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Abstract

Systemic lupus erythematosus is a debilitating autoimmune disease in which autoantibodies and 

autoreactive T cells destroy kidneys and other organs. Disease is clinically and genetically 

heterogeneous, suggesting that underlying mechanisms vary between patients. We previously used 

an autoantibody transgenic mouse reporter system to examine the effect of different autoimmune 

backgrounds on B cell tolerance, failure of which is a fundamental defect in lupus. We identified a 

defect consistent with reversible anergy induced by endotoxin stimulation of B cells from Ig 

transgenic New Zealand Black (NZB) mice. Herein we report that the tolerance defect is revealed 

by TLR7 and TLR9 as well as TLR4 ligands, with additive effect, and is partially reversed by Mek 

inhibition. Gene expression analysis reveals significant differences in transcription of multiple 

TLR pathway genes and ptpn22 in stimulated NZB compared to B6 B cells. Additionally, the 

defect is detected in Ig transgenic NZB F1 hybrid strains (NZBxNZW)F1 and (B6xNZB)F1. 

These results implicate an inherited defect wherein NZB anergic B cells maintain coordinated 

TLR/BCR signaling that permits autoantibody production. Agents targeting these pathways may 

have therapeutic benefit in the subset of lupus patients that manifest similar defects in B cell 

regulation.
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Introduction

Systemic lupus erythematosus (SLE) is one of the most debilitating autoinflammatory 

diseases, due in part to renal failure and accelerated atherosclerosis. The fundamental defect 

involves escape of autoreactive B and T cells from normal regulation, with production of 

autoantibodies (autoIg) that deposit in multiple organs. Disease can often be controlled using 

broad immunosuppressants, but these are nonspecific and fraught with complications. 
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Rational design of urgently needed mechanism-based interventions requires better 

understanding of disease initiation and pathogenesis.

Discovery systems must consider the phenotypic heterogeneity of SLE. Manifestations can 

vary widely due to the complex genetic and environmental susceptibility that underlies lupus 

[1]. Multiple disease-associated loci and genes have been identified, with different 

constellations expressed in different families and patients. In our search for genetic 

modifiers of tolerance checkpoints and related biologic pathways that may provide 

therapeutic targets tailored to subsets of SLE patients, we developed a mouse Ig transgenic 

(Tg) reporter system within the context of four classic inbred lupus strains: New Zealand 

Black (NZB), BXSB/MpJ (BXSB), MRL/MpJ (MRL), and (NZBxNZW)F1 (BWF1). Each 

strain develops spontaneous lupus with nephritis due to multiple susceptibility loci, and is 

genetically distinct. Thus, they collectively model the genetic heterogeneity of human SLE. 

In the reporter system, each strain carries an Ig Tg that is crossreactive with DNA and 

laminin, a protein expressed in kidney basement membranes. In non-autoimmune C57BL/6 

(B6) mice, B cells expressing the autoIg Tg are stringently regulated by deletion, editing, 

and anergy [2, 3], mechanisms that also regulate autoreactive B cells in man [4–6], whereas 

expression of the autoIg Tg in autoimmune strains revealed strain-specific tolerance defects 

[7]. Thus, this multistrain Ig Tg reporter system is a suitable platform for systematic, 

mechanistic dissection of autoimmune strain influences on B cell tolerance, and on autoIg 

production triggered by superimposed environmental factors.

The most striking tolerance deviation was observed in NZB mice, which develop severe 

autoimmune hemolytic anemia and late onset nephritis. NZB carry major susceptibility 

genes that contribute to fulminant nephritis in F1 hybrids [8]. Ig Tg NZB mice produce 

autoIg Tg B cells that are regulated by deletion, editing, and anergy, similar to their Tg B6 

counterparts [7]. Whereas murine models generally display B cell hyperactivity, NZB Tg B 

cells are unique in their production of high levels of Tg autoIg after in vitro stimulation with 

lipopolysaccharide (LPS), a ligand for Toll-like receptor (TLR) 4 [7]. LPS also induces Tg 

autoIg production in vivo in a subset of Tg NZB mice. These findings are consistent with 

results of Wither and colleagues using a different NZB autoIg Tg model [9], suggesting that 

abnormal TLR ligand-reversible B cell anergy is a key defect that contributes to 

autoimmunity in NZB.

In contrast to results from Ig Tg NZB, initial studies using B cells from Ig Tg BWF1 mice 

(mean age 3.4 months) showed only low levels of Tg autoIg after LPS stimulation [7]. This 

was surprising in that BWF1 develop autoimmune hemolytic anemia of comparable severity 

and onset as NZB, and develop anti-dsDNA/anti-chromatin IgG and severe nephritis [10], 

suggesting that BWF1 and NZB have similar defects in regulation. To better understand B 

cell regulation in F1 hybrids relative to parental NZB, we explored additional Tg BWF1 

mice of an older age range, as well as Tg (B6xNZB)F1 hybrids. Herein we report that the 

reversible anergy phenotype is present in both NZB F1 hybrids. Moreover, autoIg secretion 

by NZB Tg B cells can be induced by TLR7 and TLR9, as well as by TLR4, ligands, with 

additive effect. Altered expression of TLR signaling components in NZB B cells and partial 

reversal of the phenotype by blockade of MAPK signaling suggest that the inherited NZB 
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defect eases the brake on BCR/TLR signaling that normally maintains anergy in healthy B 

cells.

Results and Discussion

Reversible anergy is detected in multiple NZB F1 hybrids

To determine the heritability of the NZB B cell defect, we assessed B cells from two strains 

of Ig Tg NZB F1 progeny. In a cohort of 6–10 month old Tg BWF1 mice, older than those 

studied in our initial report [7], we detect the LPS-exposed defect: Tg autoIg are present at 

high levels in LPS-stimulated B cell supernatants (Figure 1A). Like the parental Ig Tg NZB 

strain previously described [7], traditional indicators of a tolerance phenotype are present in 

this older cohort: Tg anti-laminin autoIg is not detected in serum, and B cell numbers or 

frequency are decreased in spleen and bone marrow compared to the non-Tg BWF1; 

endogenous (IgMb) heavy chains are highly expressed, despite presence of the productively 

rearranged Ig Tg, suggesting editing; and, surface Ig (IgM/IgD) expression is significantly 

decreased, consistent with anergy (Table 1). The Tg BWF1 contrast with the previously 

reported parental Tg NZB in surface IgLambda expression, in that this parameter does not 

differ between Tg and non-Tg BWF1 (Table 1), whereas in the NZB strain a significantly 

higher proportion of B cells expressed lambda in Tg vs non-Tg mice [7].

Because Tg BWF1 mice inherit potent autoimmune modulators from both NZB and NZW, 

we assessed whether the NZB contribution was sufficient to overcome tolerance in B cells 

from F1 mice generated by crossing NZB with B6, in which Tg B cells are stringently 

regulated and fail to produce Tg autoIg in response to LPS [7]. TLR4-stimulated B cells 

from Tg (B6xNZB)F1 mice produce significantly more Tg autoIg than B cells from Tg B6 

mice (Figure 1A), a defect already apparent in B cells from young adult (B6xNZB)F1 mice 

(aged 3.5–4 months). Therefore, the defect in B cell tolerance unmasked by TLR4 

stimulation likely can be attributed to NZB loci in both F1 progeny. As with older Tg BWF1 

mice, Tg anti-laminin autoIg is not detected in serum (mean OD405 = 0.0 ± 0.0) and other 

tolerance pathways appear intact in young adult Tg (B6xNZB)F1 mice despite detection of 

the defect (Table 1). The tolerance phenotype of Tg (B6xNZB)F1 mice is similar to that 

previously described for the parental Tg B6 line [2, 3].

Preservation of the TLR4-exposed defect in distinct NZB F1 hybrids suggests that dominant 

NZB susceptibility genes are responsible. Known major NZB loci that link to Ig production 

and nephritis include Nba2 on chromosome 1, which also links to increased expression of 

TLR adaptor Unc93b1 [11, 12], and Sle2c1 on chromosome 4, a major contributor to 

breaches in B cell tolerance [13–15]. A chromosome 13 locus has been linked to 

hyperreponsiveness to TLR3, but not TLR7 or 9 [16]. Ultimately, backcross of the autoIg Tg 

to B6 congenic lines carrying NZB-derived loci may better pinpoint the genetic basis of the 

reversible anergy defect.

The NZB B cell defect is blunted by Ras/MAPK pathway inhibition

In multiple models, B cell anergy is maintained by alterations in coordinated BCR/TLR 

signaling compared to signaling in naïve B cells, such that TLR ligands fail to induce autoIg 
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secretion [17–20]. Known mechanisms center on altered activation or function of MAPK 

pathways[21], and particularly ERK activity, which may be critical for Blimp-1 activation 

and Ig secretion [22]. To assess ERK activation in Ig Tg NZB B cells, we used fluorescently-

labeled probes and observed ERK phosphorylation and p-ERK nuclear translocation after 

costimulation with LPS and BCR crosslinking (not shown). We then used the selective 

Mek1/2 inhibitor U0126 to determine whether blockade of MAPK activation modifies the 

Tg NZB defect. Coincubation of Tg NZB B cells with LPS and low concentrations of U0126 

partially correct the defect, reducing Tg autoIg levels (Figure 1B) while preserving cell 

viability (not shown). This suggests that defective tolerance in NZB mice may be due in part 

to abnormally preserved signaling in MAPK pathways in NZB anergic B cells.

Multiple TLRs expose the NZB tolerance defect

To determine whether the defect is specific to TLR4 stimulation, we cultured Tg NZB B 

cells with ligands for TLR7 and TLR9, as well as TLR4, separately and in combination. 

Each TLR ligand induced Tg autoIg production (Figure 1C), with additive effect.

Because the tolerance defect is exposed by multiple TLR ligands, we compared expression 

levels of genes in TLR signaling pathways for TLR-stimulated wildtype NZB vs B6 splenic 

B cells, and identified several genes that show differential expression (Table 2). This 

includes significant overexpression of TLR4 in NZB B cells, a finding that may explain 

accentuation of autoIg production by LPS-stimulated Tg NZB and F1 B cells. However, this 

alone cannot fully explain the high level autoIg secretion because the phenotype is also 

induced by TLR7 and TLR9 ligands. Protein tyrosine phosphatase non-receptor type 22 

(ptpn22), variants of which are linked to human autoimmunity, is overexpressed 4-fold in 

TLR-stimulated NZB B cells. Ptpn22 encodes hematopoietic cell tyrosine phosphatase Lyp 

(human) or PEP (mouse), a key regulator of BCR and TLR proximal signaling. Several 

PTPN22 risk alleles link to alterations in BCR signaling, expanded anergic subsets, and 

autoimmunity in humans [23–25]. Lyp/PEP inhibits BCR signaling and binds and activates 

TRAF3 [26], which is also significantly overexpressed (1.6-fold) in NZB vs B6 stimulated B 

cells. TRAF3 has unique negative as well as positive regulatory functions, including 

regulation of TLR signals, and is activated by TLR4, 7, and 9 [27], each of which elicits the 

NZB B cell defect. Excess ptpn22 activity may inhibit BCR signaling, raising tolerance and 

activation thresholds, while simultaneously enhancing TLR signaling; both actions are likely 

to alter central and peripheral B cell tolerance [28].

Others have shown extrinsic regulation of some anergic cell subsets, with suppression of 

autoIg secretion by TLR-stimulated mononuclear cell-derived cytokines (IL6, sCD40L, 

TNFa) [29–31]. Our data in NZB point to an intrinsic B cell defect in this strain, and 

preliminary studies (not shown) suggest that addition of B-depleted splenic cell subsets or 

splenocyte cultures fail to suppress TLR-induced autoIg. Lack of in vitro suppression may 

relate to abnormally restored BCR/TLR signaling in anergic cells, particularly because 

receptors for cytokines implicated in the non-autoimmune setting can signal through ptpn22-

regulated TRAF3.

We cannot rule out a concurrent defect in the central compartment. Defective central 

deletion was previously postulated for NZB based on evidence from the 4C8 Ig Tg model; 
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anti-red blood cell B cells are controlled primarily by deletion in 4C8 Tg B6, whereas loss of 

tolerance and autoimmune hemolytic anemia develop in 4C8 Tg NZB[32, 33]. It is 

noteworthy that aberrant TLR signaling and the autoimmunity-linked R620W ptpn22 variant 

are associated defective central B cell tolerance in man [28, 34, 35]. It is possible that altered 

BCR and TLR signaling in NZB not only facilitates reversal of anergy but also permits a 

subset of autoreactive early B cells to escape deletion.

Concluding remarks

We determined that a B cell regulatory defect previously observed in the NZB lupus strain is 

dominant and heritable to multiple F1 crosses, and can be exposed by multiple TLR ligands 

signaling from the cell surface and/or endosome. Gene expression analysis and the 

unmasking of autoreactivity by TLR ligands in what otherwise appears to be effective 

tolerance in these mice (via deletion, editing, and anergy) implicate aberrant genetic 

modulation of B cell-intrinsic TLR signaling-related pathways. A Mek1/2 inhibitor 

decreases NZB Tg autoIg production in response to TLR ligand, thus partially correcting the 

defect. Because lupus is a clinically and genetically heterogeneous disease in mice and man, 

it is anticipated that a subset of lupus patients manifests similar B cell regulatory defects. 

TLRs, endosomal signaling, and ptpn22 are considered promising therapeutic targets [36], 

such that intervention tailored to these pathways may offer the possibility of rapid clinical 

translation to this subset of patients.

Materials and Methods

Mice

All studies were approved by the Animal Care and Use Committee of Duke University and 

the Durham VAMC. Characterization of the LamH IgMa+ autoIg Tg was previously 

described [2, 3, 7]. Tg BWF1 mice were generated by breeding Tg NZB females×NZW/

LacJ (NZW) males (Jackson Labs), and Ig Tg (B6xNZB)F1 by breeding B6 females 

(Jackson Labs) with Tg NZB males. Mice ages ranged from 3–16 months.

B cell isolation and culture

B cells were purified and cultured for 7–8 days as described [7], stimulated with either 50 

µg/mL LPS (TLR4 agonist, Sigma), 2 µg/mL resiquimod (R848, TLR7 agonist, Sigma), 1 

µg/mL ODN 1668 CpG oligos (CpG, TLR9 agonist, Invivogen), 0.5 µM U0126 (MEK1/2 

inhibitor, Calbiochem), combinations of these, or medium alone. Cell viability was 

determined using trypan blue.

Autoantibody measurement by ELISA

Serum (1:20 dilution) and cell culture supernatants (undiluted) were assayed for Ig Tg anti-

laminin autoIg as described [7]. All Tg anti-laminin ELISAs were standardized to co-plated 

IgMa anti-laminin control antibody f413A10C [37] to correct for interassay variability. 

Measurements above the linear range occurred in a subset of LPS-stimulated Tg+ NZB B 

cell cultures (Figure 1A) and TLR 4/7/9 stimulated Tg+ NZB cultures (Figure 1C), which 

were accommodated using a rank sum statistical analysis as described.
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Flow cytometry

Splenocytes or bone marrow cells were incubated with antibodies against Tg IgMa and other 

surface markers and data acquired and analyzed as described [3, 7].

Gene expression analysis by qPCR

Purified B cells from non-transgenic NZB and B6 mice were cultured overnight with TLR4, 

TLR7, and TLR9 stimulation, harvested into RLT buffer (Qiagen), homogenized using 

Qiashredder (Qiagen), and RNA isolated using the RNEasy mini kit (Qiagen). cDNA was 

generated using the High Capacity cDNA reverse transcription kit with oligo d(T) primer 

(Applied Biosystems) and assayed using the TLR m96 array (BioRad). Fold change was 

calculated using the ddCT method, standardized to GAPDH. Additionally, cDNA was 

assayed in duplicate using TaqMan Gene Expression Assay systems (Applied Biosystems) 

to quantify expression of Tbc1d10c, GPR97, Ptpn22, Traf3, c-Cbl, Egr2, Cbl-b, standardized 

to succinate dehydrogenase A.

Immunofluorescence microscopy

Purified B cells were incubated in an 8-well chamber slide (ThermoFisher) for 1 hr, then 

stimulated 30 min with diluent or TLR ligand (LPS or CpG oligo) plus anti-mouse IgM

+IgG-Alexafluor 488. Fixed cells were stained with rabbit anti-p-ERK (Cell Signaling) 

followed by goat anti-rabbit-Alexafluor 555 (Invitrogen), and DAPI nuclear stain (Sigma), 

and imaged on a Zeiss 710 confocal microscope at 630x, using consistent capture settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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autoIg autoantibody/autoantibodies

TLR toll like receptor

NZB New Zealand Black

B6 C57BL/6J

BCR B cell receptor

Tg transgene

Ig immunoglobulin

BWF1 (NZB x NZW)F1
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Figure 1. A–C: TLR ligand-stimulated autoantibody production
(A) 1×106 B cells from Ig Tg mice were cultured with (+) or without (−) LPS stimulation. 

Anti-laminin Tg Ig is shown as mean +/− S.D. of OD405 on antigen-coated minus diluent-

coated wells of duplicate samples, normalized to A10C antibody OD to control for 

interassay variability. *p<0.05 by nonparametric multiple comparison Wilcoxon Each Pair 

test, 4–5 mice per group, except unstimulated sample results pooled from all subjects 

(n=18). Ages in months as mean (range) are: Tg B6, 5.5 (3–8); Tg (B6xNZB)F1, 3.7 (3.5–

4); Tg BWF1, 8.4 (6–10); and Tg NZB, 8.5 (8–9), from 1–2 experiments per strain. (B) Tg 

NZB (0.5×106 cultured cells, age 11–16 months from 2 experiments); Each line reflects 

paired samples from a single mouse +/− Mek1/2 inhibitor U0126; p=0.0625, Wilcoxon 

Signed Rank test; and, (C) Tg NZB (age 5–14 mon, 0.5×106 B cells per well), n=8–13 mice 

per group from 4 experiments, *p<0.05 vs each other group, Wilcoxon Each Pair test.
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Table 1

B cell phenotype in spleen and bone marrow (NZBxNZW)F1 and (B6xNZB)F1 mice.

(NZBxNZW)F1 (B6xNZB)F1

Spleen Tg+ non-Tg Tg+ non-Tg

B cells, millions 5.8 ± 2.4* 26.7 ± 7.6 4.2 ± 1.0* 29.6 ± 5.9

(8) (5) (5) (4)

Reduction in B cells vs non-Tg 78% 86%

%Tg+ IgMa (of B cells) 84.7 ± 4.3 N/A 68.2 ± 6.6 N/A

(8) (5)

% Endogenous IgMb (of B cells) 24.0 ± 10.0* 83.8 ± 5.3 32.1 ± 3.0* 88.0 ± 2.7

(8) (5) (5) (4)

% lambda+, of B cells 3.2 ± 0.9 2.9 ± 0.5 7.8 ± 1.5* 3.3 ± 0.7

(8) (5) (5) (4)

Surface Ig MFI (of B cells)a 0.8 ± 0.1* 1.0 ± 0.1 0.7 ± 0.1* 1.0 ± 0.0

(3) (3) (5) (4)

Bone Marrow

% B cells, of lymphocytes 20.3 ± 5.0* 36.2 ± 8.4 21.4 ± 5.9* 37.7 ± 4.6

(8) (5) (5) (4)

Surface Ig MFI (of B cells)a 0.4 ± 0.0* 1.0 ± 0.2 0.3 ± 0.1 1.0 ± 0.1

(3) (3) (2) (3)

*
p<0.05 vs non-Tg

a
MFI = mean fluorescence intensity, IgM+IgD, normalized to concurrently assayed non-Tg cells.
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Table II

TLR pathway genes differentially expressed in stimulated NZB vs B6 B cells

Genea Ratio NZB:B6

Ptpn22 4.0

Tlr8 3.1

Tlr4 2.5

Nfkbie 2.0

IL6 0.5

a
Shown are differences ≥ 2.0-fold in either direction

Other genes with expression differences between stimulated NZB and B6 B cells ranging from 1.5 < 2.0 fold in either direction (ratio NZB:B6 
shown): Cd14 (1.9), Fn1 (0.6), Il11 (1.8), Irak2 (1.5), Ly96 (1.7), Map2k3 (1.5), Map3k7 (1.6), MyD88 (1.8), Tbc1d10c (1.95), Tirap (1.8), Tlr2 
(1.7), Traf3 (1.6)

Genes investigated showing no difference (<1.5-fold): Becn1, c-Cbl, Cbl-b, Ccl11*, Ccl20*, Chuk, Cxcl10, Egr2, Ifnb1*, Ikbkb, Il4*, Irak1, Irak3, 
Irak4, Jun, Lbp*, Nfkb1, Nfkb2, Nfkbia, Nfkbib, Rel, Rela, Sftpa1*, Tlr1, Tlr5*, Tlr9, Traf6; *expression in these cells was too low to accurately 
measure.
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