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Summary

Systemic rheumatic diseases are characterized by abnormal B cell activa-
tion with autoantibody production and hypergammaglobulinaemia. Ro52/
SSA, also denoted tripartite motif (TRIM)21, is a major autoantigen in 
Sjögren’s syndrome and systemic lupus erythematosus. Interestingly, 
TRIM21-deficient mice develop systemic autoimmunity with B cell-driven 
manifestations such as autoantibodies, hypergammaglobulinaemia and 
glomerulonephritis following tissue injury. The mechanisms by which 
TRIM21-deficiency leads to enhanced B cell activation and antibody pro-
duction are, however, not well understood, and to further elucidate the 
role of TRIM21 in systemic autoimmunity, we investigated the B cell 
phenotype and antibody responses of Trim21–/– mice following immuniza-
tion with thymus-dependent (TD) and thymus-independent (TI) antigens. 
We found that TRIM21-deficient mice developed significantly higher spe-
cific antibody titres than their wild-type counterparts upon B cell receptor 
(BCR) engagement by TD and TI type II antigens, and this was accom-
panied by an altered B cell phenotype. Furthermore, BCR cross-linking, 
but not anti-CD40 stimulation, in vitro resulted in a significantly higher 
proliferation of Trim21–/– cells. We also observed that splenic follicular B 
cells were expanded not only in immunized mice but also already in young, 
unmanipulated Trim21–/– mice, and transcriptomic analysis of these cells 
revealed an up-regulation of genes associated with B cell differentiation, 
indicating a role for TRIM21 in their regulation. In conclusion, in this 
study we describe a link between the rheumatic autoantigen Ro52/TRIM21 
and increased antibody production associated with follicular B cell expan-
sion, implicating a potential role for Ro52/TRIM21 in the pathogenesis 
of systemic autoimmune diseases.
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Introduction

Sjögren’s syndrome (SS) and systemic lupus erythematosus 
(SLE) are systemic autoimmune diseases, characterized 
immunologically and serologically by a pathological B cell 
phenotype, ectopic germinal centre formation and the 
presence of hypergammaglobulinaemia and autoantibodies 
to multiple autoantigens [1‒3]. The patients also have a 
substantially increased risk of developing non-Hodgkin 
B cell lymphomas [4,5], further highlighting the role of 
B cells in the pathogenesis of these diseases.

TRIM21, also known as Ro52 or SSA, is one of the 
major autoantigens in systemic rheumatic diseases [6‒8]. 
TRIM21 belongs to the tripartite motif (TRIM) protein 
family, thus denoted for the RING, B-box and coiled-coil 
motif common to its members [9,10]. The TRIM proteins 
function as E3 ligases in the ubiquitination cascade [11,12] 
and have been implicated as regulators of immunity and 
cellular processes such as proliferation, differentiation and 
apoptosis [13‒15]. TRIM21 is predominantly expressed 
in haematopoietic cells and has been shown to ubiquitinate 
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multiple interferon regulatory factors (IRFs), proteins of 
the nuclear factor kappa B (NF-kB) pathway, as well as 
proteins regulating the cell cycle [12,16,17]. We and oth-
ers have previously observed that naive, unmanipulated 
Trim21-deficient mice display no obvious phenotype. 
However, upon chronic injury they develop severe tissue 
inflammation that progresses into systemic autoimmunity 
with hypergammaglobulinaemia and autoantibody produc-
tion, revealing the importance of TRIM21 as a negative 
regulator of inflammatory responses [18]. More recently, 
Trim21-deficient naive T cells have also been shown to 
have an augmented intrinsic capacity for T helper type 
17 (Th17) differentiation [19]. The B cell phenotype and 
the mechanisms by which TRIM21-deficiency leads to 
enhanced B cell activation and antibody production are, 
however, not well characterized. To address this question, 
we utilized immunization models and found that signifi-
cantly higher specific immunoglobulin (Ig)M and IgG 
titres developed in Trim21–/– mice compared to Trim21+/+ 
mice upon B cell receptor (BCR) activation. BCR-specific 
stimulation in vitro resulted in significantly higher pro-
liferation of Trim21–/– B cells, and we observed a relative 
expansion of splenic follicular B cells in Trim21–/– mice, 
both following immunization and in naive mice. In addi-
tion, these cells presented an up-regulated expression of 
genes associated with B cell differentiation, suggesting a 
link between the rheumatic autoantigen Ro52/TRIM21 
and increased antibody production driven by an expan-
sion of follicular B cells.

Materials and methods

Animals and in-vivo immunizations

Trim21–/– mice were generated on a C57BL/6J background, 
as previously described [18]. Littermate Trim21–/– and 
Trim21+/+ mice aged 8–16 weeks were used, except in the 
analysis of old mice, where mice were analysed at the 
age of 52–58 weeks. Mice were identified by ear punching 
at weaning, and metal ear clips were not used for any 
mice in the present study. For T cell-independent stimula-
tions, mice were injected intraperitoneally with 100  µl of 
4-hydroxy-3-nitrophenyl acetyl (NP) coupled with lipopoly-
saccharide (LPS) or Ficoll at 250 µg/ml in sterile phosphate-
buffered saline (PBS) (Biosearch Technologies, Novato, 
CA, USA). Serum was collected by tail vein puncture prior 
to immunization and at days 5, 7 and 14, and mice were 
killed at day 14 post-immunization. The experiments were 
repeated (LPS) and four (Ficoll) times, respectively. T cell-
dependent stimulations were performed by immunization 
with NP-ovalbumin (NP-OVA) subcutaneously. Mice were 
immunized with 100  µg NP-OVA dissolved in complete 

Freund’s adjuvant (CFA) at day 0 and boosted at day 14 
with 25  µg NP-OVA (Biosearch Technologies) in incom-
plete Freund’s adjuvant (IFA) (Sigma-Aldrich, St Louis, 
MO, USA). Serum was collected for serological analysis 
prior to immunization and at days 5, 7, 14, 21 and 28. 
Mice were killed at day 28 post-immunization and cellular 
composition of spleen and bone marrow was analysed by 
flow cytometry. The OVA immunizations were repeated 
three times. Individual experiments were performed on 
either female or male mice; however, similar results were 
generated in both sexes. The local Region North Ethics 
committee in Stockholm, Sweden, approved the animal 
studies. All experiments were carried out according to the 
2010/63/EU directive for animal experiments and mice 
were housed in accordance with the Swedish National 
Board for Laboratory Animals.

Enzyme-linked immunosorbent assay (ELISA)

Antibodies towards NP-coupled antigens were measured 
by ELISA. High binding plates (Nunc, Roskilde, Denmark) 
were coated overnight with 1 μg NP-bovine serum albumin 
(BSA) (Biosearch Technologies) per well diluted in car-
bonate buffer (pH  9.6). After blocking with 5% milk 
powder in Tween-PBS, sera diluted in Tween-PBS/1% 
milk powder were added and incubated for 2  h at room 
temperature. Sera were diluted 1 : 500 for IgG and 1 : 1000 
for IgM analysis. Antibody binding was detected with an 
alkaline phosphatase-conjugated rabbit anti-human IgG 
or IgM antibody 1  :  1000 (Dako, Glostrup, Denmark), 
visualized using phosphatase substrate tablets (Sigma) and 
measured at 405  nm absorbance. Optical density values 
were compared to a standard curve generated from five 
pooled high-titre samples. Data are presented as arbitrary 
units.

Enzyme-linked immunospot (ELISPOT)

ELISPOT plates (Millipore, Billerica, MA, USA) were 
precoated with NP-BSA in PBS (Biosearch Technologies). 
Freshly isolated spleen cells were plated in duplicates at 
0·25 × 106 cells/well in 200 μl Dulbecco’s modified Eagle’s 
medium (DMEM) medium supplemented with 5% fetal 
calf serum (FCS), L-glutamine, HEPES and penicillin–
streptomycin. Cells were incubated overnight in 37°C 
before the plates were washed and stained. Developed 
plates were read in a CTL ELISPOT reader using the 
Immunocapture version 6.3 software and analysed with 
the ImmunoSpot version 5.0 Professional software (CTL, 
Shaker Heights, OH, USA).

Flow cytometry and cell sorting

Single-cell suspensions from spleen were incubated with 
mouse Fc-block (BD Biosciences, San Jose, CA, USA or 
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Miltenyi Biotech, Bergisch Gladbach, Germany) for 15 min 
at 4°C and subsequently stained for 20  min at 4°C with 
fluorophore-conjugated antibodies (all from Biolegend, 
San Diego, CA, USA). Samples were run on a Dako CyAn 
flow cytometer, apart from the cellular characterization 
of naive splenocytes, which was performed on a Gallios 
flow cytometer (both Beckman Coulter, Brea, CA, USA) 
and analysed with FlowJo version 10 software (TreeStar, 
Inc., Ashland, OH, USA. For microarray analysis, total 
B cells were sorted from single-cell suspensions from 
spleen of Trim21+/+ and Trim21–/– mice using the Pan 
B cell isolation kit (Miltenyi Biotech). Cells were subse-
quently stained with CD19-V450, CD23-phycoerythrin 
(PE), CD21-allophycocyanin (APC), CD11b-peridinin 
chlorophyll cyanin 5.5 (PerCP Cy5.5) CD11b (BD 
Biosciences) and CD4-PerCP Cy5.5 (Beckman Coulter), 
and CD19+CD21+CD23+CD4–CD11b– follicular B cells 
were isolated by fluorescence activated cell sorter (FACS) 
(MoFlo cell sorter; Beckman Coulter).

Proliferation and cell death assays

Lymphocyte proliferation was assessed in vitro by both 
[3H]-thymidine incorporation and measurement of Ki67 
expression. For the [3H]-thymidine incorporation assay, 
total splenocytes or magnetic-activated cell sorting 
(MACS)-separated CD19+ cells (Miltenyi Biotech) were 
seeded at 0·5  ×  106 cells/well in 96-well round-bottomed 
plates. Cells were stimulated with anti-IgM (Jackson 
ImmunoResearch, Bar Harbor, ME, USA) or anti-CD40 
(BD Biosciences) at varying concentrations and cultured 
for three days. [3H]-thymidine was added to the wells 
during the last 18  h of culture and plates were harvested 
and analysed using a scintillation beta-counter. For the 
Ki67 assay, total splenocytes were cultured at 1  ×  106 
cells/ml in 24-well plates and stimulated with anti-IgM 
at 0·1 g/ml for 3 days. Cells were stained for CD3, CD11b 
and CD19 (BioLegend), fixed and permeabilized using 
the BD Fix/Perm kit (BD Biosciences), subsequently stained 
for intracellular expression of Ki67 (BioLegend) and ana-
lysed by flow cytometry. Activation-induced cell death 
was assessed in splenocytes cultured at 1  ×  106 cells/ml 
stimulated with 0·1  g/ml anti-IgM for 3  days and then 
restimulated with anti-IgM for an additional 24  h. Cells 
were then stained for annexin V and 7-aminoactinomycin 
D (7-AAD) expression (apoptosis detection kit; BioLegend), 
CD3 and CD19 (BioLegend), and expression was assessed 
by flow cytometry. Experiments were performed twice.

RNA isolation and microarray analysis

FACS-sorted cells were pelleted and resuspended in TRIzol 
(Life Technologies, Carlsbad, CA, USA). Total RNA was 
isolated as previously described [20]. Global gene 

expression was analysed with a Mouse Transcriptome 
Assay 1.0 microarray chip (Affymetrix, Santa Clara, CA, 
USA) following quality control at the BEA core facility, 
Karolinska Institutet (https://www.bea.ki.se). Genes with 
low (< 1) or unnaturally high (> 106) values were excluded. 
Genes differentially regulated between Trim21–/– and 
Trim21+/+ follicular B cells were identified using the 
CollapseDataset and ComparativeMarkerSelection (CMS) 
module in the Broad Institute GenePattern software on 
default setting, without permutations [21]. Heat-maps were 
generated using Morpheus software (software.broadinsti-
tute.org/morpheus/). Pathway analysis was performed 
using GOrilla software for ranked list enrichment [22], 
utilizing predefined GeneOntology pathways.

Statistical analysis

The Mann–Whitney U-test was used for comparison of 
groups. Prism GraphPad version 7 was used for all sta-
tistical analyses except for microarray data. P-values < 0·05 
were considered significant unless indicated otherwise.

Results

In-vivo B cell activation results in augmented antibody 
production in Trim21–/– mice

Unmanipulated Trim21–/– mice display no overt phenotype, 
and similar numbers of total CD19+ B cells in spleen 
and bone marrow are observed in Trim21–/– and Trim21+/+ 
mice [18]. However, tissue damage induced by ear-tagging 
results in systemic inflammation with hypergammaglob-
ulinaemia and autoantibody production in Trim21–/– mice. 
To study the mechanisms by which Trim21-deficiency 
leads to enhanced B cell activation and antibody produc-
tion in a more controlled setting, we first assessed the 
immune response of naive Trim21–/– and Trim21+/+ mice 
to immunization with NP-labelled ovalbumin (NP-OVA). 
We observed that Trim21–/– mice developed significantly 
higher titres of both IgM- and IgG-specific antibodies 
compared to their Trim21+/+ littermates (Fig. 1a). Subclass 
analysis revealed that the higher NP-OVA specific IgG 
response depended primarily on higher IgG1 and IgG2a 
subclass antibody titres (Fig. 1b). We further observed a 
significantly higher number of B cells producing NP-OVA-
specific IgM, as detected by ELISPOT (Fig. 2a), and a 
higher proportion of NP-specific IgM-producing B cells, 
as assessed by flow cytometry (Fig. 2), in the spleen of 
Trim21–/– mice compared to wild-type mice. No differ-
ences in IgG-producing NP-specific B cells were noted 
in the spleen (Fig. 2). There was, however, a significantly 
higher proportion of plasma cells in the bone marrow 
of Trim21–/– compared to Trim21+/+ mice (Fig. 2c). 

https://www.bea.ki.se
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Trim21–/– mice also presented a relative increase of 
CD19+CD21+CD23+ follicular B cells and a reciprocal 
reduction of CD21–CD23– T1 B cells in the spleen com-
pared to Trim21+/+ mice, while total CD19+ cell counts 
were similar (Fig. 2). No differences in splenic T cell and 
CD11b+ cell numbers or in CD4/CD8 ratios and T cell 
activation as assessed by CD44 expression were observed 
between Trim21–/– and Trim21+/+ mice following immu-
nization  (Fig. 2f and data not shown).

OVA represents a prototypical thymus dependent (TD) 
antigen, where B cell activation relies on interaction with 
major histocompatibility complex (MHC) class II-restricted 
T cells. The higher specific antibody levels observed in 
the Trim21–/– mice may thus relate to either an increased 
response to activation via the BCR or to an increased 
response of the B cells upon T cell interaction. To test 
this directly, we next assessed the immune response to 
immunization with thymus-independent (TI) antigens. TI 
antigens can be divided into type I and type II, with type 
I responses primarily mediated by mitogens such as Toll-
like receptor (TLR) agonists [e.g. lipopolysaccharide (LPS)], 
while type II responses relate to agents that convey their 
effect through cross-linking the BCR (e.g. Ficoll) [23,24]. 
Notably, we observed that administration of NP-LPS did 
not result in any difference in the specific Ig response 
between Trim21–/– and Trim21+/+ mice, whereas NP-Ficoll, 

acting by cross-linking the BCR, resulted in higher specific 
IgM and IgG responses in Trim21–/– mice (Fig. 3). No 
differences in cell subsets, however, were observed by flow 
cytometry analysis between Trim21–/– and Trim21+/+ mice 
following NP-Ficoll immunization (data not shown).

In all, these data demonstrate that mice lacking Trim21 
respond with higher titres of specific IgM and IgG anti-
bodies to both TD and TI type II antigen stimulation, 
but not to TI type I antigen stimulation, indicating that 
this effect is driven at least in part by a differential response 
to BCR activation.

Trim21 deficiency results in increased B cell 
proliferation upon BCR, but not CD40, stimulation

Several previously published studies indicate that TRIM21 
negatively regulates proliferation. Specifically, over-expres-
sion of TRIM21 in the A20 B cell line results in reduced 
proliferation [12], TRIM21 mRNA expression correlates 
negatively to proliferation of peripheral blood mononuclear 
cells in vitro, and reduced expression of TRIM21 is asso-
ciated with more aggressive disease in diffuse large B cell 
lymphomas (DLBCL) [25]. We therefore hypothesized that 
the increased B cell responses observed after immuniza-
tion with OVA and NP-Ficoll could, at least in part, be 
driven by an inherent increased proliferative capacity of 
TRIM21-deficient cells in response to BCR activation. To 

Fig. 1. T cell-dependent activation induces higher antibody titres in Trim21-deficient mice. Trim21+/+ and –/– mice were immunized subcutaneously 
with 4-hydroxy-3-nitrophenyl ovalbumin (NP-OVA) in complete Freund’s adjuvant on day 0 and boosted with incomplete Freund’s adjuvant on day 
14. Blood was collected for serological analysis at days 0, 5, 7, 14, 21 and at the end of the experiment at day 28 (Trim21+/+ n = 9, Trim21–/– n = 10). 
NP-specific antibodies were measured by enzyme-linked immunosorbent assay (ELISA) in sera. (a) Anti-NP-OVA immunoglobulin (Ig)M and total 
IgG titres. (b) Anti-NP-OVA IgG1, IgG2a, IgG2b and IgG3 subclass analysis. Data are presented as mean ± standard error of the mean (s.e.m.). *p < 0·05, 
**P < 0·01 (Mann–Whitney U-test)
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test this, we first stimulated splenocytes with B cell-specific 
stimuli using anti-IgM as a BCR-activating factor or anti-
CD40, which induces proliferation via the CD40 pathway. 
We observed increased proliferation in cells derived from 
Trim21–/– mice compared to Trim21+/+ mice when stimu-
lating cells with anti-IgM (Fig. 4a), but not when stimu-
lating cells via the CD40 pathway with anti-CD40 antibody 
up to a concentration of 5  g/ml [26] (Fig. 4b). Higher 
proliferation rates of Trim21–/– cells were also observed 
when stimulating purified CD19+ cells (Fig. 4c), further 

pointing to an intrinsic increased capacity of Trim21–/– 
cells to expand upon BCR-specific activation by an 
increased expression of the proliferation marker Ki67 in 
CD19+ B cells upon anti-IgM stimulation of Trim21–/– 
splenocytes (Fig. 4d). We next investigated whether the 
increased cellular proliferation of B cells lacking TRIM21 
could, in part, be explained by decreased activation-induced 
cell death. Splenocytes were stimulated with anti-IgM, 
restimulated on day 3, and the frequency of live, apoptotic 
and necrotic cells was assessed 24  h later. We could not, 

Fig. 2. Increased antigen-specific B cell response upon T cell-dependent activation. Trim21+/+ and –/– mice were immunized subcutaneously with 
4-hydroxy-3-nitrophenyl ovalbumin (NP-OVA) in complete Freund’s adjuvant on day 0 and boosted with incomplete Freund’s adjuvant on day 14 
(n = 9 and 10, respectively). Cellular composition of spleens and bone marrow was analysed at day 28. (a) NP-specific immunoglobulin (Ig)M- and 
IgG-producing B cells from spleen detected by enzyme-linked immunospot (ELISPOT). Representative wells for each genotype are shown in the right 
panel. (b) Frequency of NP-specific IgM- and IgG-expressing B cells among total CD19+ cells in spleen. (c) Frequency of CD138+CD19– plasma cells 
in bone marrow. (d) Absolute numbers of CD19+ B cells and (e) frequency of B cell subsets in spleens. (f) Absolute numbers of CD3+ T cells and 
CD11b+ cells. Data are presented as mean ± standard error of the mean (s.e.m.). *P < 0·05, **P < 0·01, ***P < 0·001 (Mann–Whitney U-test)
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however, detect any altered susceptibility to activation-
induced cell death in CD19+ Trim21–/– cells compared 
to Trim21+/+ cells (Fig. 4e).

In summary, these data demonstrate directly that 
TRIM21 negatively regulates B cell proliferation down-
stream of BCR, but not CD40, stimulation, and suggest 
that the higher antibody responses observed in Trim21–/– 
mice may relate to a higher proliferative capacity of B 
cells in the absence of TRIM21.

The follicular B cell population is expanded in naive 
Trim21–/– mice

Our observation that TRIM21 influences B cell prolifera-
tion after BCR activation raised the question of whether 
specific B cell populations would be expanded in Trim21–/– 
mice, considering that no differences in frequency were 
observed when assessing the total splenic CD19+ B cell 
population in naive Trim21–/– versus Trim21+/+ mice ([18] 
and Fig. 5a). Interestingly, we found that the 
CD19+CD21+CD23+ follicular B cell population was indeed 
expanded in the spleen of Trim21–/– mice compared to 
Trim21+/+ mice, while the frequency of 

CD19+CD21++CD23+ marginal zone B cell was decreased 
(Fig. 5b). Furthermore, while similar proportions of total 
splenic CD19+ B cells were still observed in older Trim21–/– 
and Trim21+/+ mice (aged approximately 1  year), the 
specific expansion of the CD19+CD21+CD23+ follicular B 
cell population persisted at that age (Fig. 5). In all, these 
data reveal an increase of the follicular B cell population 
in the spleen of naïve Trim21–/– mice, suggesting that 
TRIM21 contributes to the development and/or mainte-
nance of normal B cell populations. 

Gene expression analysis in Trim21-deficient follicular 
B cells reveals highly significant differences in B cell 
differentiation pathways

To explore the role of TRIM21 in follicular B cells, we 
performed gene expression microarray analysis in FACS-
sorted CD19+CD21+CD23+ follicular B cell isolated from 
naive Trim21–/– and Trim21+/+ mice. Gene expression 
profiling revealed prominent differences between Trim21–/– 
and Trim21+/+ follicular B cells (Fig. 6a). Interestingly, 
pathway analysis based on GeneOntology terms showed 
that pathways altered in Trim21–/– cells were related pri-
marily to immunity, cellular metabolism and cellular 
homeostasis (Fig. 6b, Supporting information, Table S1). 
Specifically, the top processes were regulation of B cell 
differentiation, sterol biosynthetic process, cholesterol bio-
synthetic process, secondary alcohol biosynthetic process 
and cell cycle. The most differentially expressed genes 
(P  <  0·01) in the top pathway are depicted in Fig. 6c 
and reveal a predominance of genes associated with B 
cell differentiation among up-regulated genes in Trim21–/– 
cells. Interestingly, one of the top hits in this pathway 
was Ikzf1, a gene associated previously with systemic lupus 
erythematosus (SLE) [27,28], and B cell malignancies [29]. 
The three top metabolic pathways regulated differentially 
in Trim21–/– cells displayed a large overlap in associated 
genes, however, altogether revealing altered sterol metabo-
lism. Finally, the cell cycle pathway was the last top dif-
ferentially regulated pathway in Trim21–/– cells; this 
pathway includes a considerably higher number of genes 
than the other pathways, and accordingly also contained 
the majority of differentially expressed genes.

In conclusion, analysis of the transcriptome of naive 
Trim21–/– and Trim21+/+ follicular B cells revealed a sig-
nificant association with pathways of B cell development, 
sterol metabolism and cell cycle, further supporting a role 
for TRIM21 in B cell proliferation and differentiation.

Discussion

Ro52/TRIM21 is a main autoantigen in Sjögren’s syndrome 
and SLE, and Trim21-deficient mice develop systemic 

Fig. 3. T cell-independent type II activation results in a stronger 
response in Trim21–/– mice than T cell independent type I stimulation. 
Mice were immunized intraperitoneally with 4-hydroxy-3-nitrophenyl-
lipopolysaccharide (NP-LPS) or NP-Ficoll in phosphate-buffered saline 
(PBS) at day 0 and serum was collected at days 0, 5, 7 and 14. NP-
specific antibody levels were assessed by enzyme-linked immunosorbent 
assay (ELISA). (a) Anti-NP-LPS immunoglobulin (Ig)M and IgG titres 
(Trim21+/+ n = 9, Trim21–/– n = 10). (b) Anti-NP-Ficoll IgM and IgG 
titres (Trim21+/+ n  =  9, Trim21–/– n  =  10) (data are presented as 
mean ± standard error of the mean (s.e.m.). *P < 0·05 (Mann–Whitney 
U-test)

*

*

*

(a)

(b)
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autoimmunity with hypergammaglobulinaemia and 
autoantibodies after tissue injury. In the present study, 
we therefore aimed to understand how TRIM21 influences 
B cell activation and antibody production.

To study B cell responses under standardized condi-
tions, we first chose a T cell-dependent NP-OVA immu-
nization system. We found that higher levels of specific 
IgM and IgG developed in Trim21–/– mice and observed 
higher numbers of specific antibody-producing cells in 
the spleen and a larger proportion of plasma cells in the 
bone marrow. The antibody subclasses IgG1 and to some 
extent IgG2a were the dominating IgG subclasses, similar 
to what had previously been observed in Trim21–/– mice 
developing systemic autoimmunity following tissue injury 
[18]. Interestingly, increased IgG levels and a shift to 

IgG1, the human equivalent to murine IgG2a, is seen in 
Sjögren’s syndrome and SLE patients [30].

Higher IgM antibody titres and higher numbers of 
IgM-producing B cells were still detected in Trim21–/– 
mice 28  days after the initial immunization with OVA. 
During infections, persisting IgM levels indicate incomplete 
clearance of the infectious agent, and in autoimmunity 
IgM antibodies specific for autoantigens can persist for 
long periods of time [31]. Of note, elevated IgM levels 
are observed in both SLE and Sjögren’s syndrome patients. 
Also, the occurrence of IgM extra-nuclear autoantibodies 
(ENA), of which anti-Ro52/SSA is one, is seen commonly 
in systemic rheumatic diseases [32]. While it is possible 
that the prolonged IgM response observed in immunized 
Trim21–/– mice reflects a reduced antigen clearance 

Fig. 4. Trim21–/– B cells proliferate more readily upon anti-immunoglobulin (Ig)M stimulation. Spleen cells were cultured with either anti-IgM, anti-
CD40 or without stimuli. Incorporation of thymidine was measured after 3 days. (a) anti-IgM and (b) anti-CD40 stimulation of total splenocytes from 
Trim21+/+ and –/– (five per group). (c) Anti-IgM stimulation of B cells purified from spleens (three per group). (d) Total splenocytes were cultured with 
0·1 g/ml anti-IgM for 4 days and expression of the proliferation marker Ki67 in CD19+ B cells was assessed by flow cytometry (six per group). (e) 
Activation-induced cell death was assessed in anti-IgM stimulated cells at day 5, 2 days after restimulation. Frequencies of live, annexin V+ apoptotic 
and annexin V+ 7-aminoactinomycin D (7-AAD)+ necrotic cells among Trim21+/+ and –/– cells (six per group). Data are presented as mean ± standard 
error of the mean (s.e.m.). *P < 0·05 (Mann–Whitney I-test)
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capability, it may also relate to an expanded IgM-producing 
B cell population.

The enhanced B cell activation and antibody production 
seen in Trim21–/– mice after OVA immunization could 
be specifically the result of differential response to BCR 
activation. To test this directly, we challenged mice with 
LPS or Ficoll. Interestingly, only Ficoll, which acts by 
cross-linking the BCR, generated higher specific antibody 
titres in Trim21–/– mice compared to wild-type controls. 

A potential differential regulation downstream of BCR 
activation was further investigated by stimulating cells 
with anti-IgM or anti-CD40, demonstrating that activation 
via the BCR, but not the CD40 pathway, at least at the 
concentrations tested, led to stronger proliferation of 
Trim21–/– cells compared to Trim21+/+ cells. BCR activa-
tion is essential for both B cell survival and differentiation 
[33], and we indeed observed not only increased prolif-
erative activity, but also altered B cell subset ratios in 

Fig. 5. Follicular B cells are expanded in unmanipulated Trim21-deficient mice. The cellular composition of spleens of naive, unmanipulated mice was 
assessed by flow cytometry. (a) Frequency of CD19+ cells and (b) CD19+CD21+CD23+ follicular B cells, CD19+CD21++CD23+ marginal zone B cells and 
CD19+CD21–CD23– T1 transitional B cells in mice aged 8–16 weeks (n = 17 per group, pooled data from four experiments). (c) Frequency of CD19+ 

cells and (d) CD19+CD21+CD23+ follicular B cells, CD19+CD21++CD23+ marginal zone B cells and CD19+CD21–CD23– T1 transitional B cells in mice 
aged 52–58 weeks (Trim21+/+ n = 25, Trim21–/– n = 29, pooled data). Data are presented as mean ± standard error of the mean (s.e.m.). *P < 0·05, 
**P < 0·01 (Mann–Whitney U-test)
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Trim21–/– mice. Upon BCR activation, the proximate 
signalling complex, the BCR signalosome, is assembled, 
facilitating downstream activation [33]. In a recent study 
by Satpathy et al. [34], the molecular components of the 
BCR signalosome were analysed using mass spectrometry, 
and BCR activation was observed to lead to immediate 
downstream ubiquitination and phosphorylation of mul-
tiple molecules. Interestingly, TRIM21, which is an E3 
ligase mediating ubiquitination, was identified in this BCR 
signalosome. While it was not in the scope of the present 
study to investigate the potential targets of TRIM21 down-
stream of BCR activation, TRIM21 has previously been 
proposed to regulate the canonical NF-κB pathway [35]; 
this pathway is activated downstream of the BCR, and 
therefore represents a possible way in which TRIM21 
might modulate BCR signalling.

TRIM21 has previously been associated with the regula-
tion of both proliferation and apoptosis. Specifically, we 
have shown that ectopic expression of TRIM21 in the B 
cell line A20, but not TRIM21ΔRING, where the func-
tional domain has been deleted, results in retarded growth 
[12]. Here, for the first time, by using Trim21–/– cells, 
we show that TRIM21 exerts a direct effect on cellular 
proliferation and that, in the context of B cells, this effect 
is BCR-dependent. Interestingly, the TRIM21 gene is 
located in a tumour suppression region associated to 
multiple cancers [36‒38]. In addition to reducing the 
growth of A20 cells, ectopic expression of Trim21 was 
shown to enhance activation-induced cell death when cells 
were stimulated with an agonistic anti-CD40 antibody 

[12]. Over-expression of TRIM21 in HeLa cells has also 
been shown to have a pro-apoptotic effect in a Bcl-2-
dependent and p53-independent manner [39]. However, 
here, in primary B cells lacking Trim21, we could not 
detect any altered susceptibility to activation-induced cell 
death. This may relate to specific properties of the tumour 
cell lines used in previous studies, as our experiments 
were performed in non-transformed primary cells or to 
the choice and concentration of stimuli used. 

We also noted a relative increase of splenic follicular 
B cells in Trim21–/– mice that was present in all naive 
mice, upon immunization, and in aged mice. However, 
no difference in splenic CD3 subsets nor spleen histopa-
thology, B or T cell distribution was noted in a previous 
study [18]. Considering the persistence of the increase of 
follicular B cells and the fact that the CD19+ pool of cells 
did not appear expanded, our findings nevertheless suggest 
that TRIM21 has a role in B cell differentiation and line-
age commitment, and that differentiation towards a fol-
licular B cell is favoured in the absence of TRIM21. The 
differentiation of naive circulating B2 cells into follicular 
B cells is primarily dependent on BCR signalling strength, 
as well as the activation of the canonical NF-κB pathway 
[35]. Interestingly, TRIM21 has been proposed to regulate 
the NF-κB pathway by mono-ubiquitination of nuclear 
factor kappa-B kinase subunit beta (IKKβ), leading to 
increased levels of I-κB [35,40] which, in turn, inhibits 
the canonical NF-κB pathway. Trim21-deficiency could 
therefore affect the negative regulation of the canonical 
NF-κB pathway and thereby favour follicular B cell 

Fig. 6. Distinct transcriptomic profiles in Trim21–/– follicular B cells. Total RNA was extracted from CD19+CD21+CD23+ follicular B cells isolated from 
Trim21+/+ and Trim21–/– mice (six per group), and the whole-genome transcriptome was analysed using the Mouse Transcriptome Assay 1.0 microarray 
chip (Affymetrix). (a) Gene expression profiling showing top differentially regulated genes (P-value < 0·01). (b) Pathway analysis based on GO search 
terms. (c) Top differentially expressed genes (P < 0·05) belonging to the GO term GO:0045577 ‘GO: regulation of B cell differentiation’ pathway.
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differentiation. Furthermore, several IRFs, transcription 
factors shown previously to be directly regulated by TRIM21 
[18,41], are implicated in B cell differentiation and homeo-
stasis. IRF-4 and IRF-8 in particular have been associated 
repeatedly with B cell differentiation, from the early pre-B 
cell to the plasma cell stages [42,43], and IRF-4 is involved 
in BCR expression during development, germinal centre 
formation and immunoglobulin class switch [42‒45]. IRF-5, 
a disease risk gene in SLE and progressive systemic scle-
rosis (pSS) [3], has also been implicated in the regulation 
of plasma cell differentiation [46]. TRIM21 may therefore 
also modulate B cell differentiation via ubiquitination of 
IRFs. Collectively, these data suggest a role for TRIM21 
in regulating multiple steps of B cell homeostasis, favour-
ing follicular B cell differentiation and survival.

Whole genome expression analysis of unmanipulated 
CD21+CD23+ follicular B cells revealed prominent differ-
ences in B cell differentiation, sterol metabolism and cell 
cycle pathways between Trim21–/– and Trim21+/+ cells. 
Our observations of follicular B cell expansion and 
increased B cell proliferation in Trim21-deficient mice is 
therefore supported by the altered expression of genes 
belonging to these pathways, which point to altered B 
cell differentiation and cell cycle activity in the absence 
of TRIM21. Interestingly, sterol metabolism has been 
observed to influence both immunoglobulin production 
and lymphocyte proliferation [47‒49]. In addition, we have 
recently described an enhanced susceptibility to high-fat 
diet in Trim21–/– bone marrow-transferred Ldlr–/– mice 
[19], with these mice developing significantly larger ath-
erosclerotic plaques. This phenotype was linked to an 
increased differentiation and activation of the Th17 pathway 
in Trim21–/– mice, further emphasizing the link between 
altered sterol metabolism, the immune system and TRIM21.

In conclusion, our findings implicate the rheumatic 
autoantigen TRIM21/Ro52 in the regulation of B cell 
proliferation, follicular B cell differentiation and antibody 
responses, suggesting that this stems, at least in part, from 
a B cell intrinsic effect of TRIM21 downstream of BCR 
activation. In all, this offers a potential role for an autoan-
tigen in the development of systemic inflammation.
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