flat bottom half area high binding, polystyrene (Corning), SA-HRP, 

anti-mouse IgM, IgH+L, IgG unlabeled or conjugated to biotin or HRP (Southern 

Biotech), TMB (Sigma). C10 refers to complete culture media prepared with RPMI-1640 

+ L-glutamine (Corning-Gibco), Penicillin Streptomycin L-glutamine (Life Technologies), 

HEPES buffer [10mM] (Life Technologies), B-Mercaptoethanol [55mM] (Gibco), Sodium 
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Pyruvate [1mM] (Life Technologies), Non-essential Amino acids (Life Technologies), 

10% heat inactivated FBS (Omega Scientific). Recombinant BAFF 20ng/ml (R&D).  

Flow Cytometry and data analysis. Cells were stained with indicated antibodies and 

analyzed on a Fortessa (Becton Dickson). 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). Student’s unpaired T test 

was used to calculate p values and mean ± SEM is displayed in all graphs. *p<0.05, 

**p<0.005, ***p<0.0005, ****p<0.00005. Figures were prepared using Illustrator CS6 

v16.0.0. 

Intracellular staining to detect pErk, pS6, or endogenous Nur77. Following stimulation, 

cells were fixed in 2% paraformaldehyde for 10 minutes, permeabilized on ice with 

100% methanol for 30 minutes, and stained with anti-pErk or anti-pS6 or anti-Nur77 

followed by lineage markers and secondary antibodies if needed (40 minutes incubation 

for primary and secondary staining). Antibody concentrations were previously 

described.66 

Intracellular Calcium Flux. Cells were loaded with 5 μg/mL Indo-1 AM (Life 

Technologies) and stained with lineage markers for 15 minutes. Cells were rested at 37 

C for 2 minutes, and Indo-1 fluorescence was measured by FACS immediately prior to 

and after stimulation to determine intracellular calcium. 

Live/dead staining.  LIVE/DEAD Fixable Near-IR Dead Cell Stain kit (Invitrogen). 

Reagent was reconstituted as per manufacturer’s instructions, diluted 1:1000 in PBS, 

and cells were stained at a concentration of 2x106 cells /100μL on ice for 10 minutes. 
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Vital dye loading. Cells were loaded with CellTrace Violet (CTV; Invitrogen) per the 

manufacturer’s instructions except 5 x106 cells/ml rather than 1 x 106 cells/ml. 

In Vitro B Cell Culture and Stimulation. Splenocytes or lymphocytes were harvested into 

single cell suspension, subjected to red cell lysis using ACK buffer, loaded with CTV as 

described above, and plated at a concentration of 5 x 105 cells/200 μL in round bottom 

96 well plates in complete RPMI media with stimuli for 1-3 days. In vitro cultured cells 

were stained using fixable near IR live/dead stain (Invitrogen) per manufacturer’s 

instructions. 

ELISA. Serum antibody titers for total IgG, and anti-dsDNA IgG were measured by 

ELISA. For total IgG, 96-well plates (Costar) were coated with 1 μg/mL anti-IgH+L 

(Jackson). Sera were diluted serially, and total IgG was detected with anti-IgG-HRP 

(Southern Biotech). dsDNA plates were generated by serially coating plates with 100 

μg/mL poly-L-lysine (Sigma Aldrich) and 0.2 U/mL poly dA-dT (Sigma Aldrich) in 0.1 M 

Tris-HCL pH 7.6. Sera were diluted serially on dsDNA plates, and autoantibodies were 

detected as above. All ELISA plates were developed with TMB (Sigma) and stopped 

with 2N sulfuric acid. Absorbance was measured at 450 nm.  

Bone marrow chimeras. Host mice were irradiated with 530 rads x 2, 4 hours apart, and 

injected IV with either 106 donor IgHEL BM to generate naïve or anergic B cell 

populations, or with 106 donor A mixed with 106 donor B BM cells to generate 

competitive chimeras. Chimeras were sacrificed 10 weeks after reconstitution, and cells 

were assayed as described above. 
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Cell sorting. Single cell suspensions were generated from spleens and stained as 

described above. B cells were sorted using a FACs Aria II (Becton Dickinson). For 

IgHEL/sHEL chimeras, mature B cells were gated as 

live/single/B220+/CD21low/CD23+. For VH3H9 Tg mice, B cells were gated as 

live/single/B220+/CD21low/CD23+ and then either κ or λ expressing B cells were 

sorted. 

Adoptive transfer. Splenocytes from either IgHEL/sHEL chimeras or IgHEL Tg+ mice 

(MD4 line) were harvested into single cell suspensions and subjected to red blood cell 

lysis with ACK buffer. Cells were mixed at a 1:1 ratio with CD45.1 splenocytes, loaded 

with CTV as described above, and between 2.5x106 and 5x106 cells in 200μL total 

volumes were injected into either ML5 Tg+ or Tg- C57BL/6 host mice via the tail vein. 

BrdU labeling and staining. 7-week-old mice were treated with 0.8μg/ml BrdU in drinking 

water for 6 days. Cells were stained to detect both surface markers and BrdU 

incorporation as per manufacturer’s protocol (BrdU Flow Kit, BD).  

Immunohistology. Spleens were first fixed in 4% PFA for 3 hours at room temperature, 

then sequentially immersed in 18% and 30% sucrose, and finally embedded in OCT 

(Fisher) and flash-frozen using dry ice/EtOH bath. Five-to-seven-micron sections were 

cut using a Leica CM1900 cryostat and stored at -80C prior to staining. Sections were 

blocked with 5% rat serum for 1 hour at RT, and then stained for 1 hour at RT with FITC 

B220 (clone RA3-6B2), APC anti-CD3 (clone 17A2), and either PE anti-λ light chain 

(clone RML-42), or PE anti-IgDa (clone REA484) to identify adoptively transferred 

IgHEL Tg B cells. Images were captured with a Zeiss Axio Imager M2 widefield 
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fluorescence microscope. Images were processed using Zen Pro (Zeiss) and Adobe 

Photoshop (Adobe).  

Light chain cloning and sequencing. B cells were sorted using a FACs ARIAII as 

described above. RNA was isolated via Trizol (Life technologies) / chloroform phase 

separation. cDNA was generated and PCR amplified through the use of Onestep RT 

PCR kit (Qiagen), with degenerate PCR primers to amplify lambda light chain 

sequences (see Table 2.1 for primers).170 The cDNA was then run on a 2% agarose 

gel, and extracted with the Qiaquick Gel Extraction kit (Qiagen). cDNA was then 

inserted into the PCR-2.1 Topo vector through the use of the Topo-TA kit (Invitrogen), 

and transformed into Top10 competent E. coli (Invitrogen) via heat shock. Colonies 

were expanded at 37oC overnight, and were then picked and PCR amplified using M13 

primers from the Topo-TA kit. The amplified DNA was then treated with recombinant 

Shrimp Alkaline Phosphatase and Exonuclease 1 (New England Biolabs), and sent to 

ELIM Biopharm for sequencing. The returned sequences were then uploaded to 

IMGT_V-QUEST (IGMT.org) for VJ alignment and light chain identification. 

qPCR. Sorted B cell populations as noted were harvested into Trizol (Invitrogen), and 

stored at -80˚C. RNA was extracted via phenol phase separation. cDNA was prepared 

with Superscript III kit (Invitrogen). qPCR reactions were run on a QuantStudio 12K Flex 

thermal cycler (ABI) using either Taqman (Life Technologies) assays or SYBR Green 

detection (see Table 2.1 for list of primers).   
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Results 
 

Endogenous antigen recognition is necessary and sufficient for Nur77-eGFP 

expression in B cells 

MD4/ML5 mice are engineered to co-express two transgenes (Tgs); MD4 mice 

harbor a BCR Tg with high affinity for its cognate antigen hen egg lysozyme (IgHEL), 

while ML5 mice constitutively express soluble HEL protein (sHEL) under the control of 

the metallothionine promoter.60 Although follicular B cells develop in mice harboring 

both Tgs, surface IgM on these cells is massively downregulated, they are unresponsive 

to acute antigen stimulation (“anergic”), and they do not differentiate into antibody-

secreting cells at steady state or in response to immunization.53,60,168,171 We previously 

introduced the Nur77-eGFP reporter into this model system and showed that reporter B 

cells lose Nur77-eGFP expression when they express IgHEL in the absence of cognate 

antigen.64 In contrast, forced constitutive expression of soluble cognate antigen 

upregulates Nur77-eGFP, establishing that endogenous antigen is both necessary and 

sufficient for Nur77-eGFP expression in naïve, follicular B-2 cells (Fig 2.1A, B). 

Recently published microarray data from Goodnow and colleagues confirm that 

endogenous Nr4a1 is highly upregulated in anergic B cells from IgHEL/sHEL double Tg 

mice  (Fig 2.2A).68  Importantly, consistent with the extremely high affinity of IgHEL B 

cells for their cognate antigen HEL (10-10 M)60, Nur77-eGFP expression in IgHEL / sHEL 

double Tg reporter B cells was much higher than in wild type (WT) reporter B cells (Fig 

2.1A, B, Fig 2.2B). This demonstrates that, as expected, the auto-reactivity of IgHEL / 

sHEL double Tg reporter B cells far exceeds that of mature naïve follicular B cells that 

normally populate the periphery. This is consistent with prior evidence that upregulation 
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of Nur77-eGFP correlates with the degree of self-reactivity in the natural diverse B cell 

repertoire,64 and highlights that highly self-reactive B cells resembling IgHEL / sHEL are 

normally excluded from the peripheral repertoire of healthy mice.  

Nur77 is dispensable for anergy of IgHEL B cells chronically exposed to soluble 

cognate antigen 

In order to define the function of Nur77 in anergic IgHEL B cells, we transplanted 

bone marrow from Nr4a1-/- or Nr4a1+/+ IgHEL Tg (MD4) mice into irradiated WT and 

sHEL Tg (ML5) hosts in order to generate chimeras harboring either “naïve” or “anergic” 

IgHEL B cells respectively (Fig 2.1C). After at least 10 weeks of reconstitution, we 

sorted CD23+ splenic B cells from these mice and observed, as expected, upregulation 

of Nr4a1 transcript in “anergic” IgHEL Tg B cells from ML5 hosts relative to “naïve” Tg B 

cells from hosts lacking cognate antigen expression (Fig 2.1D). Importantly, although 

we observed a compensatory increase in Nr4a3 transcript in the absence of Nr4a1, we 

did not detect antigen-dependent upregulation of Nr4a3 (Fig 2.1D). By contrast, Nr4a2 

transcript was undetectable by qPCR suggesting minimal expression in this model 

(DNS).  

Although “anergic” IgHEL / sHEL B cells upregulate the maturation marker CD23 

and populate the periphery, they retain expression of CD93 (AA4.1) and assume a “T3-

like” phenotype that has been described in other model systems and in naturally 

occurring anergic B cells.4,78 However, Nr4a1-/- “anergic” IgHEL / sHEL B cells begin to 

downregulate CD93 and exhibit a more “mature” phenotype than Nr4a1+/+ anergic B 

cells (Fig 2.2C, D). “Anergic” IgHEL/sHEL B cells are excluded from the marginal zone 
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compartment which is populated sparsely by IgMb escapees expressing endogenous 

HC, and this is not influenced by Nur77 expression (Fig 2.2D, data not shown).  

Cyster et al. originally reported that either anergic or naïve IgHEL B cells 

adoptively transferred into sHEL Tg hosts harboring competitor B cells are excluded 

from B cell follicles and localize to T cell zone (or the T/B boundary depending on 

experimental design).83,93 We next sought to assess whether Nur77 modulated the 

follicular exclusion of self-reactive B cells. We adoptively transferred either IgHEL Tg 

Nr4a1+/+ or IgHEL Tg Nr4a1-/- splenocytes into WT and sHEL Tg hosts and assessed 

their localization after 24 hours. As previously described, IgHEL B cells transferred into 

WT hosts localize to the B cell follicles and are excluded from the T cell zone, while the 

reverse is true when they are transferred into sHEL hosts (Fig 2.1E). Nur77 expression 

was dispensable for this phenomenon (Fig 2.1E). 

IgM but not IgD BCR expression is highly downregulated on the surface of 

“anergic” IgHEL / sHEL B cells irrespective of Nur77 expression (Fig 2.1F, Fig 2.2D). 

However, such IgM downregulation is subtly but significantly impaired in the absence of 

Nur77 while the opposite is true for IgD (Fig 2.1G, I). Consistent with profound 

downregulation of surface IgM, calcium entry triggered by ligation of the IgM BCR is 

markedly dampened in “anergic” IgHEL / sHEL B cells.53 Impaired calcium entry is 

unaltered by Nur77 expression despite subtle changes in surface IgM (Fig 2.1G, H). 

Importantly, calcium entry is also dampened downstream of IgD BCR stimulation in 

“anergic” IgHEL / sHEL B cells irrespective of Nur77 expression, even though surface 

IgD receptor levels are minimally altered relative to “naïve” IgHEL B cells (Fig 2.1I, J). 

This demonstrates that Nur77 expression is dispensable for anergic rewiring 
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downstream of the BCR. Elevated basal calcium levels are a well-described feature of 

self-reactive B cells and are thought to arise from chronic occupancy of the BCR by 

endogenous antigen.4 “Anergic” IgHEL / sHEL B cells exhibit elevated basal calcium 

relative to “naïve” IgHEL Tg B cells, and this is also independent of Nur77 (Fig 2.1H, J).   

In addition to phenotypic and functional changes induced by chronic cognate 

antigen stimulation, an entire transcriptional program is upregulated in anergic IgHEL B 

cells that notably includes the primary response genes Egr 1-3 and the pro-apoptotic 

factor Bcl2l11 (Bim).68 Nur77 is dispensable for the induction of these transcripts and 

does not significantly modulate their expression (Fig 2.2E-H), suggesting that this 

transcriptional program is not globally disrupted in the absence of Nur77.  

Although Nur77 subtly modulates the phenotype of “anergic” IgHEL B cells to 

render them slightly more “naïve-like”, it is dispensable for the three most well-studied 

and prominent features of anergy in this model: follicular exclusion, IgM downregulation 

and dampened signal transduction downstream of the BCR.    

Nur77 limits survival of “anergic” IgHEL B cells chronically exposed to cognate 

HEL Ag 

It has been previously demonstrated that “anergic” IgHEL / sHEL B cells have a 

very high turnover rate in vivo and are rapidly lost in competition with WT B cells.52,83,93 

Increased dependence upon a limiting supply of the B cell survival factor BAFF 

accounts for their competitive elimination.87,88 However, the molecular mechanism that 

links chronic antigen stimulation to apoptosis in anergic B cells is incompletely 

understood. Nur77 plays an important role in negative selection of self-reactive 
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thymocytes.142 We therefore hypothesized that Nur77 might contribute to the impaired 

survival of “anergic” IgHEL B cells in competitive settings. To test this, we assessed in 

vitro survival of “anergic” IgHEL B cells from sHEL hosts relative to congenically-marked 

CD45.1 WT B cells, co-cultured either in the presence or absence of exogenous BAFF. 

“Anergic” IgHEL B cells survive poorly relative to WT B cells, and this is largely rescued 

by addition of recombinant BAFF (Fig 2.3A, B). Strikingly, survival of “anergic” IgHEL B 

cells is significantly improved in the absence of Nur77 expression, but this advantage is 

no longer evident with addition of excess BAFF (Fig 2.3A, B). Importantly, Nur77 does 

not modulate in vitro survival of “naïve” IgHEL Tg B cells harvested from non-Tg host 

chimeras (Fig 2.3C, D). These data demonstrate that Nur77 contributes to the reduced 

survival of self-reactive B cells in vitro.  

We next sought to define the B cell-intrinsic role of Nur77 in the competitive 

elimination of anergic B cells in vivo. To do so, we mixed congenically marked CD45.1+ 

WT splenocytes in a fixed ratio with “anergic” IgHEL B cells that were either sufficient or 

deficient for Nur77 (generated as described in Fig 2.1C), loaded cells with the 

fluorescent vital dye CellTrace Violet (CTV) to facilitate tracking, and adoptively 

transferred aliquots into either WT or sHEL Tg (ML5) hosts (see Fig 2.3E, F for 

schematic of experimental design). Two days after adoptive transfer into WT hosts 

lacking cognate antigen expression, “anergic" IgHEL B cells lost Nur77-eGFP 

expression and upregulated surface IgM, suggesting that chronic self-antigen exposure 

was required to maintain Nur77 expression in self-reactive B cells and that certain 

features of anergy in this model are reversible (Fig 2.3G, H). As previously reported, 

rapid loss after adoptive transfer of “anergic” IgHEL B cells (identified as CTV+, 
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CD45.2+, IgDa+) relative to co-transferred CD45.1+ WT B cells depended on persistent 

exposure to self-antigen stimulation (Fig 2.3F, I).93 Strikingly, Nur77-deficiency partially 

and selectively ameliorated competitive elimination of anergic B cells exposed to 

chronic self-antigen (Fig 2.3F, I). 

Cyster and colleagues further showed that such competitive elimination of IgHEL 

B cells in the presence of chronic self-antigen was separable from anergy per se.83 To 

isolate the contribution of Nur77 to this process, we performed the competitive adoptive 

transfer assay described in Fig 2.3E with “naïve” rather than “anergic” IgHEL B cells 

(see schematic Fig 2.4A). “Naïve” IgHEL B cells transferred into sHEL hosts, but not 

WT hosts, exhibit massive downregulation of surface IgMa, assuming an “anergic”-like 

phenotype (Fig 2.4B). In the absence of self-antigen, adoptively transferred “naïve” 

IgHEL B cells survived comparably to WT competitors and this was not altered by 

Nur77 (Fig 2.4B). However, after transfer into sHEL hosts, “naïve” IgHEL B cells were 

rapidly lost, and this loss was partially rescued by deletion of Nur77 (Fig 2.4B, C). 

Concomitantly, surface IgMa expression remained higher on residual IgHEL B cells 

transferred into sHEL hosts in the absence of Nur77 (Fig 2.4D). Taken together, our 

data suggests that Nur77 contributes to antigen-induced cell death of autoreactive B 

cells in vitro and in vivo. 

DNA-reactive reporter B cells upregulate Nur77-eGFP early during their 

development 

The IgHEL / sHEL model of B cell autoreactivity is extremely powerful because 

expression of model self-antigen can be manipulated genetically. However, because 

this model system tracks a monoclonal repertoire of B cells and incorporates a very high 
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affinity, extremely abundant, and non-physiological neo-self-antigen, it fails to capture 

several important tolerance mechanisms. We therefore took advantage of the VH3H9 

model system in which DNA-specific B cells develop within a polyclonal repertoire, and 

can be tracked by surface staining for specific light chains. VH3H9 is a heavy chain (HC) 

originally cloned from the MRL/lpr mouse model of lupus that biases the entire BCR 

repertoire towards DNA-reactivity, most strongly when paired with endogenous λ1 light 

chain.47,172,173 This heavy chain has been introduced into the endogenous BCR locus to 

generate site-directed (sd) VH3H9 Tg mice in which the majority of B cells early in 

development express the VH3H9 HC paired with endogenous LCs, and subsequently 

can undergo isotype switching and somatic hypermutation.167 Although it has been 

shown the secondary rearrangement of the HC in this sd model can occur, anti-idiotype 

analysis confirms that the vast majority of splenic B cells express the VH3H9 HC on the 

C57BL/6 background.167,172,174 Small numbers of B cells expressing dsDNA-reactive Vλ1 

BCRs persist in the periphery in sd-VH3H9 Tg mice despite counter-selection.44,84,172 

Residual DNA-reactive B cells in this model are deeply anergic and sd-VH3H9 mice do 

not secrete significant titers of dsDNA Ab.82,94,172,174,175 However, on susceptible 

backgrounds where tolerance is broken, autoantibodies can develop.89,172,174 

We generated Nur77-eGFP reporter mice harboring the site-directed (sd) VH3H9 

Tg (Fig 2.5A, B). Vλ B cells (the majority of which express Vλ1 and are highly self-

reactive) are the products of vigorous receptor editing during bone marrow development 

in sd-VH3H9 Tg mice, and exhibit marked downregulation of the IgM and IgD 

BCRs.44,47,84,172,174 Despite this BCR downregulation, we found that Vλ B cells from 

these mice turned on Nur77-eGFP much earlier in development, and expressed higher 
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levels in maturity relative to either Vκ B cells from sd-VH3H9 Tg mice or WT B cells from 

non-Tg reporter mice (Fig 2.5B-H, Fig 2.6A).  These data are consistent with chronic, 

intense endogenous antigen stimulation of dsDNA-reactive Vλ1 B cells throughout their 

development, and moreover demonstrate that Nur77-eGFP expression correlates with 

self-reactivity in a polyclonal repertoire.  

Nur77-eGFP reporter expression parallels endogenous Nr4a1 transcript 

upregulation in IgHEL / sHEL self-reactive B cells (Fig 2.1D). We wanted to confirm that 

reporter expression across the polyclonal repertoire of sd-VH3H9 Tg mice is similarly 

faithful. We assessed endogenous Nur77 expression by flow cytometric detection of 

intra-cellular protein, and confirmed high endogenous Nur77 protein expression in 

dsDNA-reactive VH3H9-Vλ B cells relative to both VH3H9 -VκB cells and WT B cells (Fig 

2.5I). Nr4a1 transcript was similarly higher in Vλ B cells relative to VκB cells in VH3H9 Tg 

mice, as was Nr4a3, while Nr4a2 transcript was undetectable (Fig 2.6B). However, the 

dynamic range of Nur77-eGFP reporter expression was much broader than either 

endogenous protein or transcript. 

Nur77-eGFP expression correlates with counter-selection of self-reactive B cells 

Although Vλ B cells express much higher levels of Nur77-eGFP than V B cells in 

sd-VH3H9 Tg mice, we nevertheless observed a broad range of Nur77-eGFP 

expression even among Vλ B cells. Since the B cell repertoire in VH3H9 Tg mice is 

polyclonal owing to use of endogenous light chains, we wanted to determine whether 

Nur77-eGFP expression corresponded to the degree of self-reactivity across this 

repertoire. To do so, we tracked specific sub-populations of B cells according to heavy 
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and light chain expression and correlated Nur77-eGFP expression with engagement of 

various tolerance mechanisms. 

DNA-reactive Vλ1 B cells are markedly expanded in the immature B cell 

compartment and the splenic T1 compartment of VH3H9 Tg mice due to robust receptor 

editing (Fig 2.7A, B).44,84,172 However, because of their self-reactivity, Vλ1 B cells in 

VH3H9 Tg mice exhibit extremely high turnover in vivo such that few “mature” CD23+ 

Vλ1 B cells are found under steady-state conditions, while less self-reactive Vκ B cells 

are progressively enriched as B cell maturation proceeds (Fig 2.7A, B)84. Most 

remaining CD23+ Vλ1 B cells retain high surface expression of the immature/transitional 

B cell marker CD93 (Fig 2.7A, Fig 2.6C).172 Thus, Vλ1 B cells are efficiently counter-

selected and progressively pruned from the developing B cell repertoire of sd-VH3H9 Tg 

mice (Fig 2.7A, B). 

Although the majority of Vλ+ B cells in sd-VH3H9 Tg mice express Vλ1, a small 

fraction express Vλ2 or 3 (see schematic of murine λ light chain recombination (Fig 

2.6D, E). By contrast to DNA-reactive Vλ1 B cells, these non-Vλ1 B cells (i.e. Vλ2+ 

and/or Vλ3+) are not vigorously counter-selected relative to the rest of the B cell 

repertoire and express lower levels of CD93 (Fig 2.6C, Fig 2.7C). These observations 

suggest that Vλ1 B cells are much more self-reactive than both Vλ2/3 and Vκ B cells in 

sd-VH3H9 Tg mice. Consistent with these data, Vλ1 B cells from reporter sd-VH3H9 Tg 

mice indeed express much higher levels of Nur77-eGFP than Vλ2/3 and Vκ B cells 

during development (Fig 2.6D, E).  

 Interestingly, we observed a bimodal distribution of GFP expression among 

immature non-Vλ1 B cells (i.e. Vλ2+ and/or Vλ3+) in sd-VH3H9 Tg mice (Fig 2.6D). One 
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explanation for this heterogeneity is that distinct Vλ LC paired with VH3H9 HC confer 

differing degrees of self-reactivity, and there is extensive literature to support this; mice 

harboring VH3H9 HC Tg paired with a Vλ2 LC Tg on a RAG-/- genetic background 

develop a monoclonal repertoire of B cells with dsDNA reactivity, an accelerated in vivo 

turnover rate, and impaired BCR signal transduction suggestive of anergy, implying that 

this LC confers significant autoreactivity.82,94 By contrast, certain endogenous light 

chains (termed “editors”) have been previously reported to “veto” or limit DNA-reactivity 

when paired with the VH3H9 heavy chain, and included among these is Vλ3 (previously 

known as VλX).176,177 To determine whether immature “editor” Vλ3+ B cells indeed 

express less GFP as we might predict based on reduced DNA-reactivity, we sorted 

immature splenic T1 B cells from reporter sd-VH3H9 Tg mice on the basis of GFP 

expression, and subsequently cloned and sequenced λ light chains express by GFP-

high and GFP-low cells. Because the combinatorial complexity of the murine lambda 

light chain repertoire is extremely restricted (see schematic of murine λ light chain 

recombination, Fig 2.7D), we reasoned that Sanger sequencing would generate a 

sufficient number of sequences to resolve this question. Indeed, we found that the 

“editor” Vλ3 light chains were exclusively found in the GFP-low fraction, and confirmed 

that our data were not affected by primer bias (Fig 2.8F, G).   

 Although most B cells in sd-VH3H9 Tg mice express the Tg heavy chain 

(identified in our study as IgHa and in prior work with an anti-idiotype Ab to exclude 

significant secondary V chain rearrangement), there are a small number of “escapee” B 

cells that instead express an endogenous heavy chain (IgHb) (Fig 2.6F, Fig 2.7H).174 

We took advantage of this clonal diversity to explore how non-autoreactive IgHb B cells 
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expressing endogenous HC compete with IgHa self-reactive B cells in a polyclonal 

repertoire, and to correlate this with Nur77-eGFP expression. Interestingly, although 

IgHb cells account for less than 3.5% of the immature T1 compartment, they are 

enriched in the more mature CD23+ B cell compartment (Fig 2.6F, Fig 2.7H). 

Importantly, we confirm that non-autoreactive IgHb cells exhibit the lowest levels of 

Nur77-eGFP in the VH3H9 B cell repertoire (Fig 2.6G). We conclude that the Nur77-

eGFP reporter can faithfully identify a range of self-reactivity in a polyclonal repertoire 

and that this corresponds to the extent of counter-selection of specific clones during B 

cell development.  

Nur77-eGFP expression correlates with B cell anergy 

Despite triggering sequential tolerance mechanisms, including receptor editing 

and counter-selection, self-reactive B cells populate the periphery of sd-VH3H9 Tg 

mice.44,47,84,172 Yet these cells remain quiescent, at least in part because of suppressed 

BCR signal transduction or “anergy”.82,94,175 Vκ B cells and Vλ B cells from sd-VH3H9 Tg 

mice have elevated levels of basal calcium relative to WT B cells, suggestive of chronic 

BCR occupancy by endogenous antigen (Fig 2.9A). Vκ B cells from these mice exhibit 

impaired intra-cellular calcium entry in response to BCR ligation, while VH3H9 Tg Vλ B 

cells are almost entirely refractory to BCR stimulation (Fig 2.9A).175 Moreover, this is 

not merely attributable to downregulation of the BCR but rather reflects downstream re-

wiring, as these defects are not corrected by gating on matched levels of surface IgM 

(Fig 2.9B, Supplemental Fig 2.8A). We wanted to determine whether there is 

heterogeneity in the degree of functional anergy among Vκ B cells and Vλ B cells from 

sd-VH3H9 Tg mice and whether this correlates with self-reactivity as marked by Nur77-
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eGFP. As previously observed in Nur77-eGFP reporter B cells with an unrestricted 

repertoire, we found that GFP-high B cells from sd-VH3H9 Tg mice exhibit impaired 

calcium entry in response to BCR ligation relative to GFP-low cells (Fig 2.9C).64 

Remarkably, by gating on GFP-low Vλ B cells, we can identify a small population that 

retains signaling capacity (Fig 2.9C). We presume that these cells may correspond to 

non-Vλ1 B cells based on Nur77-eGFP expression, and in particular may include the 

“editor” Vλ3.177  

To extend these observations to other BCR-dependent signaling pathways, we 

assessed both basal and BCR-inducible phosphorylation of Erk and S6. We similarly 

observe elevated basal Erk and S6 phosphorylation in B cells from sd-VH3H9 Tg mice, 

which is particularly marked in Vλ B cells (Fig 2.9D, E). As seen with calcium entry, 

GFP-high Vλ B cells exhibit virtually no BCR-inducible signaling in response to BCR 

ligation, while GFP-low Vλ B cells retain some signaling capacity. Taken together, these 

data argue that Nur77-eGFP expression correlates with biochemical “anergy”, and 

suggests that the reporter indeed detects the degree of self-reactivity across a 

polyclonal BCR repertoire.  

Nur77 is dispensable for receptor editing and central deletion of DNA-reactive B 

cells 

We have shown that Nur77-eGFP reporter expression in self-reactive B cells 

correlates with the degree of chronic antigen stimulation and consequently with a series 

of tolerance mechanisms, including receptor editing, counter-selection, and anergy. We 

next hypothesized that Nur77 itself might play a role in restraining spurious immune 

responses to self-antigens by regulating specific tolerance mechanisms. To test this, we 
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generated sd-VH3H9 Tg mice deficient for Nur77. We systematically probed the layered 

B cell tolerance mechanisms that are triggered by chronic stimulation of DNA-reactive B 

cells by endogenous antigen in these mice.  

B cell development in mice with an unrestricted BCR repertoire is grossly 

unaffected by deletion of Nr4a1, with or without competition from Nr4a1-sufficient B 

cells (Figs 2.8B, C).  This is unaltered by introducing the non-self-reactive IgHEL BCR 

Tg in order to restrict and fix the BCR repertoire (Fig 2.8D). Forcing expression of the 

self-reactive VH3H9 heavy chain skews B cell compartment size relative to WT mice, 

most notably by expanding the MZ compartment, but this distribution is not altered by 

expression of Nur77 (Fig 2.10A).84,172 

Since lambda light chains represent a terminal editing option and are used 

relatively infrequently in WT C57BL/6 mice, their high frequency among immature 

VH3H9 Tg B cells reflects robust receptor editing triggered by the highly autoreactive 

heavy chain (Fig 2.6B).44,84 Since Nur77-eGFP expression is upregulated early during 

bone marrow development in DNA-reactive VH3H9 Tg B cells that have edited to 

express Vλ (Figs 2.5B-D), we first asked whether Nur77 played a role in this process. 

We detected no significant differences in light chain editing between Nr4a1+/+ and 

Nr4a1-/- sd-VH3H9 Tg mice as reflected by Vλ light chain usage among immature T1 

splenic B cells emerging from the bone marrow, suggesting that Nur77 expression is 

dispensable for this process (Figs 2.10B).  

Since Nur77 has been shown to play an important role in the negative selection 

of self-reactive thymocytes, we hypothesized that it might play an analogous role in B 

cells.142,144 In the sd-VH3H9 system, highly autoreactive Vλ1-expressing B cells are 
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largely excluded from the more mature CD23+ B cell compartment and this was not 

rescued by deletion of Nr4a1 (Fig 2.10B).84,172 Indeed, Vλ1 B cells in VH3H9 Tg mice 

have a very short half-life in vivo as measured by BrdU incorporation.84 We further 

asked whether Nur77 regulates the steady-state turnover of immature and mature Vλ1 B 

cells in VH3H9 Tg mice. To do so in a sensitive manner, we treated VH3H9 Tg mice 

sufficient or deficient for Nur77 with BrdU water for 6 days. This strategy efficiently 

labels developing B cells undergoing a proliferative burst at the pre-B stage of 

development in the bone marrow. Since developing and naive B cells do not divide after 

the pre-B stage, this labeling strategy is commonly used to assess in vivo turnover of 

developing and mature resting B cell populations.178 BrdU incorporation is much higher 

in Vλ B cells than in Vκ B cells in VH3H9 Tg mice, indicating higher turnover and short 

half-life of highly autoreactive Vλ B cells (Fig 2.10C). In both B cell populations, BrdU 

incorporation is higher among immature (T1) CD23- B cells than more mature CD23+ B 

cells, consistent with a relatively short transit time through the T1 stage of development 

(Fig 2.10C). However, we see no difference in turnover of Vλ or Vκ B cells in the 

absence of Nur77, suggesting that counter-selection is intact and Nur77 is not required 

to mediate antigen-induced deletion of immature B cells during B cell development (Fig 

2.10C).  

Nur77 is dispensable for IgM downregulation, anergy, and follicular exclusion of 

DNA-reactive B cells 

Since Nur77-eGFP reporter expression marks functional heterogeneity across 

the mature B cell repertoire in both WT and sd-VH3H9 Tg mice (Fig 2.9), we next sought 

to determine whether Nur77 regulates B cell anergy. As in the IgHEL / sHEL model 
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system, IgM downregulation was largely unaffected by Nur77-deficiency (Fig 2.10D). 

Moreover, elevated basal calcium and dampened inducible calcium signaling in either 

Vλ or V  B cells from sd-VH3H9 Tg mice relative to non-Tg WT B cells were also 

unaffected by Nur77 expression (Fig 2.10E). Similar to the IgHEL / sHEL model, highly 

self-reactive VH3H9 Tg Vλ1 B cells are also excluded from B cell follicles and localize to 

the T/B interface.84 We compared localization of Vλ1 B cells in VH3H9 Tg and WT mice 

either expressing or lacking Nur77. We confirmed exclusion of VH3H9 Tg Vλ1 B cells 

from B cell follicles and showed that this was independent of Nur77 (Fig 2.10F).  

Nur77 limits survival of DNA-reactive mature B cells in vitro 

Although Nur77 expression is dispensable for “central” deletion of immature 

DNA-reactive B cells in VH3H9 Tg mice (Fig 2.10B, C), the molecular pathways 

governing central deletion of B cells and peripheral turnover of self-reactive B cells may 

differ. Indeed, BAFF expression regulates the latter, but not the former, while Bim is 

implicated in both processes, albeit to a different extent.54,87–89,92,179 Moreover, we found 

that Nur77 upregulation in peripheral CD23+ IgHEL Tg B cells exposed to chronic 

cognate antigen stimulation serves to limit their survival in vitro and in vivo (Fig 2.3). 

Therefore, we sought to determine whether Nur77 might play an analogous role in 

regulating the survival of mature VH3H9 Tg B cells. Since the vast majority of mature 

(CD23+) B cells in VH3H9 Tg mice express Vκ LC, our initial analysis focused on this 

modestly self-reactive B cell population. Similar to in vitro survival assays that we 

performed with “anergic” IgHEL/sHEL B cells, we assessed in vitro survival of VH3H9 Tg 

B cells relative to co-cultured congenically-marked WT B cells, either with or without 

addition of exogenous BAFF. As seen with self-reactive IgHEL / sHEL B cells (Figs 
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2.3A-D), VH3H9 Tg B cells survive poorly relative to WT and this is rescued with 

supplemental BAFF (Figs 2.11A, B). However, Nur77 is dispensable for this cell loss 

(Fig 2.11A). We reasoned that this might be due to a more modest degree of self-

reactivity, and consequently lower Nur77 expression in VH3H9 Tg Vκ B cells (Fig 2.5B-

D). Indeed, upon exogenous BCR stimulation of cultured B cells to further upregulate 

Nur77 expression, we saw a dramatic and significant survival advantage for Nr4a1-/- 

VH3H9 Tg B (Fig 2.11C). Importantly, the selective advantage enjoyed by VH3H9 Vκ B 

cells lacking Nur77 was almost entirely eliminated by BAFF supplementation, arguing 

that this competitive advantage was largely due to enhanced survival rather than 

enhanced proliferation (Fig 2.11D). By contrast, elimination of VH3H9 Tg Vλ B cells was 

extremely rapid with or without exogenous BCR stimulation, and was not rescued by 

loss of Nur77 (Figs 2.8E-H). 

Nur77 mediates antigen-induced cell death in a B cell-intrinsic manner 

Since Nr4a1-/- mice and radiation chimeras reconstituted with Nr4a1-/- bone 

marrow lack Nur77 expression in multiple hematopoietic lineages, we next wanted to 

determine whether Nur77 regulates antigen-induced cell death in a B cell-intrinsic 

manner. To do so, we took two independent approaches. We first generated two distinct 

sets of chimeras; irradiated hosts were reconstituted with Nr4a1+/+ CD45.1+ bone 

marrow mixed 1:1 either with CD45.2+ Nr4a1-/- or CD45.2+ Nr4a1+/+ bone marrow. We 

assessed relative in vitro survival of B cells harvested from these mixed chimeras. 

Neither Nur77-sufficient nor Nur77-deficient CD45.2+ B cells exhibited any competitive 

advantage relative to CD45.1+ B cells in the absence of BCR stimulation (Fig 2.11E). 

However, Nr4a1-/- CD45.2+ B cells (but not Nr4a1+/+ CD45.2+ controls) markedly 
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outcompeted CD45.1+ B cells in cultures stimulated through the BCR (Fig 2.11F). Since 

Nr4a1-/- CD45.2+ B cells develop in a common milieu in vivo with competitor Nr4a1+/+ 

CD45.1+ B cells harvested from the same host, yet exhibit a survival advantage in co-

culture, we can conclude that Nur77 mediates antigen-induced B cell death in a cell-

intrinsic manner, rather than indirectly by regulating a cell-extrinsic B cell survival factor. 

Secondly, we performed analogous assays with an independent genetic model in which 

Nur77 is conditionally deletion exclusively in B cells (Mb1 Cre Nr4a1fl/fl) to further 

support this conclusion (Supplemental Figs 2.8I, J). 

Nur77 limits survival of DNA-reactive mature B cells in vivo  

We next wanted to determine whether the survival advantage conferred by 

Nur77-deficiency in vitro resulted in any change in the homeostasis of self-reactive 

VH3H9 Tg B cells in vivo. Strikingly, although we had seen no change in the relative size 

of B cell compartments in Nr4a1-/- and Nr4a1+/+ VH3H9 Tg mice (Fig 2.10A), we 

observed a significant increase in the total number of VH3H9 Tg B cells in the absence 

of Nur77 (Fig 2.11G). Importantly, this increase required a profoundly self-reactive B 

cell repertoire, as we observed no effect of Nur77 expression on B cell number in mice 

with an unrestricted B cell repertoire (Fig 2.11G). These data argue that Nur77 

preferentially restrains the survival of self-reactive B cells in vivo.  

One predicted consequence of this model would be a shift in the BCR repertoire 

of Nur77-deficient mice over time to include more self-reactive clones. To assess this, 

we examined the prevalence of mature Vλ B cells in sd-VH3H9 Tg mice at different 

ages. As shown earlier (Fig 2.10B), loss of Nur77 did not rescue the robust counter-

selection of these DNA-reactive cells in young VH3H9 Tg mice (Fig 2.11H). However, 
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we observed that these highly self-reactive B cells were progressively lost in VH3H9 Tg 

mice over time – consistent with their relatively short half-life in the periphery (Fig 

2.10C) – and that this loss was partially ameliorated by deletion of Nr4a1 (Fig 2.11H). 

These data argue collectively that Nur77 regulates the survival of self-reactive B cells 

and consequently helps to shape the mature B cell repertoire. 

Nur77 maintains B cell tolerance in VH3H9 Tg mice 

DNA-reactive B cells are actively pruned from the mature B cell repertoire in sd-

VH3H9 Tg mice, and those that persist are restrained by BCR downregulation and 

suppression of BCR signal transduction (Figs 2.6-2.10).84,172 As a result, IgG dsDNA 

autoantibodies do not develop at appreciable levels in these mice on the C57BL/6 

genetic background.172,174 Since we have shown that Nur77 functions to limit the 

survival and persistence of self-reactive B cells in the peripheral repertoire, we wanted 

to determine whether this had a functional consequence for immune tolerance. Total 

IgG Ab titers were comparable in VH3H9 Tg mice expressing or lacking Nur77 (Fig 

2.11I). However, we detected early accumulation of dsDNA IgG autoantibodies in the 

absence of Nur77 (Fig 2.11J). This suggests that Nur77 plays a critical role in 

maintaining B cell tolerance in the setting of a self-reactive BCR repertoire.   
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Discussion 
 

Here we sought to define the expression and function of the orphan nuclear 

hormone receptor Nur77 in self-reactive B cells. Nur77 is induced by antigen receptor 

stimulation both in vitro and in vivo.64,165 As a result, endogenous Nr4a1 transcript, 

endogenous Nur77 protein, and Nur77-eGFP reporter expression are all upregulated in 

self-reactive B cells exposed to chronic stimulation by endogenous antigens. Owing to 

its long half-life relative to endogenous Nur77, the Nur77-eGFP reporter is particularly 

sensitive to endogenous antigen stimulation, and consequently spans a broad dynamic 

range across the B cell repertoire. Nur77-eGFP expression is particularly high in B cells 

with reactivity to high affinity (or avidity) endogenous antigens, such as HEL-specific B 

cells exposed to soluble HEL and VH3H9 HC / Vλ1 LC DNA-reactive B cells. By contrast, 

more modestly self-reactive VH3H9 HC / Vκ LC B cells express lower reporter levels 

while non-self-reactive “naïve” IgHEL B cells express very little GFP, suggesting that 

Nur77-eGFP expression scales with the degree of self-reactivity. Indeed, among 

polyclonal populations of B cells, Nur77-eGFP expression correlates with engagement 

of tolerance mechanisms such as editing, counter-selection, IgM downregulation and 

anergy. These data suggest that the reporter may serve as a useful tool in the study of 

B cell tolerance, and that endogenous Nur77 expression might be exploited to identify 

and perhaps target self-reactive B cells in patients. 

Since Nur77 is upregulated by chronic antigen stimulation, we sought to explore 

its function in self-reactive B cells. To this end, we systematically probed central and 

peripheral B cell-intrinsic tolerance mechanisms in the presence or absence of Nur77 in 

two distinct murine models of B cell self-reactivity. We showed that Nur77 was 
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dispensable for receptor editing, central deletion, IgM downregulation, follicular 

exclusion, and anergy. However, in surprising contrast to central deletion of immature B 

cells, we identified a selective role for Nur77 in regulating the survival of self-reactive 

mature B cells in vitro and in vivo in both model systems. Because the Nr4a family play 

roles in multiple immune cell populations, we took advantage of mixed cultures, 

adoptive transfer models, competitive bone marrow chimeras, and conditional deletion 

of Nr4a1 in B cells in order to establish that Nur77 acts in a cell-intrinsic manner to 

restrict the survival of mature self-reactive B cells (Figs 2, 3, 8A-F). However, we 

cannot exclude an independent role for Nur77 in other cell lineages in maintenance of 

tolerance in VH3H9 Tg mice. 

It remains to be formally established whether other Nr4a family members play 

redundant roles in self-reactive B cells. Nr4a family members are co-expressed and 

exhibit redundant biological functions in both myeloid and Treg cells.139,140,152 Indeed, 

thymic negative selection and development of regulatory T cells is largely intact in 

Nr4a1-/- mice.135,140 By contrast, expression of a dominant negative construct of Nur77 

impairs negative selection of thymocytes.142 Similarly, T cell-specific deletion of multiple 

Nr4a family members leads to complete loss of the regulatory T cell lineage, and 

germline deletion of both Nr4a1 and 3 results in acute myeloid leukemia in a gene dose-

dependent manner.139,140,152 We fail to detect Nr4a2 transcript in self-reactive B cells, 

but observe compensatory upregulation of Nr4a3 in Nr4a1-deficient B cells (Fig 1D). 

Although published RNAseq datasets suggest that Nr4a1 is considerably more 

abundant than Nr4a3 in B cells,163 and we find that Nr4a3 is not markedly enriched in 

anergic relative to naïve IgHEL B cells (Fig 1C), we cannot exclude the possibility that 
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expression of Nor1 (Nr4a3) partially compensates for the loss of Nur77, thereby 

obscuring additional functions of the Nr4a family in B cell tolerance. 

Nr4a gene products were first shown to play a role in mediating antigen-induced 

cell death in T cell hybridomas in vitro via misexpression of either full length or truncated 

dominant negative constructs.141,162 Although a role for both Nur77 and Nor1 in 

mediating negative selection of thymocytes in vivo was subsequently revealed using 

analogous approaches,142,143 Nr4a family members have not yet been shown to regulate 

antigen-induced cell death of mature primary T cells. Indeed, although Nur77 was 

shown to restrain TCR-induced proliferation of primary CD4 and CD8 T cells, a role in 

antigen-induced cell death was not identified.149,180,181 Although such a role remains 

possible, and may yet be unmasked by more sensitive assays and/or deletion of 

redundant family members, its physiologic significance remains uncertain. By contrast, 

we fail to identify a role for Nur77 in central deletion of immature B cells, but show that it 

limits survival of self-reactive mature B cells by mediating antigen-induced cell death 

under conditions of limiting BAFF. 

Although Nur77 and family members have well-defined DNA-binding motifs and 

function as transcription factors, differential gene expression analysis has failed to 

identify compelling transcriptional targets that account for their role in thymic negative 

selection.144,182 Rather, it has been shown by several labs that Nur77 can drive 

apoptosis by translocating from the nucleus to mitochondria, directly associating with 

Bcl-2 family members and inducing a conformation change that exposes their BH3 

domains, thereby converting these pro-survival factors into “killers”.145,146,183 Moreover, 

Nur77 can do so independent of its DNA binding activity, and the interaction domains of 
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Nur77 and Bcl-2 have been mapped in vitro.145,147 It has been suggested that this is the 

mechanism by which Nur77 mediates thymic negative selection in vivo,183 and it is 

possible that an analogous mechanism may be relevant in self-reactive B cells. 

Work in humans and mice has identified at least two distinct developmental 

stages at which self-reactive B cells can be eliminated from the repertoire in response to 

auto-antigen engagement.4,10,160 It has been argued that one specialized function of 

central tolerance is to eliminate BCRs that recognize certain damage-associated 

molecular patterns (or DAMPs), such as nucleic acids, precisely because such antigens 

can coopt endosomal TLR signaling to break tolerance in the periphery. Indeed, DNA-

reactive human B cells are efficiently pruned from the repertoire at an early 

checkpoint.160 Moreover, genetic evidence in mice has established a role for TLR-

dependent signaling, together with antigen-dependent BCR signaling, in central 

tolerance of B cells that recognize nucleic acids.58,175 It is possible that BCR and TLR 

signaling may also synergize to drive the extremely high level of Nur77-eGFP reporter 

expression that we observe in immature VH3H9 HC / Vλ1 LC DNA-reactive B cells. 

Nevertheless, TLR stimulation is not required for Nur77 induction nor for Nur77 function 

in the IgHEL model, as the neo-self-antigen HEL does not contain TLR ligands. 

Not only the purpose, but also the molecular mechanisms that mediate central 

and peripheral deletion of self-reactive B cells diverge. These two tolerance checkpoints 

are sensitive to differences in self-antigen avidity. IgHEL B cells exposed to membrane-

associated cognate antigen HEL, and 3-83 Tg B cells exposed to cell-surface H-2Kk are 

deleted early during bone marrow development, and their survival can be rescued by 

overexpression of either Bcl2 or Bcl-XL.49–51,55,56,184 By contrast, IgHEL B cells exposed 
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to soluble rather than membrane-bound self-antigen bypass this early checkpoint, and 

persist in the periphery in a state of functional unresponsiveness.50,53,60,168,171 However, 

they exhibit a very high turnover rate in vivo, and have an extremely short half-life 

(approximately 12 hours) when placed in competition with non-self-reactive B cells.52,93 

Such self-reactive B cells are highly dependent upon BAFF for their survival; under 

conditions of limiting BAFF, as in a replete polyclonal B cell repertoire, highly self-

reactive B cells are rapidly eliminated, while an excess supply of BAFF rescues their 

survival.87–89,179 By contrast, BAFF supply is not thought to modulate central deletion of 

immature self-reactive B cells, because its receptor is not upregulated until later in 

development. Chronic antigen stimulation of self-reactive B cells upregulates expression 

of the BH3-only family member Bim, and this may account, in part, for their increased 

BAFF-dependence.87 Deletion of Bim rescues survival of self-reactive IgHEL B cells 

exposed to soluble HEL, but has a much more modest impact on central deletion 

triggered by membrane-associated self-antigen.54,92 How does Nur77 intersect with 

these mechanisms? 

Since Nur77 is thought to promote apoptosis at least in part by binding to Bcl2 or 

Bcl-B, but not to Bcl-XL145–147, the relative abundance of individual Bcl2 family members 

may control the sensitivity of immature and mature B cell subsets to Nur77. Bcl-XL is 

preferentially expressed in, and required for survival of, immature B cells, while mature 

B cells upregulate Bcl2A1 genes and are shown to be dependent upon Bcl2 and Mcl1 

for their survival.185 It is possible that downregulation of Bcl-XL and upregulation of other 

Bcl2 family members renders mature B cells uniquely sensitive to Nur77-mediated cell 

death. 
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We show that Nur77 couples chronic antigen stimulation to reduced survival of 

mature (but not immature) self-reactive B cells under conditions of limiting BAFF supply, 

and suggest that this may contribute to their increased dependence upon BAFF supply. 

Irrespective of Nur77 expression, an excess supply of BAFF is sufficient to rescue 

survival of such self-reactive B cells. This may not be a unique feature of BAFF; other 

co-stimulatory signals capable of supporting B cell survival, such as IL-4 or CD40L, may 

similarly rescue survival of self-reactive B cells. We propose that Nur77 may function 

broadly to restrict the survival of self-reactive B cells that receive ‘signal 1’ via chronic 

self-antigen stimulation in the absence of ‘signal 2’.  

B cells in the periphery have a reduced half-life that seems to scale in proportion 

to self-reactivity and inversely with BAFF supply. Why are mildly self-reactive B cells 

retained in the periphery rather than efficiently deleted? It has been proposed that they 

may serve of as a reservoir of protective specificities that support host defense by filling 

“holes” in the repertoire that might otherwise be exploited by pathogens. Indeed, this is 

thought to be the case for HIV; it has been demonstrated that certain bNAbs to HIV and 

their germline precursors are highly self-reactive and trigger tolerance, while, 

conversely, impaired tolerance can facilitate generation of bNabs.186,187 Moreover, it has 

been shown that self-reactive B cells can be “redeemed” and may contribute to 

protective immunity after mutating away from self-reactivity.96,97,188 However, preserving 

self-reactive B cells in the mature repertoire must be balanced against the risk of 

generating autoantibodies. Since Nur77 expression scales with antigen stimulation, we 

propose that it couples self-reactivity to B cell half-life and thus gradually shapes the 
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mature B cell repertoire in order to balance the demands of host defense against the 

risk of autoimmunity.  

Not only does Nur77 represent a useful marker of B cell autoreactivity in vivo, but 

it may represent a novel therapeutic target in B cell-mediated autoimmune disease. 

Recent work from Sanz and colleagues demonstrated that unmutated germline BCRs 

from the naïve B cell compartment are recruited directly into the circulating plasmablast 

pool during lupus disease flares, and are thought to contribute to dsDNA autoantibodies 

detected in the serum of patients at times of high disease activity.189 Selective depletion 

of self-reactive mature B cells may effectively restrain this process, especially as it is 

thought that such autoantibodies are secreted by short-lived plasma cells.190 Indeed, 

this forms part of the rationale for use of BAFF-depletion as a therapeutic strategy to 

treat lupus. By analogy, agonist ligands that enhance Nur77 function or selectively 

modulate its Bcl2-binding interaction could subtly prune self-reactive B cells from the 

peripheral repertoire while largely preserving normal humoral immunity, and may 

therefore have a future role in the management of B cell-mediated autoimmune 

diseases. 
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Table 2.1 List 
of Primers 

  
Sybr Green primers for qPCR 

 
Gene Direction Sequence 

Nr4a1 F TGTGAGGGCTGCAAGGGCTTC  

Nr4a1 R AAGCGGCAGAACTGGCAGCGG 

Nr4a2 F TGAATGAAGAGAGCGGACAA    

Nr4a2 R TGTCGTAATTCAGCGAAGGA  

Nr4a3 F AAACTTGCAGAGCCTGAACC  

Nr4a3 R  CTGGTGGTCCTTTAAGCTGC 

Gapdh F AGGTCGGTGTGAACGGATTTG 

Gapdh R TGTAGACCATGTAGTTGAGGTCA 

Egr1 F GGCCAGTATAGGTGATGGGA 

Egr1 R GAGCGAACAACCCTATGAGC 

Egr2 F CAGAGATGGGAGCGAAGCTA  

Egr2 R TTGACCAGATGAACGGAGTG   

Egr3 F CGTTGGTCAGACCGATGTC 

Egr3 R CAATCTGTACCCCGAGGAGA 

   
ABI-Taqman Primers for qPCR 

 
Gene Assay ID 

 
Bcl2l11 Mm00437796_m1 

 
Gapdh Mm99999915_g1 

 
   
Primers for light chain cloning 

 
Gene Direction Sequence  

VL1/2 F CTGCTACCGGTTCCTGGGCCCAGGCTGTTGTGACTCAG 

VLx F CTGCTACCGGTTCCTGGGCCCAACTTGTGCTCACTCAG 

Jl 1 R TTGGGCTGGCCAAGGACAGTCAGTTTGGTTCC 

Jl 2 R TTGGGCTGGCCAAGGACAGTGACCTTGGTTCC 

Jl 3 R TTGGGCTGGCCAAGGACAGTCAATCTGGTTCC 
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Figure 2.1 Nur77 is upregulated, but dispensable for anergy, in IgHEL 
B cells chronically exposed to soluble cognate antigen  
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Figure 2.1. Nur77 is upregulated, but dispensable for anergy, in IgHEL B cells 
chronically exposed to soluble cognate antigen. A. B220+ splenic B cells from WT, 
IgHEL Tg, and IgHEL/sHEL Tg Nur77-eGFP mice were stained with CD23 and CD93 to 
identify T1(CD23- CD93+), T2/3 (CD23+ CD93+) and Follicular (CD23+ CD93-) subsets. 
Histograms represent Nur77-eGFP expression in these cells and are representative of 
at least 5 independent experiments. B. Quantification of Nur77-eGFP MFI as shown in 
Fig 2.1A. C. Schematic representation of IgHEL/sHEL Tg chimera generation. Lethally 
irradiated wildtype or sHEL Tg hosts were reconstituted with 5x106 bone marrow cells 
from either Nr4a1+/+ or Nr4a1-/- IgHEL Tg hosts. After at least 10 weeks of reconstitution, 
mice were sacrificed for further analysis. D. Mature CD23+ splenic B cells were sorted 
from IgHEL chimeras. Relative Nr4a1 and Nr4a3 mRNA expression was determined via 
qPCR. N=4 for each group. E. Representative spleen sections depicting localization of 
adoptive transferred Nr4a1+/+ or Nr4a1-/- IgHEL Tg B cells (IgDa+) into WT or sHEL Tg 
hosts after 24 hours. Data are representative of two independent mice of each of four 
conditions. F. Representative flow plots showing IgM and IgD expression on splenic 
CD23+ mature B cells from chimeras. G, I. Quantification of IgMa and IgD MFI as shown 
in Fig 2.1F. H, J. Splenic B cells from IgHEL/sHEL Tg chimeras were loaded with Indo-
1 dye. Ratiometric assessment of intracellular calcium was assessed by flow cytometry 
after stimulation with anti-IgM (2.5 µg/mL, H) or anti-IgD (1:200 dilution, J). Plots are 
representative of 3 (D) or 4 (G, I) separate mice per group.  
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Figure 2.2 Expression of Nur77 and other primary response genes is 
elevated in IgHEL/sHEL dtg B cells 
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Figure 2.2 Expression of Nur77 and other primary response genes is elevated in 

IgHEL/sHEL dtg B cells. A. Normalized expression of Nr4a1 transcript in B cells from 

IgHEL Tg and IgHEL/sHEL Tg mice, as determined by RNA microarray. Data sourced 

from Sabouri et al., Nature Communications, 2016.68 B. Spleens were harvested from 

WT, IgHEL Tg and IgHEL/sHEL Tg Nur77-eGFP mice and stained to identify 

developmental B cell subsets. Nur77-eGFP MFI is shown. N=3 per group. C. 

IgHEL/sHEL Tg chimeras were generated via the reconstitution of lethally irradiated 

sHEL Tg hosts with bone marrow from IgHEL Tg donors that were either Nr4a1+/+ or 

Nr4a1-/-. The spleens from these mice were harvested 10-11 weeks after reconstitution, 

and flow cytometry analysis was performed. MFI of surface CD93 staining is shown, 

N=4 for each group. D. Representative gating from flow cytometry analysis of chimeras 

generated as described in Fig 2.1C. E-H. CD23+ B cells were sorted from spleens 

harvested from chimeras generated as described in Fig 2.1C. RNA was isolated from 

the sorted cells, and qPCR was performed to determine the relative expression of Egr1-

3 and Bcl2l11 (Bim). N=4 for each group. 
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Figure 2.3 Nur77 limits survival of “anergic” IgHEL Tg B cells 
chronically exposed to cognate HEL in vitro and in vivo Ag  
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Figure 2.3 Nur77 limits survival of “anergic” IgHEL Tg B cells chronically exposed 
to cognate HEL in vitro and in vivo Ag. A-D. Lymph nodes were harvested from 
IgHEL/sHEL Tg chimeras generated as described in Fig 2.1C. Tg CD45.2+ B cells were 
mixed 1:1 with CD45.1+ WT B cells and plated at a total concentration of 5x106 cells per 
well. These cells were incubated for up to 2 days with or without 20 ng/mL BAFF. The 
CD45.2/CD45.1 ratio was calculated at each time point and normalized to the 
CD45.2/CD45.1 cell input ratio. N=4 for each group. E. Schematic for experimental 
setup used for Fig. 2.3F-I. IgHEL/sHEL Tg chimeras were generated as in Fig 2.1C. 
Splenocytes from IgHEL/sHEL Tg chimeras and CD45.1 WT mice were loaded with the 
vital dye Cell Trace Violet (CTV) and combined 1:1. 5x106 total splenocytes were 
adoptively co-transferred into either WT or sHEL Tg mice via I.V. injection. 2 days after 
adoptive transfer, mice were sacrificed, and spleens were harvested for surface marker 
analysis via flow cytometry. Donor cells were identified as CTV+, and IgHEL Tg and 
CD45.1 WT B cells were separated based on CD45.1 and CD45.2 expression. F. 
Representative plots shown. G. Nur77-eGFP MFI of CTV+, CD45.2+ and Nur77-eGFP+ 
B cells isolated from sHEL Tg+ and sHEL Tg- host mice, N=3 per group. H. IgMa MFI of 
adoptively transferred B cells, N=3 per group. I. Ratio of transferred IgHEL Tg cells 
compared to competitively transferred CD45.1 WT cells normalized to the input ratio. 
N=3 per group. 
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Figure 2.4 Nur77 limits survival of “naïve” B cells chronically exposed 
to their cognate antigen in vivo.  
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Figure 2.4.  Nur77 limits survival of “naïve” B cells chronically exposed to their 
cognate antigen in vivo. A. Schematic of experimental set up. Splenocytes from 
IgHEL Tg and WT CD45.1 mice were loaded with the vital dye Cell Trace Violet (CTV) 
and combined 1:1. 5x106 total splenocytes were adoptively co-transferred into either WT 
or sHEL Tg hosts via I.V. injection. 3 days after adoptive transfer, mice were sacrificed, 
and spleens were harvested for surface marker analysis via flow cytometry. Donor cells 
were identified as CTV+, and IgHEL Tg and WT CD45.1 B cells were separated based 
on CD45.1 and CD45.2 staining. B. Representative plots shown. C. Ratio of transferred 
IgHEL Tg cells compared to competitively transferred CD45.1 WT cells normalized to 
the input ratio. N=3 per group. D. IgMa MFI of IgHEL Tg B cells recovered from 
adoptively transferred hosts. N=3 per group. 
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Figure 2.5 DNA-reactive reporter B cells upregulate Nur77-eGFP early 
during their development in VH3H9 Tg mice.   
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Figure 2.5. DNA-reactive reporter B cells upregulate Nur77-eGFP early during 
their development in VH3H9 Tg mice. A. Schematic of relative autoreactivity amongst 
different light chain pairings in VH3H9 Tg B cells. B. Histograms represent Nur77-eGFP 
expression across B cell development in Vκ or Vλ B cells in either WT Nur77-eGFP or 
VH3H9 Tg Nur77-eGFP mice. Histograms are representative of at least 3 separate 
experiments. C-D. Quantification of Nur77-eGFP from histograms from Fig 4B. N=3 for 
each group. E-H. Quantification of IgM or IgD MFI across B cell development from Vκ or 
Vλ expressing B cells in either WT or VH3H9 Tg Nur77-eGFP mice. N=3 for each group. 
I. (Left) Histograms represent endogenous Nur77 protein expression in Vκ or Vλ 
expressing B cells from either WT or VH3H9 Tg mice. Histograms are representative of 
3 different mice. (Right) Quantification of endogenous Nur77 MFI from histograms. 
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Figure 2.6 Nur77 expression correlates with the intrinsic 
autoreactivity of VH3H9 λ1 B cells.   
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Figure 2.6. Nur77 expression correlates with the intrinsic autoreactivity of VH3H9 
λ1 B cells. A. Gating schemes for the identification of developmental B cell subsets in 
the bone marrow and spleen of WT and VH3H9 Tg mice corresponding to Fig 2.5. B. 
CD23+ Vκ and Vλ B cells were sorted from Nr4a1+/+ and Nr4a1-/- VH3H9 Tg mice. 
Expression of Nr4a1 and Nr4a3 was determined via qPCR. N=3 for each group. C. 
CD93 MFI of CD23+ B cells from WT non-Tg and VH3H9 Tg mice expressing the 
indicated light chains. N=3 for each group. D. Schematic showing the 4 possible λ light 
chain rearrangements possible in mice. As J4 is a non-functional pseudogene, it is not 
used in any rearrangements. Due to the distance between the Vλ2 and Jλ1 segments, 
the V2J1 pairing is very rare, but has been previously described (Roark et al. 1997) E. 
Representative gating used to isolate different Vλ light chain subsets in splenic B cells 
via flow cytometry corresponding to Figs 2.7B-E.  F. Immature splenic T1 (CD23-
/CD93+) B cells were sorted from WT and VH3H9 Tg mice based upon their expression 
of the Nur77-eGFP reporter. The top 15% and bottom 15% Nur77-eGFP expressing 
cells were identified as GFP-high and GFP-low respectively. RNA was isolated from 
these samples, and the sequences of the light chains used by these B cells were 
determined via cloning and Sanger sequencing. Vλ light chains were identified through 
the IMGT database, and usage of specific Vλ clones was calculated. Data is 
representative of 2 independent experiments G. B cells were sorted from the spleens of 
VH3H9 Tg+ eμBcl2 Tg mice, and Vλ light chain usage was quantified as in Fig 2.6F. H. 
Representative gating used to identify B cells expressing the endogenous IgHb heavy 
chain in VH3H9 Tg mice corresponding to Figs 2.7F, G.  
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Figure 2.7 Nur77-eGFP expression correlates with counter-selection 
of self-reactive B cells in VH3H9 Tg mice.  
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Figure 2.7. Nur77-eGFP expression correlates with counter-selection of self-
reactive B cells in VH3H9 Tg mice. A. Representative flow plots showing the relative 
sizes of developmental compartments containing Vκ or Vλ expressing splenic B cells in 
either WT or VH3H9 Tg Nur77-eGFP mice. Plots are representative of several 
experiments with at least N=3 mice per experiment. B. Splenic B cells from either WT or 
VH3H9 Tg mice were concurrently stained with an anti-pan Vλ and an anti-Vλ1 antibody 
to identify B cells expressing different Vλ light chains. B cells were also stained with 
surface markers to identify different developmental stages, and light chain usage across 
B cell development was charted. N=3 mice per group. % total Vλ1 p values: WT T1 vs 
Tg T1: ***; Tg T1 vs Tg T2/3: **; Tg T2/3 vs Tg FO: **. C. % total Vλ2/3 p values: Tg T1 
vs Tg T2/3: ns; Tg 2/3 vs Tg FO: ***. D. Histograms represent Nur77-eGFP expression 
of B cells expressing various light chains in either WT or VH3H9 Tg Nur77-eGFP mice. 
E. Quantification of Nur77-eGFP MFI as shown in Fig 2.7D. N=3 mice per group. F. 
Splenic B cells were stained IgMb to identify B cells expressing the endogenous HC 
VH3H9 Tg mice. N=3 mice per group. % total VH3H9 Tg/ Vλ T1 vs CD23+ p value: ****; 
% total endogenous HC/ Vκ T1 vs CD23+ p value: **. G. Quantification of the Nur77-
eGFP MFI of B cell subsets identified in F. N=3 mice per group. 
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Figure 2.8 Nur77 does not alter development in mice with an 
unrestricted repertoire   
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Figure 2.8. Nur77 does not alter development in mice with an unrestricted 
repertoire. A. Representative gating used to identify B cells with matched IgM 
expression for calcium flux analysis in WT and VH3H9 Tg mice in Fig 2.9B. B. 
Splenocytes were harvested from Nr4a1+/+ and Nr4a1-/- mice and stained to identify B 
cell developmental subsets via flow cytometry. N=3 for each group C. Competitive bone 
marrow chimeras were generated by reconstituting lethally irradiated IgHa mice with 
bone marrow from CD45.1 Nr4a1+/+ and CD45.2 Nr4a1-/- mice mixed 1:1. Donor B 
cells were separated from host B cells via expression of IgHa. The different B cell 
developmental stages were identified via flow cytometry, and the ratio of Nr4a1+/+ and 
Nr4a1-/- B cells for each compartment was determined via CD45.1 and CD45.2 
expression. N=5 for each group. There was no significant difference for all pairwise 
comparisons at each developmental stage. D. Splenocytes were harvested from 
Nr4a1+/+ and Nr4a1-/- IgHEL Tg mice, and developmental compartments were 
identified via flow cytometry. N=3 for each group. E-H. Lymph nodes were harvested 
from Nr4a1+/+ and Nr4a1-/- VH3H9 Tg mice, and mixed 1:1 with lymph nodes from WT 
CD45.1 mice. 5x106 total cells were incubated for up to 3 days with either media alone 
(E, G) or 10 µg/mL anti-IgM stim (F, H). The ratio of VH3H9 V (E, F) or Vλ (G, H) B 
cells to WT CD45.1 B cells was calculated and normalized to the input ratio at Day 0. 
N=4 for each group. I, J. Lymph nodes were harvested from Mb1 Cre+, Mb1 Cre+ 
Nr4a1fl/fl, and Nr4a1-/- mice, and mixed 1:1 with lymph nodes from WT CD45.1 mice. 
5x106 total cells were incubated for 3 days with varying doses of anti-IgM alone (I) or 
supplemented with BAFF (J). The ratio of CD45.2 B cells to WT CD45.1 B cells was 
calculated and normalized to the input ratio at Day 0. N=3 for each group. 
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Figure 2.9 Nur77-eGFP expression correlates with B cell anergy in 
VH3H9 Tg mice.   
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Figure 2.9. Nur77-eGFP expression correlates with B cell anergy in VH3H9 Tg 
mice. Splenic B cells from WT and VH3H9 Tg Nur77-eGFP mice were loaded with Indo-
1 dye. Ratiometric assessment of intracellular calcium was determined by flow 
cytometry. Samples were run for 30 seconds to assess basal calcium flux, and then 
anti-IgM was added to stimulate the cells. A. Spleens were harvested from WT or 
VH3H9 transgenic Nur77-eGFP mice, and intracellular calcium entry was assessed after 
stimulation with 10 µg/mL anti-IgM. Data is representative of at least 3 independent 
experiments. B. Intracellular calcium entry was assessed as in Fig 2.9A. A narrow IgM 
gate was drawn to assess intracellular calcium entry on cells with matched IgM levels. 
Data is representative of at least 3 independent experiments. C. Splenic B cells from 
WT or VH3H9 transgenic Nur77-eGFP mice were harvested, and intracellular calcium 
entry was assessed after stimulation with 5 µg/mL anti-IgM. The top and bottom 10% 
Nur77-eGFP expressing cells were gated as GFP-high and GFP low respectively. Data 
is representative of at least 3 independent experiments. D. Spleens from Nur77-eGFP 
VH3H9 Tg+ and Tg- mice were stimulated at 37o with 10 µg/mL IgM for 10 minutes. 
Phosphorylated ERK expression was determined via intracellular flow cytometry 
staining. N=5 for each group. E. Spleens from Nur77-eGFP VH3H9 Tg+ and Tg- mice 
were stimulated at 37o with 10 µg/mL anti-IgM for 45 minutes. Phosphorylated S6 
expression was determined via intracellular flow cytometry staining. N=5 for each group 
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Figure 2.10 Nur77 is dispensable for editing, deletion, IgM 
downregulation and anergy in VH3H9 Tg mice.  
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Figure 2.10. Nur77 is dispensable for editing, deletion, IgM downregulation and 
anergy in VH3H9 Tg mice. A-B. Spleens were harvested from Nr4a1+/+ and Nr4a1-/- 
VH3H9 Tg mice as well as WT mice. Splenic developmental subsets and Vλ usage was 
determined through flow cytometry. N=3 for each group C. Non-transgenic and VH3H9 
Tg mice were fed BrdU-laced water for 6 days. Spleens and lymph nodes were 
harvested for flow cytometry analysis. N=3 mice for each group. D. Spleens were 
harvested from WT, Nr4a1+/+ VH3H9 Tg and Nr4a1-/- VH3H9 Tg mice and stained for 
flow cytometry analysis. IgM and IgD MFI on Vκ and Vλ expressing B cells was 
quantified. N=3 for each group. E. Splenic B cells from WT, Nr4a1+/+ and Nr4a1-/- mice 
were loaded with Indo-1 dye. Ratiometric assessment of intracellular calcium was 
determined by flow cytometry following stimulation with 10 µg/mL anti-IgM. Plots are 
representative of 3 independent experiments. F. Representative spleen sections 
depicting localization of Vλ1 B cells in Nr4a1+/+ or Nr4a1-/- mice with or without the 
VH3H9 Tg. Data are representative of two independent mice of each of four conditions. 
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Figure 2.11 Nur77 limits survival of DNA-reactive mature B cells in 
vitro and in vivo, and maintains tolerance in VH3H9 Tg mice.   
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Figure 2.11. Nur77 limits survival of DNA-reactive mature B cells in vitro and in 
vivo, and maintains tolerance in VH3H9 Tg mice. A-D. Lymph nodes were harvested 
from Nr4a1+/+ and Nr4a1-/- VH3H9 Tg mice, and mixed 1:1 with lymph nodes from WT 
CD45.1 mice. 5x106 total cells were incubated for up to 3 days with either media alone 
or 10 µg/mL anti-IgM stim, in the absence or presence of 20 ng/mL BAFF. The ratio of 
VH3H9 Tg B cells to WT CD45.1 B cells was calculated and normalized to the input ratio 
at Day 0. N=3 for each group E-F. Mixed bone marrow chimeras were generated by 
reconstituting lethally irradiated IgHa WT mice with either Nr4a1-/- or Nr4a1+/+ CD45.2 
bone marrow mixed 1:1 with WT CD45.1 bone marrow. 13 weeks after reconstitution, 
lymph nodes were harvested from the chimeras, and incubated with either media alone 
or 5 µg/mL anti-IgM for up to 75 hours. Donor cells were separated from host cells via 
expression of IgHa, and the ratio of CD45.2 to CD45.1 cells was calculated and 
normalized to the ratio of transferred bone marrow cells. N=5 for each group G. Spleens 
were harvested from either Nr4a1+/+ or Nr4a1-/- VH3H9 Tg mice, and total B cell 
numbers were determined. N ≥ 13 for each group. H. Vλ usage was determined in 
Nr4a1+/+ and Nr4a1-/- VH3H9 Tg mice via flow cytometry. N ≥ 3 for each group. I-J. 
Serum was collected from 14-week Nr4a1+/+ and Nr4a1-/- VH3H9 Tg mice via tail bleed, 
and both total IgG titer and relative anti-dsDNA IgG titer was determined via ELISA. N ≥ 
10 for each group. 
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Chapter 3 : Nur77 renders B cells dependent upon signal 2. 
  



96 
 

Introduction 
 

B cells require both BCR signaling and co-stimulation for full participation in 

humoral immune responses. The two-signal model of B cell activation as originally 

proposed by Brestcher and Cohn posited the requirement for two distinct types of input 

signals as a tolerance mechanism to restrain B cells which only encountered self-

antigen (i.e. signal 1 in the absence of signal 2).99 However, the appreciation of varied 

outcomes resulting from antigen encounter has evolved greatly in the intervening years. 

It is now clear that B cells which receive antigen stimulation in the absence of a second 

signal rest along a spectrum, and the potential outcomes vary depending upon the 

strength and duration of BCR signaling. Co-stimulatory signals rescue B cells from 

these various fates, and facilitate recruitment of B cells into humoral immune responses.  

B cells which receive extremely strong BCR signaling in the absence of co-

stimulation are driven to an abortive round of proliferation followed by apoptosis.101 On 

the other hand, B cells which receive transient or weak BCR signals in the absence of 

co-stimulation return to a quiescent “naïve-like” state.125 In between the two extremes, 

some B cells which receive chronic antigen stimulation are driven to adopt a functionally 

unresponsive anergic state.102 In each of these settings, additional co-stimulatory 

signals in the form of T cell help or in some cases TLR signaling rescues antigen-

stimulated B cells, and leads to their full participation in humoral immune 

responses.101,102,125 Importantly, there is a physiologic temporal delay between initial 

antigen encounter and acquisition of co-stimulation; second signals must be received 

within a defined and limited span of time in order to divert antigen-stimulated B cells 

from anergy or apoptosis. Transient BCR stimulation modulates expression of 
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chemokines and chemokine receptors, upregulates cell surface molecules involved in 

B-T cell cross talk like ICAM1, CD86 and MHC class II, and induces a state of hyper-

responsiveness to CD40 signals, priming B cells for co-stimulation.100,105–109 Thus, it 

appears that antigen-stimulated B cells are primed to recruit and respond to co-

stimulatory signals in the context of bona-fide pathogens, but are instead restrained 

from inappropriate immune responses in the absence of a second signal.  

Although the molecular pathways which mediate signal 2 have been well-

described since Brestcher and Cohn first postulated its existence, the mechanisms 

which restrain B cells that receive antigen stimulation, and enforce dependence upon 

co-stimulation are incompletely understood. In this chapter, we identify Nur77 as a 

putative negative regulator restricting the responses of B cells which receive BCR signal 

in the absence of co-stimulation. 

 Nr4a1-3 (Nur77, Nurr1 and Nor1), are a three member family of orphan nuclear 

hormone receptors expressed in a wide variety of cell types.132 The Nr4a genes are 

primary response genes rapidly induced following mitogenic stimuli.191 In T cells, the 

Nr4as have been reported to have pleiotropic functions, regulating antigen induced cell 

death, differentiation, metabolic reprogramming and T cell exhaustion.140,141,149,150 In B 

cells, the Nr4a genes are amongst the most highly induced primary response genes 

following BCR stimulation, yet their role in this context is incompletely understood.133,163 

 Here, we find that endogenous Nur77 is rapidly and robustly induced following 

BCR stimulation, and its induction scales with both the amount and affinity of antigen. 

Utilizing mixed competitive in vitro co-cultures, we find that Nur77-deficient B cells 

exhibit a competitive advantage in both survival and proliferation when given BCR 
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stimulation alone. However, we find that this competitive advantage is lost when either 

TLR signaling or signals mimicking T cell help is given in conjunction with BCR 

stimulation. This in vitro phenotype is mirrored in vivo, as Nur77-deficient mice 

immunized with TI-II immunogens generate higher antigen-specific titers relative to WT 

mice, but no difference is observed in response to TI-I or T-D immunization. Finally, we 

identify a competitive in vivo advantage of Nur77-deficient B cells in response to T-D 

immunization in settings in which antigen is limiting. Thus, we find that Nur77 serves to 

render antigen-stimulated B cells dependent upon signal 2 for generating productive 

immune responses, and also restricts responses of B cells to T-dependent immunogens 

when antigen (and access to a second signal) is limiting. 

 

Materials and Methods 
 

Mice. Nur77-eGFP, IgHEL Tg (MD4), and B1-8i mice were previously described.60,64,192 

B1-8i mice, Nr4a1-/-, C57BL/6, and CD45.1+ BoyJ mice were from The Jackson 

Laboratory.135,169 All strains were fully backcrossed to C57BL/6 genetic background. All 

mice were housed in a specific pathogen-free facility at UCSF according to University 

and National Institutes of Health guidelines.  

Bone marrow chimeras. Host mice were irradiated with 530 rads x 2, 4 hours apart, and 

injected with a 1:1 mixture of 106 CD45.2+ Nur77-/- and 10^6 CD45.1+ Nur77+/+ BM. Mice 

were immunized with either 100 μg NP-KLH or 200 μL 10% sheep red blood cells, as 

described above. Mice were sacrificed 6 days after immunization, and GC formation 

was assayed via flow cytometry, as described above.  
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Antibodies and Reagents. Streptavidin (SA) and Abs to B220, CD3, CD19, CD23, 

CD45.1, CD45.2, IgD, GL7, FAS conjugated to biotin or fluorophores (Biolegend, 

eBiosciences, BD, Miltenyi Biotech or Tonbo), NP(23)-PE (Biosearch); Antibody for 

intracellular staining, Nur77 Ab conjugated to PE (clone 12.14) manufactured by 

Invitrogen, purchased from eBioscience. Stimulatory antibodies: Goat anti-mouse IgM 

F(ab’)2 was from Jackson, anti-CD40 (BD Pharmigen); other stimulants Recombinant 

BAFF 20ng/ml(R&D), LPS (O26:B6, Sigma), HELWT, HEL2x and HEL3x were 

previously described and gifted by Wei Cheng159; ELISA reagents: Costar Assay Plate, 

96 Well Clear, Flat bottom half area high binding, polystyrene(Corning), SA-HRP, anti-

mouse IgM, IgG1, IgG3 conjugated to biotin or HRP (Southern Biotech), TMB (Sigma), 

NP(1)-BSA and NP(29)-BSA (Biosearch). Immunogens: NP(53)-Ficoll, NP(16)-OVA, 

and NP(29)-KLH were from Biosearch, Pneumovax23 (Merck), Alhydrogel 1% adjuvant 

(Accurate Chemical and Scientific Corp). C10 refers to complete culture media prepared 

with RPMI-1640 + L-glutamine (Corning-Gibco), Penicillin Streptomycin L-glutamine 

(Life Technologies), HEPES buffer [10mM] (Life Technologies), B-Mercaptoethanol 

[55mM] (Gibco), Sodium Pyruvate [1mM] (Life Technologies), Non-essential Amino 

acids (Life Technologies), 10% heat inactivated FBS (Omega Scientific).  

Flow Cytometry and data analysis. Cells were stained with indicated antibodies and 

analyzed on a Fortessa (Becton Dickson). Data analysis was performed using FlowJo 

(v10.5.3) software (Treestar Incorporated, Ashland, OR). Statistical analysis and graphs 

were generated using Prism v6 (GraphPad Software, Inc). Student’s unpaired T test 

was used to calculate p values and mean ± SEM is displayed in all graphs. *p<0.05, 
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**p<0.005, ***p<0.0005, ****p<0.00005. Figures were prepared using Illustrator CS6 

v16.0.0. 

Intracellular staining to detect endogenous Nur77. Following stimulation, cells were 

fixed in 2% paraformaldehyde for 10 minutes, permeabilized on ice with 100% methanol 

for 30 minutes, and stained with anti-Nur77 followed by lineage markers and secondary 

antibodies if needed (40 minutes incubation for primary and secondary staining). 

Antibody concentrations were previously described.66 

Live/dead staining.  LIVE/DEAD Fixable Near-IR Dead Cell Stain kit (Invitrogen). 

Reagent was reconstituted as per manufacturer’s instructions, diluted 1:1000 in PBS, 

and cells were stained at a concentration of 2x106 cells /100μL on ice for 10 minutes. 

Vital dye loading. Cells were loaded with CellTrace Violet (CTV; Invitrogen) per the 

manufacturer’s instructions except 5 x106 cells/ml rather than 1 x 106 cells/ml. 

In Vitro B Cell Culture and Stimulation. Splenocytes or lymphocytes were harvested into 

single cell suspension, subjected to red cell lysis using ACK buffer, loaded with CTV as 

described above, and plated at a concentration of 5 x 105 cells/200 μL in round bottom 

96 well plates in complete RPMI media with listed stimuli for 1-3 days. In vitro cultured 

cells were stained using fixable near IR live/dead stain (Invitrogen) per manufacturer’s 

instructions. 

Immunizations. Mice were immunized via I.P injection of 200 μL of immunogen diluted 

in PBS. For T-dependent immunizations, (NP(16)-OVA (Biosearch), NP(29)-KLH 

(Biosearch)) either 10 μg or 100 μg was diluted in PBS, and emulsified in Alhydrogel 1% 

adjuvant (Accurate Chemical and Scientific Corp.). For NP-Ficoll immunization, 100 μg 
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NP(53)-Ficoll (Biosearch) was diluted in PBS. For pneumovax, pneumovax was diluted 

1:100 in PBS and 100 μL was injected I.P.  For GC analysis, mice were sacrificed 7 

days after immunization, and spleens were harvested for analysis via flow cytometry. 

For serum antibody titers, mice were bled prior to immunization, and then serially every 

seven days for either 21- or 28-days total, and titers were determined via ELISA as 

described below. 

ELISA. Serum antibody titers for anti-NP IgM, IgG3 and IgG1, as well as anti-

pnuemovax IgM were measured by ELISA. For anti-NP IgM, IgG3, and low affinity anti-

NP IgG1 96-well plates (Costar) were coated with 1ug/mL NP-29-BSA (Biosearch). For 

high affinity anti-NP IgG1, 96-well plates (Costar) were coated with 1ug/mL NP-1-BSA 

(Biosearch). For anti-pneumovax IgM, 96-well plates (Costar) were coated with 

pneumovax diluted 1:1 in PBS. Sera were diluted serially, and total antigen specific titer 

was detected with a corresponding anti-IgX-HRP (Southern Biotech). All ELISA plates 

were developed with TMB (Sigma) and stopped with 2N sulfuric acid. Absorbance was 

measured at 450 nm.  

Adoptive transfer. Splenocytes from either CD45.2 Nur77-/- B1-8i tg or CD45.1/2 

Nur77+/+ B1-8i tg mice were harvested into single cell suspensions and subjected to red 

blood cell lysis with ACK buffer. Cells were mixed at a 1:1 ratio, loaded with CTV as 

described above, and between 1.x104 and 1x106 cells in 200μL total volumes were 

injected into CD45.1 C57BL/6 host mice via the tail vein. Mice were immunized as 

described above. 

qPCR. Total lymphocytes were cultured with anti-IgM at 37oC as noted, and were 

harvested into Trizol (Invitrogen), and stored at -80˚C. RNA was extracted via phenol 



102 
 

phase separation. cDNA was prepared with Superscript III kit (Invitrogen). qPCR 

reactions were run on a QuantStudio 12K Flex thermal cycler (ABI) using either Taqman 

(Life Technologies) assays or SYBR Green detection (See Table 2.1 for list of primers). 

RNA sequencing: Single cell suspensions were generated from lymphocytes as 

described above. B cells were sorted via negative selection through the use of a B cell 

purification MACs kit (Miltenyi Biotech), following the manufacturer’s instructions. B cells 

were pelleted via centrifugation, supernatant was removed, and the pellet was frozen at 

-80oC. Samples were then sent to Q2 lab solutions for RNA sequencing and analysis. 

 

Results 
 

Nur77 is upregulated in B cells upon antigen receptor stimulation 

Nur77, encoded by the gene Nr4a1, is one of three members of the Nr4a family 

of orphan nuclear receptors, all of which are rapidly induced in response to mitogenic 

stimuli. Nr4a1 is the most highly expressed Nr4a family member in B cells under both 

steady state conditions and after B cell receptor (BCR) stimulation (Fig 3.1A). We 

previously described Nur77-eGFP reporter mice in which GFP is placed under the 

control of the regulatory region of Nr4a1.64 Importantly, Nur77-eGFP is a bacterial 

artificial chromosome (BAC) transgene that does not perturb expression of endogenous 

Nur77. Both endogenous Nr4a1 and Nur77-eGFP transcript are rapidly induced 

following BCR stimulation but endogenous Nr4a1 is more rapidly degraded, presumably 

because GFP transcript lacks a 3’ AU-rich UTR (Fig 3.1B). Rapid but transient 

expression is typical of primary response gene (PRG) transcripts which are known to be 
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actively degraded via AU-rich binding proteins.191 Endogenous Nur77 protein also 

exhibits rapid induction and a relatively short half-life, peaking between 2-4 hours after 

BCR stimulation (Fig 3.1C). Indeed, recent work suggests that Nur77 is ubiquitylated 

and actively degraded.193 Though the induction of Nur77-eGFP induction mirrors that of 

endogenous Nur77, eGFP is not actively, has a relatively long half-life in vivo 

(approximately 20-24 hours) degraded, and consequently accumulates over time (Fig 

3.1D).  

In order to assess regulation of Nur77 by bona fide antigen, we introduced the 

IgHEL BCR tg into the Nur77-eGFP BAC Tg reporter background. We took advantage 

of this model to titrate both antigen dose and affinity. We stimulated IgHEL tg B cells 

with the cognate model antigen HEL (affinity=2x1010 M-1), as well as the HEL derivatives 

HEL2x (affinity=8x107 M-1) and HEL3x (affinity=1.5x106 M-1), which have much lower 

affinities for the IgHEL tg BCR.60,159 Induction of both endogenous Nur77 and Nur77-

eGFP scales not only with concentration of antigen, but also with its affinity (Fig 3.1E, 

3.1F).  

Given that second signals are important for productive B cells responses, we 

next sought to determine whether co-stimulatory signals were capable of upregulating 

Nur77 expression. We previously reported that neither BAFF nor IL-4 induced Nur77 

expression, while both CD40 and the TLR4 ligand LPS could do so, suggesting 

sensitivity to canonical NF-B signaling.66,194 However, the kinetics of this induction 

were not previously characterized, and neither were the effects of providing both signal 

1 and signal 2 (as one might expect to encounter in vivo). We observed that LPS not 

only induces both endogenous Nur77 and reporter expression, but drives similar 
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kinetics to BCR ligation (Fig 3.1G). Furthermore, upregulation of endogenous Nur77 in 

response to both LPS and BCR stimulation is additive, but again duration of response 

remains short (Fig 3.1G). By contrast to endogenous Nur77, reporter expression – while 

upregulated by LPS – is less clearly additive in response to co-stimulation with both 

BCR ligation and LPS, perhaps because eGFP protein accumulates due to its relatively 

longer half-life (Fig 3.1H). Although induction of endogenous Nur77 in response to anti-

CD40 stimulation in isolation is minimal, we again see additive induction of Nur77 when 

BCR stimulation is given in conjunction with anti-CD40 co-stimulation, but it is again of 

relatively short duration (Fig 3.1I, 3.1J). In summary, though some forms of 

costimulatory signaling do not induce Nur77 (I.E. IL-4), others, including anti-CD40 and 

LPS, induce endogenous Nur77 with similar kinetics to BCR stimulation (Fig 3.1 G-J). 

In addition, BCR stimulation and costimulatory signals can be additive, increasing the 

amount of endogenous Nur77 induced, though the overall kinetics were not altered 

during the time frame we assayed. 

 

Nur77 limits the ability of B cells to survive and proliferate in the absence of 

“signal 2” in vitro 

  To determine the functional role of Nur77 in regulating B cell responses to 

antigen and co-stimuli, we obtained Nr4a1-/- mice which lack germline expression of 

Nur77.135 To assess B cell responses in the absence of Nur77 expression, we loaded 

lymphocytes with cell trace violet (CTV), and then generated competitive cocultures of 

Nr4a1-/- B cells mixed in a 1:1 ratio with congenically marked CD45.1+ Nr4a1+/+ B 

cells. When treated with anti-IgM stimulation in the absence of any co-stimuli, Nr4a1-/- 
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B cells exhibited a 3-4-fold competitive advantage relative to wildtype B cells cultured 

for 72 hours (Fig 3.2A). Importantly, in the absence of BCR stimulation, no such 

advantage was evident. Further, this competitive advantage was largely eliminated with 

the addition of the B cell survival factor BAFF to the culture, indicating that Nur77 

mediates antigen-induced cell death of B cells (Fig 3.2A). We assessed the proliferative 

capacity of Nur77-deficient B cells via CTV dilution, and found that loss of Nur77 lead to 

a proliferative advantage in comparison to WT B cells following BCR stimulation (Fig 

3.2B). In contrast to the survival advantage of Nur77-deficient B cells in competition with 

WT B cells, this proliferative advantage was not lost with the addition of BAFF, 

suggesting that Nur77 plays distinct and separable roles in regulating antigen induced 

cell death and proliferation following BCR stimulation (Fig 3.2B).  

To eliminate any contribution of an altered BCR repertoire to these phenotypes, 

we compared in vitro responses to BCR stimulation of IgHEL tg+ B cells expressing or 

lacking Nur77 and observed enhanced B cell survival and proliferation in the absence of 

Nur77 (Fig 3.2C, DNS).60 To rule out any B cell-extrinsic effects of Nr4a1 deletion on B 

cell responses in vitro, we generated mixed bone marrow chimeras by reconstituting 

lethally irradiated hosts with a 1:1 mix of congenically marked Nr4a1+/+ and Nr4a1-/- 

bone marrow. When cultured with anti-IgM, B cells derived from the Nr4a1-/- donors 

exhibited increased proliferation and survival in comparison to B cells derived from 

Nr4a1+/+ donors (Fig 3.2D).  

We next sought to determine if regulation of proliferation by Nur77 scaled with 

the amount of Nur77 expressed. The amount of endogenous Nur77 upregulated by B 

cells in response to stimulation scales with the copy number of Nr4a1 (Fig 3.2E). 
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Nr4a1-/- B cells entered cell cycle to a greater extent and underwent more cell divisions 

than WT B cells, as revealed by vital dye dilution (Fig 3.2B). This proliferative 

advantage increased with strength of the BCR stimulus, and exhibited Nr4a1 gene 

dose-dependence (Fig 3.2F, G). Addition of BAFF and IL-4 to reduce the impact of 

survival and to provide signals that mimic T cell help totally removed this proliferative 

advantage (Fig 3.2H), suggesting that Nur77 may act uniquely in the context of B cells 

which receive BCR signaling alone. 

 Activation of B cells by BCR stimulation alone (signal one) is leads to an abortive 

round of proliferation and the establishment of either anergy or apoptosis.52,101 In 

contrast, co-stimulatory signals from T cells or TLR ligands can rescue antigen-

stimulated B cells and support full humoral immune responses.102 To determine if 

deletion of Nur77 could impact the ability of B cells to respond to signal 2, we treated 

competitive cocultures of Nur77-deficient and wildtype B cells with either LPS or anti-

CD40. When B cells received “signal 2” alone without additional BCR stimulation, we 

saw no competitive advantage of Nur77-deficient B cells (Fig 3.2I). In addition, though 

LPS or anti-CD40 in conjunction with anti-IgM stimulation lead to additive increases in 

the magnitude of B cell responses in vitro, (DNS) delivering both signal 1 and signal 2 in 

conjunction similarly eliminated any competitive advantage of Nur77-deficient B cells.  

 Given that co-stimulator signals such as LPS and anti-CD40 eliminated the 

competitive survival advantage of Nur77-deficient B cells, we sought to determine if 

such signals could also reduce the proliferative advantage of Nur77-deficient B cells as 

well. Addition of IL-4, a cytokine which is produced by CD4+ T cells as a component of T 

cell help, synergizes with BCR stimuli to drive B cell proliferation, and abolishes the 
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proliferative advantage of Nur77-deficient B cells.3,117,118 (Fig 3.2H). Furthermore, 

although LPS stimulation leads to robust induction of endogenous Nur77, B cells lacking 

Nur77 do not exhibit a proliferative advantage when stimulated with LPS alone, or when 

LPS is given in conjunction with BCR stimulation (Fig 3.1H, 3.2 J-K). The same is true 

when B cells are stimulated with both BCR and anti-CD40 stimulation (Fig 3.2K). These 

data collectively suggest that Nur77 may act to render B cells reliant upon “signal 2”, 

and restrict the activation of B cells which receive “signal 1” alone (Fig 3.2K).  

 

Nur77 limits the ability of B cells to respond to T-independent (TI) type II 

immunizations, but not T-independent type I or T-dependent (TD) immunogens. 

 To determine whether Nur77 deficiency had an impact on B cell responses in 

vivo, we utilized the NP hapten as a model antigen to probe responses to different types 

of immunizations. As our in vitro assays primarily revealed phenotypes when B cells 

were stimulated with BCR stimulation alone, we first probed TI-II responses by 

immunizing Nur77-deficient and wildtype mice with NP(53)-ficoll. TI-II responses are 

triggered via extensive crosslinking of BCR by antigen, bypassing the need for “signal” 

2.25 In this context, we observed increased NP-specific IgM and IgG3 titers in Nur77-

deficient mice relative to WT mice after immunization (Fig 3.3A, B). We also observed 

analogous results when mice were immunized with the commercial vaccine pneumovax 

(PPSV23), derived from capsular polysaccharides from Streptococcus pneumoniae 

which also elicits a T1-II response (Fig 3.3C).195  
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 In contrast, when Nur77-deficient and WT mice were immunized with the TI-I 

immunogen NP-LPS, there was no difference in NP-specific titers of either IgM or IgG3 

(Fig 3.3D, E). Similarly, when Nur77-deficient mice were immunized with the TD 

antigen, NP-KLH, no difference was observed in either overall NP specific IgG1 titer, as 

read out via ELISAs coated with a high multimerization of NP, or in the rate of affinity 

maturation, as read out via ELISAs coated with a low multimerization of NP (Fig 3.3F). 

Mirroring the in vitro results, these data suggest that Nur77 preferentially restricts B cell 

responses to BCR stimulation, but its negative regulatory role is bypassed when a 

second signal (either LPS or T cell help) is delivered in conjunction with antigen. 

 Given the simplicity of NP-hapten which functions as a single epitope to elicit a B 

cell response of limited diversity, and the relatively high precursor frequency of NP-

specific B cells in the repertoire of B6 mice,196 we speculated that NP-KLH immunization 

of intact WT or Nr4a1-/- mice may not generate adequate competition to unmask a B 

cell-intrinsic Nr4a1-dependent phenotype. We sought to address this in several 

independent ways. First, we generated mixed bone marrow chimeras by reconstituting 

lethally irradiated mice with a 1:1 mix of bone marrow from congenically marked 

Nr4a1+/+ and Nr4a1-/- mice. 6 weeks after reconstitution, we immunized chimeras with 

either 100 μg NP-KLH, or with 200 μL 10% sheep red blood cells (SBRCs) to elicit a T-

dependent immune response. Though both NP-KLH and SRBC immunizations generate 

robust GC responses and are known to primarily induce class switch to IgG1, we 

observed a large population of unswitched GC B cells in response to SRBC 

immunization as well (Fig 3.4A).197  When immunized with NP-KLH, there was no 

relative increase in the number of NP+ GC B cells in comparison to non-GC B cells, or 



109 
 

non-B cells, indicating that Nr4a1-/- B cells exhibited no competitive advantage (Fig 

3.4B, C.). Similarly, in mice immunized with SRBCs, a much more complex antigen than 

NP, there was no difference in the ratio of KO/WT donor B cells in the IgM+ GC B cell, 

switched (IgM-) GC B cell, or non-GC B cell compartments, again revealing that Nr4a1-/- 

B cells exhibit no competitive advantage in responding to SRBC immunization (Fig 

3.4D, E).  

 

Nur77 regulates the ability of B cells to compete for antigen during T-dependent 

immunizations. 

 To further explore the role of Nur77 in regulating the ability of B cells to compete 

for TD antigen in vivo, we utilized B1-8i mice, in which B cells express the VH186.2 

heavy chain.192 The VH186.2 heavy chain confers NP specificity when combined with λ 

light chains.198 We adoptively transferred 1:1 mixtures of splenocytes from B1-8i tg mice 

that either expressed or lacked expression of Nur77 into WT hosts. We took advantage 

of congenic markers to distinguish the donor cells from one another and from host cells 

(Fig 3.5A). We then immunized with either NP-KLH or NP-OVA and examined B cell 

responses to these T-dependent antigens. We first assessed the response at day 3 to 

capture information about the early clonal expansion phase in T-dependent responses. 

At this timepoint, we see that donor B cells lacking Nur77 expression have a competitive 

advantage over WT donor B cells, and this advantage is dependent upon the presence 

of antigen (Fig 3.5B). As it takes time for B cells to encounter antigen and recruit help 

from cognate T cells, this proliferative advantage might reflect an advantage generated 

in the absence of help. 
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 We next utilized this adoptive transfer model system to examine GC responses. 

By greatly limiting the number of cells adoptively transferred into host mice, we hoped to 

increase the competitive pressure on donor B cells by utilizing the host response as 

primary competitors. To further increase competition, we also limited access to antigen 

by immunizing with a low dose (10 μg) of NP-OVA in addition to a high dose (100 μg) of 

NP OVA. Importantly, the overall immune response to 100 ug NP-OVA and 10 ug NP-

OVA differed dramatically, as the overall size of the GC was approximately 5 times 

smaller in mice that received 10 ug NP-OVA, confirming that antigen is limiting for the 

GC response in such immunizations (Fig 3.5 C). 

 In contrast to the phenotype we observed at an early timepoint, we saw no 

competitive advantage in GC entry for donor B cells lacking Nur77 expression at day 7 

after immunization with a high dose of NP-OVA, irrespective of the number of 

transferred cells (Fig 3.5D, E), despite a dramatic increase in the number of competitor 

host cells when the number of transferred cells is reduced (Fig 3.5F). By contrast, when 

mice were immunized with low dose (10 μg) NP-OVA instead, we unmasked a 

competitive advantage for KO B cells, indicating that the effect of Nur77 deficiency is 

most apparent when there is competitive pressure for limiting amounts of antigen (Fig 

3.5G, H). Moreover, we observed that the advantage of KO B cells subtly increased as 

the total number of donor B cells was decreased, perhaps due to an increase in relative 

competitive pressure driven by the host B cells (Fig 3.5I). Interestingly, the number of 

donor B cells did not affect the phenotype when the mice were immunized with 100 ug 

of NP-OVA, reinforcing the fact that under conditions with a large supply of antigen, 

competitive pressure is relieved (Fig 3.5 E, F). 
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In our previous experiments using mixed bone marrow chimeras, the size of the 

GC with 100 ug NP-KLH or SRBC immunization reflects the size of the GC seen here 

with 100 ug NP-OVA, and perhaps explains why no competitive advantage of Nur77-

deficient B cells was seen in that context (Fig 3.4 B, D). We speculate that in addition to 

restricting the ability of B cells to respond to BCR stimulation in the absence of signal 2, 

Nur77 may act to limit the ability of B cells to compete for signal 2 when access to 

antigen is limited. 

 

Discussion 
 

B cells are unique among immune cells in combining vast clonal diversity of the 

BCR repertoire with the ability to evolve over the course of the immune response via 

affinity maturation.3 B cells rely upon clonal expansion, both during the initial stages of 

an immune response to expand small precursor pools, and within the germinal center 

reaction to facilitate selection of somatically mutated clones for highest affinity.3,29 

However, despite efficient central tolerance, autoreactivity persists into the periphery.4 

Thus, B cells must carefully balance their responses in order to provide protection 

against microbial threats while remaining inert in the face of self-antigen. 

B cells which encounter antigen but do not receive secondary signals within a 

defined span of time become anergic or die.102 In addition, though BCR signaling rapidly 

leads to metabolic reprogramming which primes B cells for proliferation, mitochondria 

quickly become dysfunctional in the absence of second signals, leading to 

apoptosis.101,123 These secondary signals include either innate immune receptor 
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signaling or T cell help.58,101 The reliance of B cells for secondary signals in addition to 

signaling by antigen to generate sustained responses can act as a de-facto tolerance 

mechanism, ensuring that B cells respond to foreign antigens (which generate second 

signals) rather than self-antigens (which do not). However, the molecular mechanism 

which renders B cells reliant upon co-stimulatory signals is incompletely understood. 

BCR signaling alone drives robust induction of Nur77 (Fig 3.1 B-D). However, we 

find that some forms of secondary signals can also robustly induce Nur77 induction (Fig 

3.1G, I). Furthermore, BCR signaling and co-stimulation via TLR signaling or T cell help, 

can lead to additive over-induction of endogenous Nur77 (Fig 3.1G, I). Nr4a1-/- B cells 

exhibit both increased survival and proliferation when stimulated with anti-IgM in vitro, 

leading to a competitive advantage relative to WT B cells (Fig 3.2A, B). This advantage 

disappears when B cells are given either LPS alone, or anti-IgM in conjunction with 

signals that mimic T cell help (Fig 3.2I-K).  Given high expression of Nur77 in both 

contexts, why do Nr4a1-/-B cells only exhibit a competitive advantage in the absence of 

co-stimulation? While B cells which receive BCR stimulation alone do proliferate in vitro, 

the extent of B cell proliferation in this context is greatly reduced in comparison to B 

cells which receive both BCR stimulation and co-stimulation. Thus, one possibility is that 

Nur77 expression induced after mitogenic stimuli is enough to successfully restrain 

proliferative responses by B cells which receive BCR stimulation alone (Fig 3.6A). 

However, addition of co-stimulatory signals (T cell help or TLR signaling) drives the 

proliferative program in B cells to a much greater extent, overwhelming the capacity of 

Nur77 to function as a negative regulator (Fig 3.6B).  
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This dichotomy is preserved in the context of in vivo immunization, with TI-II 

immunizations leading to increased antigen-specific titers in Nr4a1-/- mice, but no 

difference in either total antigen-specific titers, or the rate of affinity maturation with TD 

or TI-I immunizations (Fig 3.3). Thus, it appears that Nur77 restrains B cell responses in 

the context of TI-II immunizations, where B cells receive BCR stimulation alone. This 

indicates that Nur77 may serve to render B cells reliant upon secondary signals and 

ensure that B cells are responding to bona-fide antigen. To further support this idea, 

though Nr4a1-/- B cells do not have a competitive advantage in seeding the GC during 

T-dependent immunizations with high doses of immunogen (Fig 3.4B-E), we do see a 

competitive advantage for Nr4a1-/-B cells in two scenarios. The first is at an early 

timepoint following TD immunization, when B cells have encountered antigen but may 

not have had time to receive adequate T cell help (Fig 3.5B). The second is in the 

context of low doses of immunogen. In this setting, antigen dose is limiting for access to 

T cell help, and consequently generates competitive pressure. This in turn suggests that 

Nur77 may regulate not only B cell-intrinsic survival and proliferation in response to 

antigen, but competition for T cell help (Fig 3.5E, H). It appears that the competitive 

advantage of Nur77 deficient B cells negatively correlates with the degree of T cell help 

available. Thus, while Nur77 expression does not seem to affect B cell responses in the 

context of TD responses with high abundance of antigen, Nur77 expression does 

impact B cell responses in the context of TD responses with low doses of antigen, with 

increased competition for access to antigen and T cell help (Fig 3.7).  Furthermore, our 

data suggests that Nur77 acts as a negative regulator in a dose-dependent manner, 

preferentially restraining the activity of the highest affinity B cells early in the response, 
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leading to dampening of the dose response curve (Fig 3.2G, 3.8). We speculate that 

one function of Nur77 may be to preserve diversity in the B cell repertoire during 

immune responses, and this will be discussed at greater length in the following chapter.  

It has long been known that BCR signaling triggers a broad set of primary 

response genes (PRGs), also referred to as immediate early genes, whose expression 

is induced immediately upon BCR stimulation and do not require protein synthesis for 

their expression.191 In the context of BCR stimulation, PRGs initiate immune responses 

and facilitate the recruitment of T cell help.134 It has also been recognized that PRGs 

are subject to negative feedback regulation, but the identity of such factors is unclear. 

Evidence for this comes from a well described phenomenon referred to as “super 

induction”, in which transcript expression of PRGs is both increased and maintained in 

the absence of new protein synthesis.133 This implies that there are PRGs whose 

protein products are negative regulators of other PRGs. As transcription factors which 

are highly induced following BCR stimulation and have been implicated as negative 

regulators in other cell types, the Nr4a family of genes are promising candidates to 

mediate negative feedback regulation of PRGs in B cells.139,150,151,155,163 

What targets mediate the effects of Nur77 in B cells? In an AML cell line, Nur77 

was shown to bind to the regulatory regions of of cMyc via chromatin 

immunoprecipitation, and the Nr4as are thought to act as transcription factors in 

regulating T cell differentiation.139,140,155 cMyc is a PRG which has been implicated as a 

master regulator of cellular proliferation and metabolic reprogramming.199 Given 

previous reports identifying cMyc as a potential candidate for transcriptional repression 

by Nur77, it seems likely that suppression of cMyc expression by Nur77 may account, at 
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least in part, for the proliferative advantage we observe in stimulated B cells lacking 

Nur77 expression (Fig 3.2D, E).  We speculate that in addition to a putative function as 

a direct mediator of Ag-induced cell death via direct interaction with BCL2, the Nr4a 

genes may contribute to the negative regulation of PRGs, and may act specifically to 

render B cells reliant upon signal 2 in addition to BCR signaling (Fig 3.5,3.6).  
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Figure 3.1 Expression pattern of Nr4a1/Nur77 in B cells.    
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Figure 3.1. Expression pattern of Nr4a1/Nur77 in B cells. A. B cells were sorted from 
lymph node and spleens harvested from B6 mice. Sorted B cells were cultured at 37oC 
in complete C10 media with and without 10 μg/mL anti-IgM stimulation, and then snap 
frozen and stored at -80oC, prior to being sent out for RNA sequencing. FPKM of the 
three Nr4a family members from sorted B cells is shown. B. B cells were isolated from 
lymph nodes harvested from Nur77-eGFP reporter mice via MACs sorting. Isolated B 
cells were stimulated at 37oC with 10 μg/mL anti-IgM for the indicated times, and RNA 
was isolated via Trizol RNA extraction. qPCR was performed to determine relative 
transcript expression of Nr4a1 and GFP. C, D.  Lymphocytes from B6 mice were 
stimulated with the indicated concentrations of anti-IgM for the indicated time. MFI of 
intracellular endogenous Nur77 and Nur77-eGFP from B cells was determined via flow 
cytometry, and plotted. E, F. Lymphocytes were harvested from IgHEL tg B cells, and 
then stimulated with the indicated concentration of HEL variants for the indicated time. 
Intracellular endogenous Nur77 MFI and Nur77-eGFP MFI from B cells was determined 
via flow cytometry. G, H. Lymphocytes harvested from B6 mice were cultured with 10 
μg/mL IgM, 1 μg/mL LPS or 10 μg/mL IgM and 1 μg/mL LPS combined. Intracellular 
endogenous Nur77 and Nur77-eGFP MFI from B cells was determined via flow 
cytometry. I, J. Lymphocytes harvested from B6 mice were cultured with 10 μg/mL IgM, 
1 μg/mL anti-CD40 or 10 μg/mL IgM and 1 μg/mL anti-CD40 combined. Intracellular 
endogenous Nur77 and Nur77-eGFP MFI from B cells was determined via flow 
cytometry. 
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Figure 3.2 Nur77 restricts the survival and proliferation of B cells 
which receive signal 1 only.   
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Figure 3.2. Nur77 restricts the survival and proliferation of B cells which receive 
signal 1 only. A, B. Congenically marked Nur77+/+ and Nur77-/- lymphocytes were 
mixed 1:1, CTV loaded, and cocultured for three days with the indicated dose of anti-
IgM and with or without 20 ng BAFF. A. Shown is the ratio of Nur77-/- and Nur77+/+ B 
cells recovered at day 3, normalized to the input ratio. B. Division index was determined 
via CTV dilution. C. Lethally irradiated CD45.1 WT mice were reconstituted with either a 
1:1 mixture of CD45.2 Nur77ko and CD45.1 WT (BoyJ) bone marrow or a 1:1 mixture of 
CD45.2 WT and CD45.1 WT bone marrow. 6 weeks after reconstitution, lymphocytes 
were harvested and then CTV loaded. The lymphocytes were then cultured with 10 
μg/mL anti-IgM, and division index was determined via flow cytometry. D. Lymphocytes 
were harvested from CD45.2 IgHEL tg mice and wildtype CD45.1 mice, mixed 1:1 and 
CTV loaded. Cells were cocultured with 10 μg/mL anti-IgM for 72 hours, and division 
index was determined via flow cytometry. E. Lymphocytes from Nr4a1+/+, Nr4a1+/- and 
Nr4a1-/- mice were stimulated with PMA and ionomycin for two hours, and endogenous 
Nur77 MFI was determine via flow cytometry. F-H. Same experimental setup as in A., 
but 20 ng/mL BAFF and 10 ng/mL IL-4 was added to the culture as well. F. 
Representative histograms. I-H. Division index was determined via CTV dilution. I-K 
Competitive coculture was set up as in A., but with the addition of 1 μg/mL LPS, 1 
μg/mL anti-CD40, and 1 μg/mL LPS or anti-CD40 in conjunction with 10 μg/mL anti-IgM 
as stimulatory conditions. I. Shown is the ratio of Nur77-/- and Nur77+/+ B cells recovered 
at day 3, normalized to the input ratio, with the given stimulation conditions. J, K. 
Division index was determined via CTV dilution with the given stimulation conditions.  
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Figure 3.3 Nur77 regulates the ability of mice to respond to T-
independent II, but not T-independent I or T-dependent immunizations   

A B C

D E

F G

ns

ns
ns

ns

ns

ns

ns
ns

ns

**

**

***

ns

* ***

**

ns ns ns

ns

ns

ns

ns
ns

ns
ns



121 
 

Figure 3.3. Nur77 regulates the ability of mice to respond to T-independent II, but 
not T-independent I or T-dependent immunizations. A, B. Nur77+/+ and Nur77-/- mice 
were immunized with 100 μg of NP-Ficoll. The mice were bled at the indicated 
timepoints, and anti-NP IgM and IgG3 titers were determined via ELISA. C. Nur77+/+ 
and Nur77-/- mice were immunized with 100 μL of the Pneumovax vaccine. The mice 
were bled at the indicated timepoints, and anti-Pneumovax IgM titers was determined 
by ELISA. D, E. Nur77+/+ and Nur77-/- mice were immunized with 100 μg of NP-LPS. 
The mice were bled at the indicated timepoints, and anti-NP IgM and IgG3 titers were 
determined via ELISA. F, G. Nur77+/+ and Nur77-/- mice were immunized with 100 μg of 
NP-KLH emulsified with alum as an adjuvant. NP-specific IgG1 titers were determined 
via ELISA, with total anti-NP IgG1 titers determined via coating using NP-29-BSA, (F.) 
and high affinity anti-NP IgG1 titers determined via coating with NP-1-BSA (G.). 
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Figure 3.4 Nur77 does not regulate the ability of B cells to compete in 
the germinal center in response to T-dependent immunization.   
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Figure 3.4. Nur77 does not regulate the ability of B cells to compete in the 
germinal center in response to T-dependent immunization. A. Schematic of 
experimental setup. Lethally irradiated CD45.1 WT mice (BoyJ) were reconstituted with 
1:1 mixes of Nr4a1+/+ and Nr4a1-/- bone marrow. 6 weeks after reconstitution, mice were 
immunized with either 100 μg/mL NP-KLH or SRBCs, and GC composition was 
determined via flow cytometry. B-C. Mixed bone marrow chimeras were immunized with 
100 μg NP-KLH and sacrificed 7 days after immunization. B. Representative gating. C. 
Ratio of Nur77-/- to Nur77+/+ B cells was determined amongst NP+ and NP- GC B cells, 
non-GC B cells and non-B cells via flow cytometry. D-E. Mixed bone marrow chimeras 
were immunized with SRBCs, and sacrificed 7 days after immunization. D. 
Representative gating. E. Ratio of Nur77-/- to Nur77+/+ B cells was determined amongst 
IgM+ GC B cells, IgM- (Switched) GC B cells, non-GC B cells and non-B cells via flow 
cytometry. 
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Figure 3.5 Nur77 regulates the ability of B cells to compete for limited 
amounts of antigen during a T-dependent response.   
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Figure 3.5. Nur77 regulates the ability of B cells to compete for limited amounts of 
antigen during a T-dependent response. A. Schematic of experimental setup. 
Splenocytes from B1-8i tg, Nr4a1+/+, CD45.1/2 mice were mixed 1:1 with splenocytes 
from B1-8i tg, Nr4a1-/-, CD45.2 mice, and adoptively transferred into WT BoyJ (CD45.1) 
mice. The host mice were then immunized with either NP-KLH or NP-OVA emulsified 
with alum as an adjuvant and were then sacrificed either 3 or 7 days after immunization. 
B. Adoptive transfers were set-up as described in A., with 5 million total cells 
transferred. Host mice were immunized with 100 μg NP-KLH emulsified with alum and 
sacrificed 3 days after immunization. Ratio of Nur77-/- and Nur77+/+ B cells normalized to 
the pre-transfer input ratio is shown. C-I. Adoptive transfers were set-up as described in 
A., with the number of total transferred cells indicated. Host mice were immunized with 
either 100 μg NP-OVA or 10 μg NP-OVA emulsified with alum and sacrificed 7 days 
after immunization. C. Size of the germinal center as a percentage of total B cells was 
determined via flow cytometry. D. Representative flow cytometry gating showing 
germinal center gating, gating of NP+ GC cells, and identification of Nur77KO and WT 
donor B cells. E. Ratio of Nur77-/- and Nur77+/+ GC B cells normalized to the pre-transfer 
input ratio of total B cells is shown. F. Percentage of total NP+ donor and host cells in 
the GC is shown. G. Representative flow cytometry gating showing germinal center 
gating, gating of NP+ GC cells, and identification of Nur77KO and WT donor B cells. H. 
Ratio of Nur77-/- and Nur77+/+ GC B cells normalized to the pre-transfer input ratio of 
total B cells is shown. I. Percentage of total NP+ donor and host cells in the GC is 
shown. 
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Figure 3.6 Nur77 renders B cells dependent upon “signal 2” 
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Figure 3.7 The competitive advantage of Nr4a1-/- B cells negatively 
correlates with the degree of T cell help 
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Figure 3.8 Nur77 acts as a negative regulator, dampening the dose 
response curve during B cell responses to antigen alone 
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Chapter 4 : Discussion 
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What is the mechanism behind negative regulation of B cell function by Nur77? 

 Historical studies of Nur77 function have described both transcriptional and non-

transcriptional mechanisms.139,145,151,154 Early studies from the Winoto group determined 

that Nur77 played an important role in regulating antigen induced cell death in T cells.141 

Later studies would find that overexpression of Nur77 in thymocytes via transgene lead 

to apoptosis in vivo while dominant negative constructs had the opposite phenotype, 

and Nr4a1 deletion lead to subtle defects in thymocyte negative selection in the OTII 

TCR transgenic model.143,144 The mechanism for Nur77 driven apoptosis is thought to 

be non-transcriptional, at least in part. During TCR-induced apoptosis, Nur77 

translocates to the mitochondria, where it binds to BCL-2 via its ligand-binding 

domain.145 This association leads to exposure of the BH3 domain of BCL-2, converting 

BCL-2 from an anti-apoptotic to a pro-apoptotic molecule. Nur77 can also bind to other 

BCL-2 family members, including BCL-B though not BCL-x(L), and Nor1 is also capable 

of binding to BLC-2.146,147 Disruption of this interaction between BCL-2 and Nur77 may 

contribute to competitive survival of Nur77-deficient B cells in response to either chronic 

or acute BCR stimulation.(Fig 2.3A-D, Fig 3.2 B). The competitive advantage for 

Nur77-deficient B cells that we observe in competitive co-cultures in vitro is in large part 

due to elevated survival, given that the phenotype is rescued via addition of excess 

BAFF (Fig 3.2B). Addition of signal 2 in the form of TLR signaling or T cell help also 

abolishes this competitive advantage (Fig 3.2C). Given that direct interaction of Nur77 

and BCL-2 is required for conversion of BCL-2, it is likely that signal 2 induces excess 

expression of BCL-2 or other BCL-2 family members, overwhelming the ability of Nur77 

to convert the phenotype of the anti-apoptotic molecules.   
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 Although BAFF eliminates the survival advantage of Nur77-defecient B cells 

stimulated through the BCR, they retain a proliferative advantage (Fig 3.B, F). The 

mechanism for this is unknown, but may be transcriptional. The capacity of Nur77 to act 

as a transcription factor has been well explored. Two different DNA binding motifs have 

been identified, with Nur77 binding as a monomer to the NGFI-B response element 

(NBRE), and as a homodimer the Nur77 response element (NurRE).200 Nur77 has also 

been implicated as a transcription factor with capacity to regulate Treg differentiation. 

Sekiya et al. report that mice with conditional loss of all three Nr4a family members in T 

cells exhibited a blockade in Treg differentiation.140 Mechanistically, Sekiya and 

colleagues utilize CHiP-seq to show that Nr4a1 directly binds to the promoter region of 

FOXP3 leading to induction.201 Several studies from the Conneely lab report induction of 

an AML like disease early in the life of mice with dual germline deficiencies of Nr4a1 

and Nr4a3.152–154 In order to define a potential mechanism for tumor suppression by the 

Nr4a genes, the Conneely lab utilized in silico analysis of NBRE and NurRE sites in 

conjunction with chromatin immunoprecipitation sequencing (CHiP-seq) in an AML cell 

line with exogenous Nr4a1 expression. Through this methodology, the Conneely group 

identified direct repression of subset of proliferation and survival related genes including 

cMyc and BCL-2 by Nur77.154,155 BCL-2 as a putative target gene for negative regulation 

by Nur77 is interesting, given its interaction with Nur77 discussed above.145 It is 

possible that Nur77 drives cellular apoptosis on two different fronts: direct repression of 

the expression of anti-apoptotic protein coupled with conversion of expressed protein.  

As a putative Nur77 transcriptional target, cMyc is a strong candidate to mediate 

downstream effects on BCR-induced proliferation. It plays well-defined roles in 
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regulating cell cycle and is a major transcriptional regulator of BCR-induced changes in 

gene expression, including key components of metabolic reprograming.199,202,203 

 

Redundancy in function among Nr4a family members 

 Given the high level of structural similarity amongst the Nr4a genes, particularly 

in their DNA binding domain, it is not surprising that there is evidence for functional 

redundancy amongst the Nr4a genes.129 Perhaps the best evidence for functional 

redundancy of the Nr4a genes comes from gene dosage studies from the Conneely 

group. Mice with that lack either Nr4a1 or Nr4a3 in the germline exhibit no gross 

abnormalities, but mice that have germline deletions of Nr4a1 and Nr4a3 in combination 

die within three weeks following birth due to the development of an AML-like disease.152 

A follow-up study revealed that mice with reduced gene dosage of the Nr4a genes, i.e.: 

Nr4a1-/-, Nr4a3+/- or Nr4a1+/-, Nr4a3-/-, exhibited an intermediate phenotype.153 These 

mice eventually developed mixed myelodysplastic/myeloproliferative neoplasms, which 

progressed to AML in rare cases. Interestingly, Nr4a1+/-, Nr4a3-/- mice exhibited a more 

severe phenotype than Nr4a1-/-, Nr4a3+/- mice, suggesting that either the relative 

expression level of the Nr4a genes differ in these cells, or pointing towards additional 

nonredundant functions of the Nr4a genes. 

 Further evidence for functional redundancy amongst the Nr4a family members 

comes from a study published by Sekiya et al. Sekiya and colleagues utilized a strategy 

in which conditional Nr4a1 and Nr4a2 alleles were crossed onto a Nr4a3-/- background, 

in order to delete the Nr4a family members in various combinations.140 To avoid effects 
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on other lineages, the authors utilized a CD4 cre to delete multiple Nr4a family 

members in T cells only. Again, mice with singular deletions of Nr4a family members did 

not exhibit any gross abnormalities, but mice with deletion of both Nr4a1 and Nr4a3 

exhibited significant deficiencies in Treg differentiation. Abrogation of all three Nr4a 

family members lead to a total block in Treg development, and early death due to a 

scurfy like disease. Interestingly, though deletion of all three Nr4a family members were 

necessary for total abrogation of Treg development, deletion of Nr4a2 in combination 

with either Nr4a1 or Nr4a3 alone did not result in any appreciable phenotype, 

suggesting that Nr4a2 may not exhibit redundancy in the same way as the other family 

members. Finally, new work from Anjana Rao similarly identified redundant functions of 

Nr4a1-3 in mediating CD8 CAR T cell exhaustion in the context of a murine tumor 

model.151 

 Despite redundancy among Nr4a family members, we observe a competitive 

advantage for B cells which germline deletion of Nur77 only in the context of both acute 

and chronic antigen stimulation. In part, this may be explained by the relative 

expression of the Nr4a family members in B cells, as the expression level of Nr4a1 is 

several times that of other Nr4a family members at steady state and following BCR 

stimulation (Fig 3.1a). However, this does not rule out the possibility that expression of 

Nr4a3 may partially compensate for Nr4a1 deficiency. We speculate that conditional 

deletion of both Nr4a1 and Nr4a3 in B cells may lead to more extreme phenotypes that 

reveal additional physiological roles for the Nr4a family in B cell tolerance. In particular, 

we find that Nr4a1 deficiency alone leads to differential responses to T-dependent 

immunization only in situations where access to antigen is limited (Fig 3.5E, F). We 
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speculate that removal of redundancy via deletion of both Nr4a1 and Nr4a3 may allow 

for competitive advantage of double knockout B cells in less limiting conditions. In 

addition, it is possible that double knockout B cells may reveal additional or more 

pronounced roles for the Nr4a family in B cell tolerance, including possible contribution 

to central tolerance mechanisms like antigen-induced deletion. 

 

A role for Nur77 in preserving clonal diversity during humoral immune 

responses? 

As discussed earlier in Chapter 3 of this thesis, we speculate that Nur77 is a 

PRG that itself acts as a negative regulator of other PRGs, thereby imposing a negative 

feedback loop. Negative feedback serves to transform digital responses into graded 

responses by dampening or flattening the dose-response curve (Fig 3.8). In accordance 

with this model, we see gene dose-dependent effects of Nr4a1 on the dose-response 

curve of BCR-induced B cell proliferation (Fig 3.2E, 3.8). Since endogenous Nur77 

expression correlates closely with both the quantity and affinity of antigen, Nur77 should 

preferentially restrict the activity of B cells with the highest affinity. As a result, Nur77 

expression may serve to restrict the competitive fitness of B cells with high affinity 

BCRs. This would serve to “handicap” or restrain such high affinity and potentially 

immunodominant clones, and allow lower affinity clones to participate in a primary 

polyclonal immune response.  

 While our data suggests that Nur77 primarily restricts the function of B cells in 

the context of signal one alone, we found that Nur77-deficient B cells also exhibited a 
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competitive advantage in seeding the germinal center with a low dose of immunogen 

during a T-dependent immune response (Fig 3.5 E,F). Strikingly, this advantage was 

not observed when mice were given a high dose of immunogen instead (Fig 3.5 C,D). 

Importantly, GC size scaled dramatically with immunogen dose, suggesting that antigen 

(rather than host T cell help) was limiting. Under conditions of limiting antigen dose in 

which access to T cell help is secondarily limiting, an advantage for Nur77-deficient B 

cells is unmasked. We propose that one function of Nur77 may be to restrict the ability 

of high affinity B cells to compete for T cell help during the early phase of the immune 

response, allowing lower affinity B cells to seed the GC. Indeed, a seminal study from 

Tas et al. utilized the BRAINBOW technique to mark unique B cell clones in the 

germinal center, and reported that early GCs were highly diverse.204 

The use of BRAINBOW allowed for visual tracking of B cell population dynamics 

over the course of an immune response. Surprisingly, though diversity collapsed in 

many germinal centers, some germinal centers remained diverse even at day 15 post-

immunization.204 This study shows that though selection for high-affinity clones is a 

possible outcome out of the GC reaction, GC selection does not inevitably lead to 

dominance of high affinity clones, and highly diverse GCs can persist over the relevant 

life-time of an immune response. A study from our lab utilizing the Nur77-eGFP reporter 

reveals that a subset of B cells in the LZ express high levels of Nur77-eGFP, and that 

this expression was BCR-dependent. By analogy to observations during the primary 

immune response, we speculate that Nur77 may also act as a negative regulator to 

dampen the ability of high affinity clones in the germinal center to compete for T cell 

help, leading to preservation of clonal diversity.   
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Nr4a family as druggable targets to modulate adaptive immunity 

Small molecule agonists and antagonists of Nr4a1 have been described.205–208 Of 

these, the ocktaketide cytosporone B (CSN-B) and its derivative TMPA, have been most 

heavily studied using in vivo model systems, inducing apoptosis in cancer models and 

acting as an anti-inflammatory.209,210 Treatment of cancer cells with cytosporone 

increases the transactivational activity of Nur77, and induces apoptosis in cancer cell 

lines.205 Cytosporone treatment also causes translocation of Nur77 to the mitochondria, 

where it presumably binds to BCL-2. The mechanism behind modulation of Nur77 by 

cytosporone is not fully understood, though the crystal structure of Nur77 bound to 

cytosporone has been solved, and the ligand binding domain of Nur77 is necessary for 

its interaction with cytosporone.209  

Modulating Nur77 activity has several appeals given its role in regulating the 

activity of both B cells and T cells. Enhancing the activity of Nr4a1 and dampening the 

responses of B cells could potentially act to alleviate the activity of self-reactive cells in 

the context of auto-immune disease or to help alleviate risk of graft vs host disease 

during transplant. Antagonizing the activity of the Nr4a family could also act as an 

adjuvant, increasing the efficacy of vaccinations by boosting the ability of B cells to 

respond. Nur77 antagonization is also appealing for usage during cancer 

immunotherapy, boosting the efficacy of cancer-specific B or T cells. In a similar vein, a 

recent study showed that CAR T cells lacking expression of all three Nr4a family 

members were able to control tumors with much greater efficacy than CAR T cells 

expressing the Nr4a genes.151 Utilization of Nur77 antagonists is particularly intriguing, 
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as the transient nature of endogenous Nur77 induction may reduce the risk of off target 

effects.  

 

Concluding remarks 

 This dissertation addresses a gap in our knowledge regarding the function of the 

Nr4a genes in the context of B cell responses. Nur77 (Nr4a1) is a primary response 

gene, which is amongst the most highly induced primary response genes following BCR 

stimulation.133,163 The function of Nur77 has been well explored in many types of cells, 

including several T cell subsets.142,150–152,211 Despite the obvious historical interest in 

Nur77 function, very little is currently known about the function of Nur77 in the context of 

B cell activation. In this dissertation, we focus on the role of Nur77 in regulating B cell 

activity in the context of both chronic and acute antigen stimulation. We find that Nur77 

expression correlates with the degree autoreactivity of B cells in two separate models of 

B cell autoreactivity, and Nur77 expression corresponds with the induction of tolerance 

mechanisms. Furthermore, we find that while most tolerance mechanism are intact in 

mice lacking Nur77, Nur77 restricts the competitive fitness of anergic B cells in the 

periphery, and its deletion is sufficient to break tolerance in the VH3H9 model. We also 

find that Nur77 restricts the survival and proliferation of B2 B cells receiving acute BCR 

stimulation. However, addition of secondary signals in the form of TLR stimulation or T 

cell help is sufficient to abolish the competitive advantage of Nur77-deficient B cells, 

indicating that Nur77 may act to render B cells dependent upon signal 2.  
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 Many questions remain regarding the biology of Nur77 in B cell activation. It is 

likely that regulation of B cell responses to acute BCR stimulation is driven, at least in 

part, via negative transcriptional regulation by Nur77. However, target genes in this 

context have yet to be identified. Furthermore, redundancy in function between the Nr4a 

family members has been described in several cell types.140,151,152 Given the impact of 

redundancy among the Nr4a family members in other cell types, redundancy may 

reduce the magnitude of the phenotypes we observed in our studies and deletion of 

multiple Nr4a family members may unmask further phenotypes. Exploration of these 

questions and others serves as future directions for our research and will hopefully 

expand our knowledge of how B cell responses are regulated. 
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