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Abstract 

Mice homozygous for a point mutation in the Rc3h1 gene encoding Roquin1, designated 

sanroque mice, develop a severe antibody-mediated autoimmune condition. The disease is T-

cell intrinsic, exacerbated by macrophage-intrinsic defects, and driven by excessive T 

follicular helper (TFH) cell generation and spontaneous germinal centre (GC) formation. This 

culminates in abnormally high numbers of plasma cells secreting high affinity autoreactive 

IgG. Obf1 is a transcriptional co-activator required for normal T cell-dependent antibody 

responses, and it is essential for GC formation under all circumstances so far tested. We 

crossed sanroque mice with Obf1-null mice to ask whether the hyperactivity of sanroque T 

cells could drive Obf1-/- B cells to differentiate to GC B cells, or conversely, if Obf1 loss 

would prevent sanroque-mediated autoimmune disease. Surprisingly, while sanroque/Obf1-/- 

mice did not form GC, they still developed autoimmune disease and succumbed even more 

rapidly than did sanroque mice.  The disease was mediated by autoreactive IgM, which may 

have been derived from a pre-existing population of autoreactive B cells in the Obf1-/- mice 

responding to the over-exuberant activity of sanroque CD4 cells.  
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Introduction 

 Roquin proteins are RING-type E3 ubiquitin ligases that act as RNA binding proteins, 

recruiting additional factors to regulate the stability of mRNAs encoding important immune-

modulating receptors and soluble factors  (1-5).  Mice homozygous for the hypomorphic 

sanroque (san) allele of the Roquin1/Rc3h1 gene (hereafter referred to as sanroque mice) 

express a modified version of Roquin1 that leads to constitutive signalling through ICOS, an 

essential co-stimulatory receptor expressed most highly on follicular T helper cells (TFH). As 

a result of this mutation, mice display splenomegaly, spontaneous T cell activation and 

germinal centre (GC) formation, and high levels of circulating, autoreactive antibodies of all 

isotypes. These autoantibodies accumulate as immune complexes in organs including the 

kidney, where they cause a characteristic glomerulonephritis.  

 The accumulation of CD4+ effector cells, TFH cells and plasma cells is T cell intrinsic 

(6). Elimination of TFH cells by generating sanroque/Sh2d1a-/- double mutant mice, which 

lack the SAP adaptor required for TFH formation, abrogates autoantibodies and kidney 

damage but does not ameliorate the hypercellularity and enlarged spleen or lymph nodes of 

mutant mice (7). Alternatively, in sanroque mice that lack the CD28 co-stimulatory molecule, 

a relative of ICOS, the accumulation of TFH is unaffected, but autoantibody generation and 

disease frequency are reduced (7). These observations suggest that TFH cell-driven GC 

formation and resultant high affinity IgG are central to autoimmune disease in sanroque mice.  

Roquin1 also acts in macrophages to repress the production of TNF and to attenuate 

autoantibody-mediated arthritis (4). Full loss of Roquin1 protein causes some functional 

defects, depending on the cell lineage carrying the conditional mutation, but it does not mimic 

the autoimmune sanroque phenotype (8). This is, at least in part, because ablation of Roquin1 

can be complemented by Roquin2, its paralogue (4, 5).  
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 Mice lacking the transcriptional co-activator Obf1 (also known as Bob.1 or OCA-B) 

fail to form GC upon immunisation or infection, and make very poor T cell-dependent (TD) 

antibody responses (9-13).  The Obf1 mutant phenotype is B cell intrinsic (13). The cause of 

the GC defect is still unexplained, but may in part reflect abnormal B cell receptor (BCR) 

signalling by Obf1-/- B cells (12-14).  Other contributors to poor TD responses are the failure 

of Obf1-/- B cells to differentiate to antibody secreting cells (ASC) under T cell-dependent 

conditions in vitro and in vivo (10), and the incapacity of activated Obf-1-null B cells to 

secrete IL6, a factor that facilitates TFH induction (9, 15).  

 We reasoned that, as pathology in sanroque mice is strongly associated with TFH cell 

generation and subsequent GC formation, mice unable to form GCs might not succumb to 

sanroque-mediated autoimmune disease. This is strongly predicted, as Linterman et al. (2007) 

show that loss of even one allele of Bcl6, an essential regulator of GC formation, from 

sanroque mice substantially reduces GC formation and disease prevalence in a B cell intrinsic 

manner (7). We therefore crossed sanroque mice to Obf1 mutant mice to discover whether 

Obf1, like Bcl6, is required for the process that drives the over-exuberant GC response of 

sanroque mice. 

 

Results  

Loss of Obf1, and so germinal centre capacity, from Sanroque mice does not extend 

survival 

We crossed sanroque mice to Obf1 mutant mice (both on a C57BL/6 background) and 

generated progeny of all possible genotypes, including wild type, simple and compound 

heterozygotes, and single and double mutants.  The health of the mice was monitored for 250 

days, well beyond the typical time of onset disease in sanroque mice (~7 weeks for females, 

8-16 weeks for males (6).  
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 At the time animals were euthanized (at 250 days of age, or earlier if they became ill), 

mice homozygous for both san and Obf1 null alleles still lacked GC histologically (Figure 1a) 

and by cell phenotype (Figure 1b). Interestingly, spleens from diseased sanroque/Obf1-null 

mice also did not display the expanded TFH cell population that is typical of diseased 

sanroque mice (Figure 1c). Surprisingly, we found that, rather than ameliorate disease, the 

loss of functional alleles of Obf1 accelerated slightly the disease of mice bearing Rc3h1san 

alleles (Figure 1d).  Double sanroque/Obf1-/- mutants developed disease ~60 days earlier than 

sanroque/Obf1+/+ mice (mean disease latency 159 days and 98 days, respectively).  Sanroque 

mice heterozygous for Obf1 had an intermediate disease latency of 116 days.  Ellyard et al. 

(16) reported that mice heterozygous for the Rc3h1san allele commonly developed T cell 

lymphoma-like tumours.  We did not observe such tumours or significantly reduced viability 

in Rc3h1san/+ mice (Figure 1d), possibly because of differences in genetic backgrounds of the 

mice in the two studies (C57BL/6 here and CBAxB6 F1 and F2 in ref. 16).  

 Collectively these data indicate that Obf1 deficiency prevents the differentiation of 

sanroque CD4 T cells into TFH and the subsequent exuberant GC formation. However, the 

absence of Obf1 was not sufficient to block the development of sanroque-mediated pathology, 

which occurs in this context in a GC independent way. Each mutation brings risk, with the 

combined effect being approximately additive in terms of disease prevalence.  

 

Obf1-deficiency modifies the autoimmune profile of sanroque mice  

Mice suffering from sanroque-mediated autoimmunity display splenomegaly and high serum 

levels of most Ig isotypes, including IgG, IgA and significantly, IgE, a class not normally 

detected in serum of healthy mice (6). We measured spleen weights and steady state serum Ig 

levels from all mice in the cohort: both diseased mice and healthy mice that had reached 250 

days of age without overt illness. As reported, mice homozygous for the Rc3h1san mutation 
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had enlarged spleens (mean weight, 392 ± 58 mg, n=7) compared to wildtype (WT) controls 

(87 ± 17 mg, n=4; Figure 2a). Obf1-null mice had normally sized spleens (90 ± 7 mg, n=12). 

The sanroque/Obf1-/- double mutant mice displayed similar splenomegaly to sanroque mice, 

despite lacking GC (Figure 1 and 2a), a finding comparable to sanroque/Sh2d1a-/- mice that 

also lack TFH cells and GC (but are devoid of autoimmunity). In sanroque mice and Roquin1 

deficient mice, splenomegaly reflected increased numbers of GC B cells and plasma cells, but 

was accompanied by an increased proportion of many non-B cell populations (6, 8). 

Splenomegaly in sanroque/Obf1 double mutant mice also reflected increases in non-B cells. 

Loss of Obf1 causes a reduction in the proportion of B cells in the spleens of mice on both a 

WT and sanroque background (Figure 2b and refs 11, 12, 17). 

 Hyper IgM, IgG1, IgA and IgE were evident in all mice homozygous for sanroque, 

but additional loss of functional Obf1 dramatically skewed the serum Ig profiles of the 

diseased mice. In sanroque/Obf1-/- mice, serum IgG1 and IgA were not elevated above normal 

levels (Figure 2 d-e), and IgE, while detectable, was much reduced compared to sanroque 

mice with functional Obf1 alleles (Figure 2f). Collectively, these observations suggest that 

disease in sanroque/Obf1 double mutant mice is not mediated by high affinity, isotype 

switched, GC derived autoantibodies. 

 

Obf1-deficient sanroque mice display an autoreactive IgM-mediated glomerulonephritis 

Sanroque mice display high titres of autoreactive, anti-double-stranded (ds) DNA antibodies 

and deposition of IgG immune complexes in the kidney, causing severe glomerulonephritis. 

We also observed these features in sanroque mice when they were Obf1 sufficient (Figure 3b, 

d and e). Histologically, kidneys of all diseased sanroque/Obf1+/+ and sanroque/Obf1+/- mice 

displayed immune complex-mediated glomerulonephritis with inflammatory foci and some 

lymphoid infiltration. Immune complexes of IgG, but little IgM, were detected by 
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immunhistochemistry in kidneys of these mice, but not in control mice of the same age 

(Figure 3e). This correlated with very high titres of anti-nuclear antibodies and anti-dsDNA 

IgG1 in serum and with proteinuria (Figure 3b, c), as previously reported (6).  

 Upon loss of Obf1, autoreactive IgG1 and IgG immune complexes were no longer 

detectable in the serum or kidneys, respectively, of diseased mice.  However, anti-nuclear and 

anti-dsDNA IgM was abundant in serum, and accumulated as IgM immune complexes in 

kidneys of double mutants (Figure 3a, d and e). Even Obf1-null mice with WT Rc3h1 alleles 

showed slightly elevated to appreciable levels of dsDNA-specific IgM.  Infiltration of 

myeloid and lymphoid cells into non-lymphoid tissues, such as lung, salivary glands, bladder 

and kidney, was common in double mutants. Plasma cells were present, but they were not the 

dominant cell type in the infiltrating populations (data not shown). Histologically, the 

pathology of the kidneys was similar in double mutant mice to sanroque/Obf1+/+ or 

sanroque/Obf+/- mice, and proteinuria was as pronounced in double mutants as in sanroque 

mice (Figure 3c).  

 

Expanded population of IgM secreting B1 cells in Obf1-/- mice 

We wanted to explore the source of the high levels of autoreactive IgM found in 

sanroque/Obf1-/- mice. Obf1-null mice on a WT background do have reduced levels of 

switched Ig isotypes in serum (Figure 2 and refs 11, 12, 17). This reflects a specific defect in 

T-cell dependent ASC differentiation; Obf1-/- B cells switch isotype normally (10). So while 

GC-independent differentiation of IgM ASC from follicular B cells is a possible source of the 

autoreactive IgM in sanroque/Obf1-/- mice, we focussed our attention on the B1 B cells of the 

peritoneal and pleural cavities. In normal mice, these cells contribute the majority of serum 

IgM in vivo, and they are genetically poised to differentiate rapidly to ASC upon stimulation 

(18, 19).  
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 Both B1 and B2 populations were easily detectable in peritoneal lavages from WT and 

sanroque mice (Figure 4a, b), as has been reported (6). They could be divided into B1a and 

B1b cells on the basis of CD5 expression, and these proportions were also similar between 

WT and sanroque mice (Figure 4c).  In contrast, Obf1-/- mice had an expanded population of 

B1 cells, with primarily a B1b phenotype: B220int, CD23-, Mac1/CD11bint and CD5- (Figure 

4a-c and data not shown). To assay for inherent autoreactivity amongst these cells, total 

peritoneal B220+ cells were enriched from mice of each genotype and stimulated briefly in 

vitro (48 h, LPS). Supernatants were harvested and tested for reactivity with dsDNA by 

ELISA. Peritoneal B cells from Obf1-/- mice generated significantly more anti-dsDNA IgM 

than WT or sanroque mice, while little anti-dsDNA IgG1 was secreted in any culture (Figure 

4d). While these data do not specifically identify the B1 cells as the autoreactive population, 

they are consistent with the notion that Obf1-deficient mice harbour an expanded B1 

lymphocyte population with intrinsic autoreactive potential.   

 We compared expression of the Obf1, Rc3h1/Roquin1, Icos and Icosl genes across Fo 

B, B1 and GC B cell populations, using RNAseq data we obtained from sorted populations 

from normal C57BL/6 mice (Figure 4e), as a backdrop for considering the cause of the altered 

autoimmune phenotype of sanroque/Obf-1 null mice. Obf1 mRNA levels were low and 

similar in FoB, B2 and B1 cells and high in GC B, reflecting the reliance on Obf1 for GC 

formation.  Rc3h1/Roquin1 expression was low and, as reported, ubiquitous across these 

populations. Interestingly, Icos expression was the inverse of Obf1; higher in FoB and B1 

cells than GC B cells, where it was barely detectable.  Icos and Rc3h1/Roquin1 are co-

expressed in B cells, particularly in B cells of the peritoneal cavity. Furthermore, Obf1-/- B 

cells express normal levels of, Rc3h1/Roquin1, Icos and Icosl (RNAseq data not shown). 

 

Discussion 
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Of the potential mechanistic explanations for the novel autoimmune phenotype of the double 

mutant mice described here, we favour models where autoreactive antibody production is 

driven by a sanroque effect on CD4 TH cell function, and an Obf1 mutation-mediated defect 

in B cell function. This is because the strongest aspects of the individual sanroque and Obf1-

null phenotypes have been shown to be T cell- and B cell-intrinsic, respectively (6, 13).  

 However, other possibilities should be considered. Wirth and colleagues (20) have 

shown that Obf1 does have an influence in T cells on the balance between TH1 and TH2 

responses. In Obf1-/- mice, TH1 cytokines (IFNγ and IL2) were reduced, and secretion of TH2 

cytokines increased.  In another study, we found that Obf1-/- mice infected by influenza virus 

did not form GC, and TFH numbers were significantly reduced (9). This could reflect either a 

B cell-intrinsic failure to stimulate TFH formation or a T cell-intrinsic influence of Obf1 loss.  

Similarly, both the null and sanroque alleles of R3ch1 have some cell intrinsic impact on B 

cell behaviour, including a mild but statistically significant effect on GC B cell accumulation 

that might reflect increased B cell activation (6, 8). Finally, Rc3h1/Roquin1 is a ubiquitously 

expressed RNA regulator (1, 6), which influences many RNAs in cell types besides TFH (3, 8), 

promoting both cell intrinsic and cell extrinsic responses.   

 In Obf1-null mice, Fo B cells exhibit BCR signalling defects (14), and they lack the 

capacity to participate in the GC reaction that would enable affinity maturation. Obf1-

deficient B cells are able to switch isotype normally, but display a differentiation defect in the 

face of T cell signals in vitro and in vivo (10). MZ B cells are absent (21), while the B1 (B1b) 

population is expanded. Thus, non-GC FoB and/or B1 cells must be the source of the 

autoreactive antibodies detected here in sanroque/Obf1-/- mice.  B1 cells, by their nature, are 

autoreactive. This reactivity to self is considered a side effect of the low affinity and broadly 

cross reactive antigen specificity of the B1 B cell pool, whose major function is to act as a 

pre-formed first line defence against a broad range of bacterial pathogens (18).  Recruitment 
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into the B1 cell compartment is dependent upon antigen specificity and antigen receptor 

signal strength.  The expansion of the B1 compartment in Obf1-null mice may reflect the 

developmental abnormalities that have been described for B lineage cells in these mice, 

including defects in transitional B cell selection and in the expression and rearrangement of a 

subset of Igk genes, thus skewing the repertoire (22, 23).  Indeed, in the latter studies, anti-

dsDNA was detected in the serum of Obf1 mutant mice, but the cellular source was not 

determined and B1 cells were not examined.  

 Vinuesa et al. (2005) reported that sanroque mice that are Obf1-sufficient express 

abnormally high levels of IgM in serum (see also Figure 2c), although it was not determined 

whether this IgM was autoreactive or pathogenic.  Data in Figure 3a here indicate that there is 

autoreactive IgM in sanroque mice. Whether this IgM is derived from abnormally activated, 

unswitched FoB cells in aberrant GC, or from activated B1 cells is not known. It is possible 

that B1 cell-derived auto-IgM contributes to autoimmunity in sanroque mice, and the 

expansion of the B1 population mediated by Obf1 loss may accelerate this to a pathogenic 

level.   

 Taking these facts into consideration, we propose the following as possible 

explanations of sanroque/Obf1 autoimmune disease: 

1. An expanded and autoreactive B cell compartment of Obf1 mice is hyperactive in the 

presence of factors secreted by sanroque T cells, causing expansion and/or enhanced 

differentiation to ASC secreting autoreactive IgM.  This IgM, while likely to be of low 

affinity, would be able to strongly activate and fix complement at the site of tissue deposition. 

Whether the Fo or B1 B cell compartment of Obf1-/- mice harbours autoreactive clones, each 

might be stimulated to expand or differentiate abnormally in sanroque mice.  Sanroque TFH 

cells have an activated phenotype, and overexpress a number of T cell cytokines including 

IL5 and IL21, which can be detected in serum (6).  Regardless of the cause of B1 cell 
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expansion in Obf1-null mice, once generated, B1 cells are particularly responsive to the 

growth enhancing effects of IL5, as they express the high affinity IL5 receptor, CD125/IL5Rα, 

constitutively (24). IL5 and IL21 are also both ASC differentiation factors (25-27).  Under 

this scenario, IL5 or IL21 from sanroque CD4 cells could promote the expansion and 

differentiation of a pre-existing population of autoreactive Obf1-/- B cells, without the need for 

co-localisation in a GC structure. Pratama et al., (2013) also recently reported a myeloid-cell-

intrinsic effect mediated by macrophage-derived TNF (4). The same mechanism is likely to 

be active in sanroque/Obf1-/- mice, but is unlikely to be exacerbated by loss of Obf1, as Obf1 

is not expressed in myeloid cells (28).  

2. The autoreactivity of FoB/B1 cells in Obf1-null mice is exacerbated by contact with 

sanroque T cells. Clearly, the double mutant mice lack GC, the classical structures enabling 

the interaction of cognate B and TFH cells. However, FoB cells circulate continually, and in 

other studies, both B1 cells and cells with a TFH phenotype have been shown to circulate 

under activating or pathological circumstances. Simpson et al. (29) have shown that 

circulating TFH-like cells are a marker of severe disease in lupus patients, correlating with 

high levels of autoantibodies. They also showed that sanroque mice have circulating TFH-like 

cells in blood in proportion to their expansion in GC.  B1 cells, while characteristically found 

most abundantly in the peritoneal and pleural cavities, and as a small minority of splenic B 

cells, do circulate upon mitogenic or antigenic challenge or in autoimmune conditions, and 

can activate peripheral CD4+ T cells either in the periphery or within in peritoneal cavity  (30, 

31).  Thus autoreactive Fo/B1 cells in Obf1-/- mice might encounter hyperactive sanroque 

CD4+ T cells outside of GC, and receive the necessary differentiation signals to become ASC 

secreting pathogenic autoantibodies. While such an encounter between B and T cells with 

appropriate specificities is highly unlikely in normal circumstances, the expansion of cross 
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reactive Obf1-/- B cells, and polyclonal activation of sanroque CD4+ T cells may increase the 

probability. 

3. Alternatively to models 1 and 2 above, which enlist B cell:T cell cooperation in the  

aetiology of disease in sanroque/Obf1 null mice, in this model the effect is B cell intrinsic 

(and both GC and T cell independent), due to a combined effect of the Obf1 and sanroque 

mutations in B cells. As no GC B cells are present in the double mutant, FoB or more likely, 

the B1 B cell compartment is the source of the autoreactive IgM. Obf1, Rc3h1/Roquin1 and 

Icos are all expressed in FoB and B1 cells, but Icosl is not expressed in B1 cells.  Thus the 

sanroque effect on Icos signalling could not act in an autocrine manner on B1 cells.  

 These studies have highlighted an interesting case of antibody-mediated autoimmune 

disease in the absence of high affinity IgG.  Distinguishing between these models would 

require the generation of mixed chimeras where the sanroque and Obf1 mutations were 

confined to only the B cell or the T cell lineage, and additional chimeras where double mutant 

B or T cells developed alongside WT cells.  Interestingly, the phenotype of sanroque/Obf1-/- 

mice contrasts with that reported for sanroque/Bcl6+/- mice (7).  Both display reduced GC 

formation, but in the former case, autoimmunity still occurs, while in the latter, it is 

diminished. This highlights a distinction between Obf1 and Bcl6 as essential intrinsic 

regulators of GC formation and antibody responses.  

 Studies using sanroque mice carrying mutations in other genes (Bcl6, Sh2d1a/SAP, 

CD28) point to the importance of GC expansion in this model of autoimmune disease (7). 

However, it is not simply the expansion of the TFH compartment, but the capacity for these 

hyperactive CD4 cells to provoke a response from inappropriately selected, and so 

autoreactive B cells. In sanroque mice, the CD4 cells are likely the source of this 

inappropriate selection (in the form of excessive TFH help in a GC). In sanroque/Obf1-/- mice, 



	
  

	
   13	
  

the inappropriate selection may reflect a developmental and B cell intrinsic defect, preceding 

the involvement of GC. 

  

Materials and Methods 

Mice and immunisation 

San/+ mice were generously provided by Prof Carola Vinuesa.  These were mated with Obf1-

/- mice (11) to generate double mutant mice. To induce an immune response, mice were 

injected i.p. with 2x108 sheep red blood cells (Applied Biological Products Management Ltd) 

or NP-KLH, as described (10). All mice were maintained on a C57BL/6 background at the 

specific pathogen-free facilities of The Walter and Eliza Hall Institute, and experiments were 

undertaken according to Animal Ethics Committee guidelines and approval.  

 

Antibodies 

For flow cytometry, histology or immunohistochemistry, the following antibodies were used: 

anti-B220 (clone RA3-6B20), anti-CD11b/Mac1 (M1/70), anti-CD23 (B3B4), anti-CD5 (53-

7.3), anti-CD95/Fas (Jo2), anti-CXCR5 (2G8), all from BD Biosciences; anti-CD3 (SP7) was 

from Thermo Scientific; anti-GL7 was from eBioscience; anti-PD1 (RMP1-30) was from 

BioLegend. For flow cytometry, propidium iodide was included to identify dead cells, which 

were excluded from the analyses.  

 

ELISA 

Enzyme linked immunosporbant assays (ELISAs) were performed on mouse serum as 

described previously (9). Anti-dsDNA assays were performed using a Quanta Lite dsDNA 

ELISA kit form INOVA Diagnostics, according to the manufacturer’s protocol, expect that 

anti-mouse IgM and IgG1 HRP-conjugated secondary antibodies (Southern Biotech) were 
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used in place of the anti-human Ig secondary provided with the kit. All sera were assayed at a 

1/300 dilution (Figure 3), and culture supernatants (Figure 4) were analysed at a standard 

dilution of 1 in 2. 

 

Immunohistochemistry 

Immunofluorescence staining for GC was performed as described in (9). Anti-nuclear 

antibodies were detected using a Hep-2 cell assay (Immunoconcepts ANA Test System) 

according to the manufacturer’s protocol, but using anti-mouse Ig secondary reagents. 

Paraformaldehyde fixed kidney sections were stained with HRP-conjugated rabbit anti-mouse 

IgG or IgM (Soutehrn Biotech), developed and counterstained with haematoxlin. Proteinuria 

was determined using Multistix 10SG Reagent strips for Urinalysis (Siemens Healthcare 

Diagnostics).  

 

In vitro culture 

Anti-B220 magnetic beads (Miltenyi) were used to purify B cells from peritoneal lavages, and 

purity was typically at least 95%.  Purified cells were cultured at 106 cells per ml in 100µl for 

48 h and stimulated with 10µg/ml lipopoylysaccharide (LPS, Sigma) in DME supplemented 

with 10% FCS, 2mM L-Glutamine, 0.1mM L-Asparagine, non-essential amino acids (Sigma) 

and 50µM 2-mercaptoethanol. Supernatants were harvested and assessed for and dsDNA 

reactivity as described above.   
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Figure legends 

Figure 1.  Survival and germinal centre cells in mice with Obf1 and Rc3h1san mutations 

(a) Representative immunohistochemistry on spleens of diseased mice of the indicated 

genotypes, stained for B cells (B220), GC (GL7) and T cells CD3. (b) Percentage of splenic 

B220+ cells displaying a GC phenotype (CD95/Fas+, GL7+) in spleens of diseased mice, or 

healthy mice taken at 250 days of age. Each symbol represents an individual animal. Open 

bars represent WT mice analysed 7 days after immunisation with NP-KLH. (c) Percentage of 

splenic CD4+ cells displaying a TFH phenotype (PD1+, CXCR5+) in spleens of diseased mice, 

or healthy mice taken at 250 days of age. Open bars represent WT mice analysed 7 days after 

immunisation with NP-KLH. (d) Kaplan-Meier survival curve for mice of the indicated 

genotypes.  The numbers of mice analysed for each genotype are: Rc3h1+/+Obf1+/+ (n=4); 

Rc3h1+/+Obf1-/+ (n=27); Rc3h1+/+Obf1-/- (n=61);  Rc3h1san/+Obf1+/+ (n=21); Rc3h1san/+Obf1-/+ 

(n=44); Rc3h1san/+Obf1-/- (n=48);  Rc3h1san/san Obf1+/+ (n=9); Rc3h1san/san Obf1-/+ (n=35); 

Rc3h1san/san Obf1-/- (n=27).	
  

 

Figure 2.  Spleen weights and serum antibody levels in mice with Obf1 and Rc3h1san 

mutations 

(a) Spleen weights of diseased animals, or healthy mice taken at 250 days of age, according to 

genotype. (b) Average percentage of live splenocytes that were B220+ in mice of each 

genotype at the time of sacrifice (when ill, or at 250 days if healthy). (c-f) Serum 

immunoglobulin levels in animals of the indicated genotypes at the time of sacrifice, or at 250 

days. Each symbol represents an independent mouse.  Means and SD are shown. 

 

Figure 3.  Evidence of autoimmunity in mice with Obf1 and Rc3h1san mutations 
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(a) Anti-dsDNA IgM levels in serum from mice of the indicated genotypes, as determined by 

ELISA. (b) Anti-dsDNA IgG1 levels in serum from mice of the indicated genotypes, as 

determined by ELISA. Means and SD are shown. (c) Proteinuria as determined in Materials 

and Methods in mice at the time of sacrifice. For sanroque mice, n=22; for sanroque/Obf1-/- 

mice, n = 20. All 6 WT mice tested had urine protein levels below 30 mg/dl.  (d) Hep-2 cell 

assay for anti-nuclear reactivity in serum from mice of the genotypes shown. Representative 

results using sera from three independent mice of each genotype are shown. Sera from WT B6 

mice were negative in this assay. (e) Kidney immunohistochemistry to detect immune 

complexes, using anti-IgG- or IgM-specific primary antibodies. Images are representative of 

four mice for each genotype. 

 

Figure 4.  Obf1-/- mice have an expanded peritoneal B1b cell compartment 

(a) Flow cytometric staining of peritoneal lavage cells form healthy, naïve C57BL/6, 

sanroque and Obf1-/- mice, stained to identify B1a and B1b cell populations. Top panels are 

gated on live cells, the bottom panels, on live, B220+ cells.  (b) Average percentage of B1 

cells in the peritoneal B cell population. Values are means ± SD (n=3 mice per group).  (c) 

Average representation of B2, B1a and B1b lymphocytes among the B220+ cell pools of 

peritoneal cells from mice of the indicated genotypes. Values are means ± SD (n=3-6 mice 

per group).  (d) Anti-dsDNA IgM and IgG1 levels in culture supernatants of LPS activated 

peritoneal B cells, as determined by ELISA.   Values are means ± SD (n=3-4 mice per group). 

(e) RNAseq data expressed as normalised RPKM (reads per kilobase per million) for a 

selection of sorted C57BL/6 mouse B cell populations: FoB, small naïve follicular B cells 

from spleen (B220+, CD23+), Peritoneal cavity B2 and B1 cells (B220+, CD23+, Mac1- and 

B220+, CD23-, Mac1lo, respectively) and GC B cells (7 days post sheep red blood cell 

immunisation). 
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