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Abstract

Nur77 (Nr4a1) belongs to a small family of orphan nuclear receptors that are rapidly induced by B 

cell receptor (BCR) stimulation, yet little is known about its function in B cells. We have 

previously characterized a reporter of Nr4a1 transcription, Nur77-eGFP, in which GFP expression 

faithfully detects antigen encounter by B cells in vitro and in vivo. Here we report that Nur77 

expression correlates with the degree of self-reactivity, counter-selection, and anergy among 

individual B cell clones from two distinct BCR Tg mouse models, but is dispensable for all of 

these tolerance mechanisms. However, we identify a role for Nur77 in restraining survival of self-

reactive B cells in the periphery under conditions of competition for a limiting supply of the 

survival factor BAFF. We find that Nur77-deficiency results in the progressive accumulation of 

self-reactive B cells in the mature repertoire with age and is sufficient to break B cell tolerance in 

VH3H9 heavy chain Tg mice. We thus propose that Nur77 is upregulated in self-reactive B cells in 

response to chronic antigen stimulation and selectively restricts their survival, gradually pruning 

self-reactivity from the mature repertoire to impose a novel layer of peripheral B cell tolerance.
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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 (1, 2). 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 (3). 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 (4, 5).

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 (6). 

Nr4a1–3 were initially cloned as primary response genes, and are rapidly induced in 

response to antigen receptor stimulation in lymphocytes (7–9). The Nr4a1–3 gene products 

are thought to function as constitutively active transcription factors with no known 

endogenous ligand (6). Indeed, crystal structures of their Drosophila ortholog and of murine 

Nurr1 reveal that the ligand binding pocket is occluded by conserved hydrophobic side 

chains (10, 11). Furthermore, the ligand binding pocket of Nurr1 adopts a constitutively 

active conformation similar to that of other ligand-bound nuclear receptors (11). In addition 

to important roles as transcriptional regulators of Treg and myeloid cell fate (12–14), the 

Nr4a family mediate TCR-induced apoptosis (15, 16), and are essential for negative 

selection of self-reactive thymocytes (17, 18). 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 (19, 20). Yet, although Nur77 and its family members 

are also upregulated by BCR stimulation, relatively little is known about their role in B cells 

(7, 21).

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

control of the regulatory region of Nr4a1 (Nur77-eGFP) (22). 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 vivo (23–25). 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 (22). 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 (22, 26). 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 (27). However, the function of Nur77 in B-2 cells is unknown.
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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 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 (28, 29). 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, anergy, and follicular exclusion 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.

MATERIALS AND METHODS

Mice.

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

(22, 29). Site-directed VH3H9 HC Tg mice have been previously described and were 

generously shared by Anthony DeFranco (28). Nr4a1fl/fl mice were generously shared by 

Pierre Chambon and Catherine Hedrick (13). Mb1 Cre, Nr4a1−/−, C57BL/6, and CD45.1+ 

BoyJ mice were from The Jackson Laboratory (30, 31). 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-
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Mercaptoethanol [55mM] (Gibco), Sodium 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 (26).

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 2×106 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 ×106 cells/ml rather than 1 × 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 × 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 
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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.

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 2.5×106 and 5×106 cells in 200 μL 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 biotin-conjugated anti-λ1 light chain (clone R11–153), or PE 

anti-IgDa (clone REA484) to identify adoptively transferred IgHEL Tg B cells. Images were 

captured with a Zeiss Axio Imager M2 widefield fluorescence microscope. Images were 

processed using Zen Pro (Zeiss) and Adobe Photoshop (Adobe).
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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 Supplemental Table 1 for primers)(32). 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 37°C 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 Supplemental Table 1 for list of primers).

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 (29). 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 (29, 33–35). 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 (22). 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 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 (Supplemental Fig 1A) (36). Importantly, 

consistent with the extremely high affinity of IgHEL B cells for their cognate antigen HEL 

(10−10 M)(29), Nur77-eGFP expression in IgHEL / sHEL double Tg reporter B cells was 

much higher than in wild type (WT) reporter B cells (Fig 1A, B, Supplemental Fig 1B). 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 of Nur77-eGFP correlates with the 
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degree of self-reactivity in the natural diverse B cell repertoire (22), 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 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 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 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 (3, 37). However, Nr4a1−/− “anergic” IgHEL / sHEL B cells begin to downregulate 

CD93 and exhibit a more “mature” phenotype than Nr4a1+/+ anergic B cells (Supplemental 

Fig 1C, D). “Anergic” IgHEL/sHEL B cells are excluded from the marginal zone 

compartment which is populated sparsely by IgMb escapees expressing endogenous HC, and 

this is not influenced by Nur77 expression (Supplemental Fig 1D, 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) 

(38, 39). 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 12 hours. As 

previously described, IgHEL Tg 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 Tg hosts (Fig 1E). Nur77 expression was dispensable for this 

phenomenon (Fig 1E).

IgM but not IgD BCR expression is highly downregulated on the surface of “anergic” 

IgHEL / sHEL B cells irrespective of Nur77 expression (Fig 1F, Supplemental Fig 1D). 

However, such IgM downregulation is subtly but significantly impaired in the absence of 

Nur77 while the opposite is true for IgD (Fig 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 (33). Impaired calcium entry is 

unaltered by Nur77 expression despite subtle changes in surface IgM (Fig 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 
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receptor levels are minimally altered relative to “naïve” IgHEL B cells (Fig 1I, J). This 

demonstrates that Nur77 expression is dispensable for anergic rewiring 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 (3). 

“Anergic” IgHEL / sHEL B cells exhibit elevated basal calcium relative to “naïve” IgHEL 

Tg B cells, and this is also independent of Nur77 (Fig 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) (36). Nur77 is dispensable for the induction of these transcripts and does not 

significantly modulate their expression (Supplemental Fig 1E–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 (38–40). Increased 

dependence upon a limiting supply of the B cell survival factor BAFF accounts for their 

competitive elimination (4, 5). 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 thymocytes (17). 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 2A, 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 2A, B). Importantly, Nur77 does not modulate in vitro survival of “naïve” IgHEL 

Tg B cells harvested from non-Tg host chimeras (Fig 2C, 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 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 2E, 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 
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cells and that certain features of anergy in this model are reversible (Fig 2G, H). As 

previously reported, rapid loss after adoptive transfer of “anergic” IgHEL B cells (identified 

as CTV+, CD45.2+, IgDa+) relative to co-transferred CD45.1+ WT B cells depended on 

persistent exposure to self-antigen stimulation (Fig 2F, I) (39). Strikingly, Nur77-deficiency 

partially and selectively ameliorated competitive elimination of anergic B cells exposed to 

chronic self-antigen (Fig 2F, 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 (38). To isolate the 

contribution of Nur77 to this process, we performed the competitive adoptive transfer assay 

described in Fig 2E with “naïve” rather than “anergic” IgHEL B cells (see schematic Fig 

3A). “Naïve” IgHEL B cells transferred into sHEL hosts, but not WT hosts, exhibit massive 

downregulation of surface IgMa, assuming an “anergic”-like phenotype (Fig 3B). 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 3B). However, after transfer into 

sHEL hosts, “naïve” IgHEL B cells were rapidly lost, and this loss was partially rescued by 

deletion of Nur77 (Fig 3B, C). Concomitantly, surface IgMa expression remained higher on 

residual IgHEL B cells transferred into sHEL hosts in the absence of Nur77 (Fig 3D). 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 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 (41–43). 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 (28). 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 (28, 42, 44). Small 

numbers of B cells expressing dsDNA-reactive Vλ1 BCRs persist in the periphery in sd-

VH3H9 Tg mice despite counter-selection (42, 45, 46). Residual DNA-reactive B cells in 

this model are deeply anergic and sd-VH3H9 mice do not secrete significant titers of dsDNA 

Ab (42, 44, 47–49). However, on susceptible backgrounds where tolerance is broken, 

autoantibodies can develop (42, 44, 50).

We generated Nur77-eGFP reporter mice harboring the site-directed (sd) VH3H9 Tg (Fig 

4A, B). Vλ B cells (the majority of which express Vλ1 and are highly self-reactive) are the 
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products of vigorous receptor editing during bone marrow development in sd-VH3H9 Tg 

mice, and exhibit marked downregulation of the IgM and IgD BCRs (41, 42, 44–46). 

Despite this BCR downregulation, we found that Vλ B cells from these mice turned on 

Nur77-eGFP much earlier in development, and expressed higher levels in maturity relative 

to either Vκ B cells from sd-VH3H9 Tg mice or WT B cells from non-Tg reporter mice (Fig 

4B–H, Supplemental Fig 2A). 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 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 -Vκ B cells and WT B cells (Fig 4I). Nr4a1 transcript was similarly 

higher in Vλ B cells relative to Vκ B cells in VH3H9 Tg mice, as was Nr4a3, while Nr4a2 
transcript was undetectable (Supplemental Fig 2B). 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 Vκ 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 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 5A, B)

(42, 45, 46). 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 5A, B) (45). Most remaining CD23+ Vλ1 B 

cells retain high surface expression of the immature/transitional B cell marker CD93 (Fig 

5A, Supplemental Fig 2C)(42). Thus, Vλ1 B cells are efficiently counter-selected and 

progressively pruned from the developing B cell repertoire of sd-VH3H9 Tg mice (Fig 5A, 

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, Supplemental Fig 

2D, 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 5C, Supplemental Fig 2C). These observations suggest 

that Vλ1 B cells are much more self-reactive than both Vλ2/3 and Vκ B cells in sd-VH3H9 
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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 5D, 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 5D). One 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 (48, 49). 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)(51, 

52). 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, Supplemental Fig 2D), 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 

(Supplemental Fig 3F, 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 5F, Supplemental Fig 2H) (44). We took advantage of 

this clonal diversity to explore how non-autoreactive IgHb B cells 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 5F, Supplemental Fig 2H). Importantly, we confirm that non-autoreactive 

IgHb cells exhibit the lowest levels of Nur77-eGFP in the VH3H9 B cell repertoire (Fig 5G). 

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 (41, 42, 45, 46). 

Yet these cells remain quiescent, at least in part because of suppressed BCR signal 

transduction or “anergy” (47–49). 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 
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occupancy by endogenous antigen (Fig 6A). 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 6A)(47). 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 6B, Supplemental 

Fig 3A). 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-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 6C) (22). Remarkably, by gating on GFP-low Vλ B cells, we can identify 

a small population that retains signaling capacity (Fig 6C). 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 (51).

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 6D, 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 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 (Supplemental 

Figs 3B, C). This is unaltered by introducing the non-self-reactive IgHEL BCR Tg in order 

to restrict and fix the BCR repertoire (Supplemental Fig 3D). 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 7A) (42, 45).

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 5B) 

(45, 46). Since Nur77-eGFP expression is upregulated early during bone marrow 

Tan et al. Page 12

J Immunol. Author manuscript; available in PMC 2020 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



development in DNA-reactive VH3H9 Tg B cells that have edited to express Vλ (Figs 4B–

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 7B).

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 (17, 

53). In the sd-VH3H9 system, highly autoreactive Vλ1-expressing B cells are largely 

excluded from the more mature CD23+ B cell compartment and this was not rescued by 

deletion of Nr4a1 (Fig 7B) (42, 45). Indeed, Vλ1 B cells in VH3H9 Tg mice have a very 

short half-life in vivo as measured by BrdU incorporation (45). 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 (54). 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 7C). 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 7C). 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 7C).

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 6), we next sought to determine 

whether Nur77 regulates B cell anergy. As in the IgHEL / sHEL model system, IgM 

downregulation was largely unaffected by Nur77-deficiency (Fig 7D). Moreover, elevated 

basal calcium and dampened inducible calcium signaling in either Vλ or Vκ B cells from sd-

VH3H9 Tg mice relative to non-Tg WT B cells were also unaffected by Nur77 expression 

(Fig 7E). Similar to the IgHEL / sHEL model, highly self-reactive VH3H9 Tg Vλ1 B cells 

localize to the T/B interface (45). We compared localization of Vλ1 B cells in VH3H9 Tg 

and WT mice either expressing or lacking Nur77. We observed enrichment of VH3H9 Tg 

Vλ1 B cells at the T/B boundary, and showed that this was independent of Nur77 (Fig 7F).

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 7B, 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, 
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albeit to a different extent (4, 5, 50, 55–57). 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). 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 2A–D), VH3H9 Tg B cells survive poorly relative to WT and this is rescued with 

supplemental BAFF (Figs 8A, B). However, Nur77 is dispensable for this cell loss (Fig 8A). 

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 4B–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 8C). 

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 8D). 

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 (Supplemental Figs 3E–

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 8E). However, Nr4a1−/− CD45.2+ B cells (but not 

Nr4a1+/+ CD45.2+ controls) markedly outcompeted CD45.1+ B cells in cultures stimulated 

through the BCR (Fig 8F). 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 3I, 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 
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Nr4a1−/− and Nr4a1+/+ VH3H9 Tg mice (Fig 7A), we observed a significant increase in the 

total number of VH3H9 Tg B cells in the absence of Nur77 (Fig 8G). 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 8G). 

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 7B), loss of Nur77 did not rescue the robust counter-selection of these DNA-

reactive cells in young VH3H9 Tg mice (Fig 8H). However, 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 7C) – and that this loss was partially 

ameliorated by deletion of Nr4a1 (Fig 8H). 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 5–7) (42, 45). As a result, IgG dsDNA autoantibodies do not 

develop at appreciable levels in these mice on the C57BL/6 genetic background (42, 44). 

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 in 

VH3H9 Tg mice expressing or lacking Nur77 (Fig 8I). However, we detected early 

accumulation of dsDNA IgG autoantibodies in the absence of Nur77 (Fig 8J). This suggests 

that Nur77 plays a critical role in maintaining B cell tolerance in the setting of a self-reactive 

BCR repertoire.

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 (22, 25). 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 
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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 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 the 

maintenance of tolerance in VH3H9 Tg mice in vivo.

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 (12, 13, 58). Indeed, thymic negative 

selection and development of regulatory T cells is largely intact in Nr4a1−/− mice (13, 30). 

By contrast, expression of a dominant negative construct of Nur77 impairs negative selection 

of thymocytes (17). 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 (12, 13, 58). 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 (21), 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 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 (15, 16). Although a role for both Nur77 and Nor1 in mediating negative 

selection of thymocytes in vivo was subsequently revealed using analogous approaches (17, 

18), 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 (59–61). 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 
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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 (53, 

62). 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” (19, 63, 64). Moreover, Nur77 can do so 

independent of its DNA binding activity, and the interaction domains of Nur77 and Bcl-2 

have been mapped in vitro (19, 20). It has been suggested that this is the mechanism by 

which Nur77 mediates thymic negative selection in vivo (64), 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 (1–3). 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 (1). 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 (47, 65). 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 (66–71). By contrast, IgHEL B cells exposed to soluble rather than 

membrane-bound self-antigen bypass this early checkpoint, and persist in the periphery in a 

state of functional unresponsiveness (29, 33–35, 69). 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 (39, 40). 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 (4, 5, 50, 55). 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 (4). Deletion of Bim rescues survival 
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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 (56, 57). 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-XL (19, 20, 63), 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 (72). 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.

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 (73, 74). 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 (75–77). 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 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 (78). 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 (79). Indeed, this forms part of the 

rationale for use of BAFF-depletion as a therapeutic strategy to treat lupus. By analogy, 
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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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KEY POINTS

• Nur77 expression correlates with the degree of autoreactivity of individual B 

cells

• Nur77 is dispensible for receptor editing, central deletion, and anergy

• Nur77 restrains the survival of mature self-reactive B cells
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Figure 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 1A. C. Schematic representation of IgHEL/sHEL Tg 

chimera generation. Lethally irradiated wildtype or sHEL Tg hosts were reconstituted with 

5×106 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 12 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 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 
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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. 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 1C. Tg CD45.2+ B cells were mixed 1:1 with CD45.1+ WT B cells and plated at a 

total concentration of 5×106 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. 2F-I. IgHEL/sHEL Tg chimeras were generated as in Fig 

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. 5×106 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. 
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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 3. 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. 5×106 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 4. 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 5. 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 5D. 

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. 
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Quantification of the Nur77-eGFP MFI of B cell subsets identified in F. N=3 mice per 

group.
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Figure 6. 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 6A. 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 37° with 10 

μg/mL IgM for 10 minutes. Phosphorylated ERK expression was determined via 

Tan et al. Page 33

J Immunol. Author manuscript; available in PMC 2020 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intracellular flow cytometry staining. N=5 for each group. E. Spleens from Nur77-eGFP 

VH3H9 Tg+ and Tg- mice were stimulated at 37° 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 7. 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 8. 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. 5×106 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, 
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and both total IgG titer and relative anti-dsDNA IgG titer was determined via ELISA. N ≥ 

10 for each group.
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