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Abstract

Tumor necrosis factor receptor–associated factor 3 (TRAF3) is an adaptor protein that inhibits 

signaling by CD40 and by the receptor for B cell–activating factor (BAFF) and negatively 

regulates homeostatic B cell survival. Loss-of-function mutations in TRAF3 are associated with 

human B cell malignancies, in particular multiple myeloma. The cytokine interleukin-6 (IL-6) 

supports the differentiation and survival of normal and neoplastic plasma cells. We found that 

mice with a deficiency in TRAF3 specifically in B cells (B-Traf3−/− mice) had about twice as 

many plasma cells as did their littermate controls. TRAF3-deficient B cells had enhanced 

responsiveness to IL-6, and genetic loss of IL-6 in B-Traf3−/− mice restored their plasma cell 

numbers to normal. TRAF3 inhibited IL-6 receptor (IL-6R)–mediated signaling by facilitating the 

association of PTPN22 (a nonreceptor protein tyrosine phosphatase) with the kinase Janus-

activated kinase 1 (Jak1), which in turn blocked phosphorylation of the transcription factor 

STAT3 (signal transducer and activator of transcription 3). Consistent with these results, the 

number of plasma cells in the PTPN22-deficient mice was increased compared to that in the wild-

type mice. Our findings identify TRAF3 and PTPN22 as inhibitors of IL-6R signaling in B cells 

and reveal a previously uncharacterized role for TRAF3 in the regulation of plasma cell 

differentiation.
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INTRODUCTION

Tumor necrosis factor (TNF) receptor–associated factor 3 (TRAF3) is an adaptor protein 

that mediates signaling downstream of TNF receptor su-perfamily members (1). TRAF3 

also participates in signaling through Toll-like receptors (TLRs), as well as through the T 

cell antigen receptor (TCR) complex (1, 2). In addition, TRAF3 plays a role in mediating 

interleukin-17 (IL-17) receptor (IL-17R) and IL-2R signaling (3, 4). Evidence is 

accumulating that the function of TRAF3 is highly receptor- and cell type–specific (1). Mice 

with a B cell–specific deletion of TRAF3 (B-Traf3−/− mice) show a marked B cell survival 

advantage in the absence of increased proliferation (5, 6). This enhanced survival causes 

accumulation of B cells in peripheral lymphoid organs, and ~30% of B-Traf3−/− mice 

develop lymphoma at >9 months of age (7). In humans, loss-of-function mutations in the 

TRAF3 gene have been reported in B cell lymphoma patients (8–11). Additionally, ~17% of 

multiple myeloma cell lines and ~12% of primary tumor samples from multiple myeloma 

patients show loss-of-function mutations in TRAF3 (12, 13). Together, these data from 

studies of mice and humans implicate TRAF3 as a tumor suppressor in B cells by restraining 

homeostatic B cell survival. However, how the loss of TRAF3 contributes to the 

differentiation of plasma cells (PCs) or the occurrence of multiple myeloma remains 

unexplored.

Naïve B cells encounter pathogens or cognate antigens in peripheral lymphoid organs, where 

they interact with follicular CD4+ helper T cells in the germinal center. These interactions 

result in the development of long-lived, antibody-secreting PCs and memory B cells (14, 

15). After leaving the germinal center, PCs migrate into the bone marrow where they receive 

survival signals provided by bone marrow stroma and innate immune cells (16). These long-

lived PCs continuously produce high-affinity antibodies for the lifetime of the host. IL-6 is a 

known B cell survival and PC differentiation factor (17–19), so it is not surprising that it 

also supports the growth of multiple myeloma cells and induces the development of 

plasmacytomas in mice in which the IL6 gene is overexpressed (20,21). Increased serum 

concentrations of IL-6 are frequently found in multiple myeloma patients and correlate with 

a poor prognosis (22). Dysregulated IL-6R signaling is observed in B cell malignancies and 

solid tumors (23, 24). Thus, the IL-6 signaling pathway is an attractive potential target for 

cancer therapies.

IL-6 binds to an IL-6R complex to initiate signaling in two alternative ways. In “classical 

activation,” IL-6 binds to the IL-6Rα chain that is in a complex with the cell surface 

signaling receptor glycoprotein 130 (gp130), which results in the activation of Janus-

activated kinase 1 (Jak1) and the subsequent phosphorylation of gp130 (25, 26). 

Phosphorylated gp130 recruits signal transducer and activator of transcription 3 (STAT3), 

which is phosphorylated (and activated) by Jak1 (27). Activated STAT3 translocates into the 

nucleus to promote target gene expression. In “trans” signaling, IL-6 associates with soluble 

IL-6Rα (sIL-6Rα). The IL-6–sIL-6Rα complex then activates cells that have cell surface 

gp130 (25). In B cells, the IL-6–dependent activation of STAT3 is important for the 

initiation of PC differentiation programs, such as the generation of increased amounts of the 

transcription factors B lymphocyte–induced maturation protein 1 (BLIMP-1) and X box–

binding protein 1 (Xbp-1) (28, 29).
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The PTPN22 gene encodes protein tyrosine phosphatase nonreceptor type 22 (PTPN22), a 

phosphatase primarily found in lymphocytes and some myeloid cells (30). A variant of the 

PTPN22 gene (R620W) is highly associated with type 1 diabetes, rheumatoid arthritis, 

systemic lupus erythematosus, and other autoimmune diseases (30–32). PTPN22 regulates B 

cell receptor and TCR signaling by dephosphorylating downstream Src family kinases (33, 

34); however, PTPN22 has not been previously implicated in cytokine-mediated Jak-STAT 

signaling. Here, we report that TRAF3 associates with PTPN22 in B cells to inhibit the 

IL-6–dependent activation of STAT3 by Jak1. This regulation restrains PC development in 

the spleen and bone marrow. These results have implications for the regulation of normal PC 

development, as well as for our understanding of the dysregulated signaling pathways that 

contribute to B cell malignancies, particularly multiple myeloma.

RESULTS

TRAF3 restricts the development of PCs

We previously showed that basal serum immunoglobulin (Ig) amounts in B-Traf3−/− mice 

are increased relative to those in TRAF3-sufficient littermate control mice, and these mice 

display spontaneous germinal centers in the spleen and lymph nodes (6). We thus 

investigated whether B-Traf3−/− mice had more PCs than did littermate control mice. We 

found that the spleen and bone marrow of B-Traf3−/− mice had ~1.5- to 2-fold more 

CD138+B220low PCs than did those of their littermate control mice (Fig. 1, A and B). 

Antibody-secreting cells (ASCs) in the spleen and bone marrow were also markedly 

increased in B-Traf3−/− mice compared to those in control mice (Fig. 1C). These data 

suggest that TRAF3 plays a role in restraining the size of the PC population in the spleen 

and bone marrow.

TRAF3 inhibits the IL-6–mediated differentiation of PCs

IL-6 plays an important role in the development of PCs under normal conditions and in 

multiple myeloma (17, 19, 23, 29). To determine whether the increased number of PCs in B-

Traf3−/− mice was IL-6–dependent, we bred B-Traf3−/− mice to IL-6–deficient (IL6−/−) 

mice. In the absence of IL-6, the number of PCs in B-Traf3−/− mice reverted to those of 

littermate control mice (Fig. 2, A to C); however, the overall increase in the number of B 

cells in B-Traf3−/− mice was not altered in the absence of IL-6 (fig. S1). This result suggests 

that IL-6 is required for the accumulation of PCs in B-Traf3−/− mice, but not for the increase 

in the total number of B cells. To explore whether TRAF3-deficient PCs had a survival 

advantage in response to IL-6, we purified CD138+ PCs by cell sorting and cultured them in 

the presence or absence of IL-6. We found that IL-6 equally increased the survival of 

TRAF3-deficient PCs and PCs from littermate controls (Fig. 2D), suggesting that the IL-6–

dependent increase in PC numbers in B-Traf3−/− mice was not a result of the enhanced 

survival of PCs. Whereas the basal survival of TRAF3-deficient B cells is greater than that 

of B cells from littermate controls (5, 6), TRAF3-deficient PCs did not show a survival 

advantage, suggesting that although TRAF3 is important for restraining general B cell 

survival, it uses a different mechanism to limit increases in the numbers of PCs (Fig. 2D). 

To explore whether the increased number of PCs in B-Traf3−/− mice was a result of the 
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increased basal amounts of IL-6 in these mice, we analyzed serum from B-Traf3−/− and 

littermate control mice but found that they had similar amounts of IL-6 (fig. S2).

Together, these results exclude increased numbers of total B cells, preferentially enhanced 

IL-6–mediated PC survival, and increased serum IL-6 concentrations as explanations for the 

increase in the number of PCs in B-Traf3−/− mice. We thus hypothesized that TRAF3-

deficient B cells differentiate more readily than do their wild-type counterparts into PCs in 

response to IL-6. To test this hypothesis, we treated splenic B cells isolated from B-Traf3−/− 

or littermate control mice with LPS to induce their differentiation into PCs in vitro. LPS 

induced the generation of similar percentages of CD138+B220low PCs from Traf3−/− B cells 

and wild-type B cells (Fig. 2, E and F). However, Traf3−/− B cells treated with both LPS and 

IL-6 generated a greater percentage of CD138+ B220low PCs than did similarly treated B 

cells from littermate control mice, suggesting that Traf3−/− B cells more efficiently 

differentiated into PCs specifically in response to IL-6 (Fig. 2, E and F). Thus, TRAF3 

inhibited PC development by restraining B cell responsiveness to IL-6.

TRAF3 inhibits the IL-6 signaling pathway

Most cell types, including B cells, constitutively display gp130 on their surface, but the 

surface presence of the IL-6Rα chain is regulated to prevent over-activation of the IL-6R 

pathway (35, 36). To explore why TRAF3-deficient B cells underwent enhanced IL-6–

dependent differentiation into PCs, we first examined the relative abundances of the IL-6R 

components CD126 (IL-6Rα) and CD130 (gp130). Both gp130 and the IL-6Rα chain were 

present in similar amounts on the surface of B cells from B-Traf3−/− mice and their 

littermate controls (fig. S3). Thus, differential amounts of the IL-6R cannot account for the 

increased IL-6–dependent number of PCs in B-Traf3−/− mice.

TRAF3 inhibits cytokine-mediated signaling pathways in myeloid cells and T cells, 

including those stimulated by the receptors for IL-17 and IL-2, respectively (3, 4). Thus, we 

next investigated whether the absence of TRAF3 in B cells affected signaling by the IL-6R. 

In TRAF3-deficient subclones of the mouse B cell line A20, the IL-6–induced 

phosphorylation of STAT3 was enhanced compared to that in TRAF3-sufficient parent cells 

(Fig. 3A). To determine whether the increased IL-6–induced abundance of phosphorylated 

STAT3 (pSTAT3) occurred as a result of the deficiency in TRAF3, we stably transfected the 

TRAF3-deficient cell line to express Traf3 in response to isopropyl-β-D-

thiogalactopyranoside (IPTG). The induction of TRAF3 protein production substantially 

reduced the IL-6–induced abundance of pSTAT3 in these cells (Fig. 3B). Furthermore, the 

abundance of pSTAT3 in response to IL-6 was greater in primary B cells from B-Traf3−/− 

mice than in primary B cells from littermate control mice (Fig. 3C). Additionally, we also 

observed that the IL-6–dependent activation of STAT3 was enhanced in normal human B 

cells in which TRAF3 abundance was reduced by small interfering RNA (siRNA) (Fig. 3D). 

These data suggest that TRAF3 inhibits the IL-6–stimulated activation of STAT3 in both 

mouse and human B cells. IL-21 is also important for the generation of PCs and memory B 

cells, and it activates the Jak-STAT signaling pathway (37, 38). However, we found that the 

absence of TRAF3 only minimally affected the IL-21–dependent phosphorylation of STAT3 
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(fig. S4). Thus, TRAF3 preferentially inhibits the IL-6–dependent activation of STAT3 in B 

cells.

The IL-6–dependent activation of gp130 and Jak1 is required for STAT3 phosphorylation. 

We observed the enhanced phosphorylation of both Jak1 and gp130 in Traf3−/− B cells upon 

stimulation with IL-6 (Fig. 3, E and F), which suggests that TRAF3 may regulate IL-6 

signaling in a receptor-proximal manner. Consistent with this possibility, we found that 

stimulation of A20.2J or primary mouse splenic B cells with IL-6 increased the extent of the 

interactions between TRAF3 and either Jak1 or gp130 (Fig. 3, G to I). The associations 

between TRAF3 and either Jak1 or gp130 in unstimulated B cells suggest that TRAF3 also 

regulates ligand-independent signaling by the IL-6R. Immunoprecipitation of TRAF3 from 

primary human B cells showed that it interacted with Jak1 (Fig. 3J). Together, these data 

suggest that TRAF3 associates with components of the IL-6R signaling complex to inhibit 

the Jak1-STAT3 pathway.

TRAF3 interacts with PTPN22 to inhibit IL-6R signaling and PC development

We and others previously found that TRAF3 interacts with several phosphatases (3, 37). The 

association between TRAF3 and the phosphatase PTPN22 in myeloid cells potentiates the 

TLR-mediated production of type I interferon (IFN) (39, 40). We previously found that T 

cell–specific protein tyrosine phosphatase (TCPTP) is recruited by TRAF3 to inhibit IL-2R 

signaling in T cells (3). This finding prompted us to investigate whether TRAF3 limited IL-6 

signaling in B cells by interacting with a phosphatase. Immunoprecipitation of Jak1 from 

mouse splenic B cells showed that it interacted with both TRAF3 and PTPN22 and that 

these interactions were enhanced in response to IL-6 (Fig. 4A). The IL-6–stimulated 

enhancement of the association between PTPN22 and Jak1 in cell lines and primary B cells 

was abrogated in the absence of TRAF3 (Fig. 4, B and C). However, we found no evidence 

of the binding of TCPTP to Jak1 in IL-6–stimulated B cells (fig. S5), in contrast to the 

association between TCPTP and Jak1 after the stimulation of T cells with IL-2 (3), which 

suggested that TRAF3 recruits distinct phosphatases to different cytokine receptors in a cell 

type–specific manner. To explore whether the recruitment of PTPN22 to the IL-6R signaling 

complex played a role in regulating IL-6 signaling, we stimulated splenic B cells isolated 

from wild-type or Ptpn22−/− mice with IL-6, which resulted in the enhanced 

phosphorylation of STAT3 in the PTPN22-deficient B cells (Fig. 4D), suggesting that 

PTPN22 was an inhibitor of IL-6R signaling. Together, our data suggest that TRAF3 

restrains IL-6 signaling by facilitating the recruitment of PTPN22 to the IL-6R complex.

To investigate whether a deficiency in PTPN22 also affected PC development, we assessed 

the numbers of PCs in the spleens and bone marrow of Ptpn22−/− mice. Similar to B-

Traf3−/− mice, Ptpn22−/− mice showed increased percentages and numbers of PCs in both 

the spleen and bone marrow (Fig. 4, E and F). Consistent with the increased numbers of 

CD138+ PCs in Ptpn22−/−and B-Traf3−/− mice, both strains of mice contained more IgM- 

and IgG-producing ASCs in the spleen and bone marrow than did the wild-type mice (Fig. 

4G). Although there were no differences between the numbers of CD138+ PCs generated in 

vitro from PTPN22-deficient B cells and wildtype B cells (fig. S6), this might have been a 

result of impaired TLR signaling in the PTPN22-deficient B cells. Published studies showed 
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that PTPN22 is essential for the TLR-dependent production of type I IFN in myeloid cells 

(39, 40). Collectively, these data suggest that the TRAF3-PTPN22 interaction in IL-6R 

signaling is a critical event in inhibiting the development of PCs.

DISCUSSION

Decreased amounts or complete loss of cellular TRAF3 protein is highly associated with B 

cell malignancies, particularly multiple myeloma (12, 13), yet very little is known about 

how TRAF3 contributes to multiple myeloma or to the normal development of PCs. Here, 

we report that TRAF3 is a critical inhibitor of PC development through its ability to inhibit 

IL-6R signaling. Mechanistically, TRAF3 limits IL-6R signaling by facilitating the 

association of PTPN22 with the IL-6R signaling complex, which in turn mediates the 

dephosphorylation of Jak1 and gp130, resulting in reduced STAT3 activation.

TRAF3 interacts with and inhibits the function of the IL-17R in myeloid cells (4). Our group 

demonstrated that in T cells, TRAF3 associates with the IL-2R signaling complex and 

inhibits IL-2R signaling and the development of T regulatory cells (3). Together with our 

current findings, these studies indicate that TRAF3 acts as an inhibitor of cytokine receptor–

mediated signaling pathways; however, the mechanisms by which TRAF3 inhibits each of 

these signaling pathways are distinct. The association of TRAF3 with the IL-17R disrupts 

the formation of the signaling complex containing TRAF6, IL-17R, and the receptor-

associated adaptor protein Act1 (4). In IL-2R–mediated signaling in T cells, TRAF3 is 

required for the binding of the phosphatase TCPTP to Jak1 and Jak3 (3, 4). Here, we showed 

that TRAF3 facilitated the association of PTPN22 with Jak1 to restrain IL-6R signaling in B 

cells. Thus, the physical binding of TRAF3 to the IL-17R impairs receptor signaling, 

whereas the major mechanism of action by which TRAF3 inhibits IL-2R and IL-6R 

signaling in lymphocytes is by influencing the associations of phosphatases with Jaks. These 

distinct molecular mechanisms of action further emphasize the multifaceted roles of TRAF3 

in regulating different signaling pathways.

TRAF3 contains RING (really interesting new gene) and zinc finger domains, as well as a 

coiled-coil domain and a C-terminal TRAF domain. The TRAF domain of TRAF3 is 

required for its interaction with PTPN22 to potentiate the TLR-dependent production of type 

I IFN in myeloid cells (39, 41). However, the RING and zinc finger domains are essential 

for the ability of TRAF3 to interact with TCPTP during IL-2R signaling in T cells (3). 

Structural differences between these two phosphatases (42, 43) may direct their association 

with different domains of TRAF3. Additionally, PTPN22 resides primarily in the cytoplasm 

(44), which enables PTPN22 to readily interact with Jak1 in response to IL-6. In contrast, 

TCPTP localizes to the endoplasmic reticulum or the nucleus, and stimulation of the IL-2R 

causes the translocation of TCPTP out of these subcellular compartments to interact with its 

target substrates (45, 46). These differences may contribute to the involvement of PTPN22, 

but not TCPTP, in IL-6R signaling in B cells.

Activation of STAT3 is necessary to stimulate the differentiation of B cells into PCs in both 

humans and mice (47, 48). The importance of IL-6 for PC differentiation has at times been 

unclear, because the PC population seems relatively normal in IL6−/− mice (49). However, 
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several cytokines of the IL-6 family can signal through gp130 to compensate for the loss of 

IL-6 (50) It should also be noted that although the number of PCs in IL6−/− mice appears to 

be normal, these mice display a blunted antibody response to infections with several types of 

viruses (51, 52). Overexpression of IL-6 leads to increased concentrations of serum Igs and 

excessive numbers of PCs in mice (20), also supporting the important role played by IL-6 in 

the generation of PCs and the production of antibodies. Our findings suggest that TRAF3 is 

a key regulator of the IL-6–dependent generation of PCs in addition to its role in restraining 

B cell homeostasis and survival (5, 6).

Consistent with the finding that TRAF3 facilitated PTPN22-mediated decreases in IL-6 

signaling, the size of the PC population in Ptpn22−/− mice was increased compared to that in 

wild-type control mice. In the original report describing Ptpn22−/− mice, the authors 

attributed the increased serum antibody titers and the spontaneous formation of germinal 

centers in these mice to increased TCR signaling strength (33). A later study by Maine et al. 

showed that when challenged with T cell–dependent antigens, the Ptpn22−/− mice had more 

follicular CD4+ T cells than did wild-type mice, as well as having increased numbers of 

ASCs and increased concentrations of serum IgG (53). Given the previously uncharacterized 

function of PTPN22 that we demonstrated here, we propose that PTPN22-mediated restraint 

of IL-6R signaling may also contribute to these phenotypic features of the Ptpn22−/− mouse. 

Whereas our results showed that PTPN22-deficient B cells did not differentiate more 

efficiently into PCs in vitro in response to LPS and IL-6 than did wild-type cells, PTPN22 

plays an important positive regulatory role in TLR signaling pathways in myeloid cells (39). 

It is thus possible that the absence of PTPN22 in B cells also affects TLR4 signaling to limit 

B cell differentiation into CD138+ cells in response to LPS and IL-6; additional receptors 

could compensate for this limitation in vivo.

That TRAF3 plays a role in restraining IL-6R signaling in B cells has implications for the 

contributions of both excessive IL-6 and TRAF3 deficiency to B cell cancers. Although IL-6 

production by the tumor microenvironment is sufficient to induce the development of 

premalignant B cells into plasmacytomas in a mouse model (54), we suggest that 

premalignant TRAF3-deficient B cells, because they have enhanced responsiveness to IL-6, 

may require very low amounts of IL-6 for malignant transformation. Thus, our results have 

implications for treatment strategies for TRAF3-deficient B cell malignancies.

MATERIALS AND METHODS

Mice

Traf3fl/fl mice have been described previously (6) and were backcrossed with C57BL/6 mice 

for more than 10 generations. Traf3fl/fl mice were bred with CD19-Cre mice on a C57BL/6J 

background (Jackson Laboratory) to generate mice with B cell–specific loss of TRAF3. 

IL6−/− mice (on a C57BL/6 background) were obtained from Jackson Laboratory. Ptpn22−/− 

mice were previously described (33), and their spleens and bone marrow were used for the 

experiments described here. Mice of 12 to 16 weeks of age were used for all experiments. 

All mice were maintained under specific pathogen–free conditions at the University of Iowa 

or The Scripps Clinic and were used in accordance with guidelines of the U.S. National 
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Institutes of Health under an animal protocol approved by the Animal Care and Use 

Committee of the University of Iowa.

Cell lines

TRAF3-deficient A20.2J mouse B cell lines (A20.T3−/−) were previously described (55), as 

were subclones transfected with plasmid encoding Traf3 inducible by IPTG (Life 

Technologies) (56). All cell lines were maintained in B cell medium (BCM10) containing 

RPMI1640, penicillin (100 U/ml), streptomycin (100 U/ml), 2 mM L-glutamine (all from 

Life Technologies), 10 μM β-mercaptoethanol (Sigma), and 10% fetal calf serum (FCS). B 

cells expressing IPTG-inducible Traf3 were maintained in culture medium containing G418 

disulfate (400 μg/ml; Research Products International) and hygromycin (200 μg/ml; Life 

Technologies).

B cell isolation and stimulation

B cells were isolated from single-cell suspensions of mouse splenocytes with anti-CD43 

antibody–coated negative selection beads (Miltenyi) according to the manufacturer’s 

protocol. B cell purity was assessed by flow cytometric analysis with anti-B220 or anti-

CD19 antibodies and was typically >97%. B cells were stimulated with recombinant murine 

IL-6 (20 ng/ml; PeproTech) or recombinant murine IL-21 (50 ng/ml; PeproTech) for the 

times indicated in the figure legends.

Flow cytometry and cell sorting

Single-cell suspensions were prepared from mouse spleens or from the bone marrow of 

femurs and tibias, and red blood cells were lysed with ACK buffer(0.15MNH4Cl, 

10mMKHCO3,0.1 mMEDTA). For flow cytometric analysis, nonspecific staining was 

blocked by incubating the cells with monoclonal antibody against mouse CD16 and CD32 

(clone 93), and cells were stained with fluorescently labeled monoclonal antibodies specific 

for B220, CD23, CD21/35, CD126 (IL-6Rα), and gp130 (all from eBioscience) or with 

antibody specific for CD138 (PharMingen). Flow cytometric analysis was performed on a 

FACSVerse flow cytometer (Becton Dickenson). To isolate PCs, CD138+ cells were pre-

enriched with the Miltenyi CD138 Enrichment Kit according to the manufacturer’s protocol, 

and the pre-enriched CD138+ cells were sorted with a FACSAria flow cytometer (Becton 

Dickenson) at the University of Iowa Flow Cytometry Facility. The results were analyzed 

with Flow Jo software (Tree Star).

Human B cell isolation and depletion of TRAF3 with siRNA

Peripheral blood mononuclear cells were obtained from human whole-blood leukocyte 

reduction cones obtained from DeGowin Blood Center at the University of Iowa. Healthy 

donors of 18 to 55 years of age provided written consent for their blood to be used in 

research projects in compliance with the University of Iowa’s Institutional Review Board. 

Mononuclear cells were isolated with lymphocyte separation medium (Mediatech). CD19+ 

B cells were purified with Mltenyi positive selection beads according to the manufacturer’s 

protocol. To inhibit Traf3 expression, B cells were first stimulated for 48 hours with the 

F(ab′)2 fragments of anti-IgM antibody (5 μg/ml; Jackson ImmunoResearch), 5 μM CpG2006 
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(class B) purified oligonucleotides (Integrated DNA Technologies), and anti-human CD40 

monoclonal antibody (2.5 μg/ml; G28.5), which was prepared in-house from a hybridoma 

provided by the American Type Culture Collection. Cells were transfected with the Traf3 

Trilencer-27 siRNA (OriGene) with the siTran 1.0 reagent according to the manufacturer’s 

instructions. Recombinant human IL-4 protein (10 ng/ml; R&D Systems) was added to the 

culture medium during the transfection. Cells were harvested 48 hours after transfection and 

washed with BCM10, and then rested for 12 hours with additional washes at 6-hour 

intervals. After resting, cells were stimulated with recombinant human IL-6 (PeproTech) for 

the times indicated in the figure legends and then were analyzed by Western blotting to 

detect TRAF3 and pSTAT3.

Immunoprecipitation and Western blotting analysis

Antibodies used for immunoprecipitation included the following: anti-Jak1 (6G4, Cell 

Signaling Technology), anti-TRAF3 (M20, Santa Cruz Biotechnology), and anti-gp130 

(MBL). Antibodies used for Western blotting analysis included the following: anti-Jak1, 

anti-pJak1, anti-pSTAT3 (Y705), anti-STAT3 (Cell Signaling Technology), anti-TRAF3 

(H122), anti-gp130 (Santa Cruz Biotechnology), anti-PTPN22 (Proteintech), anti-

phosphotyrosine (4G10, EMD Millipore), and anti–β-actin (Sigma). Cells were treated with 

IL-6 for the times indicated in the figure legends. Whole-cell lysates were prepared with 

radioimmunoprecipitation assay lysis buffer, resolved by SDS–polyacrylamide gel 

electrophoresis, and transferred to polyvinylidene difluoride (PVDF) membranes for 

Western blotting analysis. For immunoprecipitation experiments, equal numbers of cells 

were lysed in lysis buffer [20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 100 mM MgCl2, 100 

mM CaCl2, supplemented with EDTA-free protease inhibitors (Roche), DNAse I (5 μg/ml; 

Roche), 2 mM Na3VO4 (Sigma)]. Antibodies used for immunoprecipitation (listed earlier) 

were added to the cell lysates and incubated overnight at 4°C with agitation, which was 

followed by a 2-hour incubation with Protein G magnetic beads (Life Technologies). 

Immunoprecipitates were used for Western blotting analysis to analyze interactions among 

various proteins. Multigauge software (FujiFilm) was used for the quantitative analysis of 

Western blots.

In vitro differentiation of PCs

Splenic B cells (1 × 106) were stimulated with LPS (10 μg/ml; Sigma) in the presence or 

absence of IL-6 (20 ng/ml; PeproTech) for 3 days. At the end of the culture period, the cells 

were collected and incubated with antibodies against B220 and CD138, as well as with the 

fixable viability dye eFluor-450 (eBioscience). Dead cells were excluded from analyses.

PC survival

Sorted PCs were cultured at a density of 1 × 104 cells per well in 96-well plates in the 

presence or absence of IL-6 (50 ng/ml; PeproTech) for the times indicated in the figure 

legends. The percentage cell survival was determined by calculating the percentage of the 

cell population that was negative for PI as determined by flow cytometric analysis.
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ELISA and ELISpot analyses

Serum IL-6 was detected with the Quantikine Mouse IL-6 ELISA (enzyme-linked 

immunosorbent assay) Kit (R&D Systems) according to the manufacturer’s protocol. For 

ELISpot assays, 96-well plates with a hydrophobic PVDF membrane (Millipore) were 

coated with 100 μl of goat anti-mouse Ig (H+L) antibodies (15 μg/ml; Southern Biotech) 

overnight at 4°C. Coated plates were washed with phosphate-buffered saline (PBS) and 

blocked in BCM10 for at least 1 hour at room temperature. One hundred microliters of 

threefold serial dilutions of 2 × 105 splenocytes or 1 × 105 bone marrow cells was added to 

the antibody-coated wells, and the plates were then incubated at 37°C for 4 to 6 hours. The 

wells were washed three times with PBS and three times with PBS, 0.1% Tween 20 (PBS-

T), and then were incubated with biotin-conjugated goat anti-mouse IgG or goat anti-mouse 

IgM antibodies (Southern Biotech) in PBS supplemented with 1% FCS overnight at 4°C. 

Plates were washed six times with PBS-T and incubated with alkaline phosphatase–

conjugated streptavidin (at a 1:1000 dilution) in PBS for 1 hour in the dark at room 

temperature. Spots were visualized with bromochloroindolyl phosphate–nitro blue 

tetrazolium/nitro blue tetrazolium (BCIP/NBT) substrate (Sigma). There action was stopped 

by extensive washing with tap water, and the plates were air-dried. The number of spot-

forming (antibody-secreting) cells was analyzed with the CTL-ImmunoSpot system.

Statistical analysis

Statistical differences between two means of various experimental groups were evaluated 

with the two-tailed unpaired Student’s t test. For comparisons of multiple groups, one-way 

ANOVA was used. Statistical significance was set at a P value of ≤0.05. All values were 

calculated with Prism software (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TRAF3 inhibits the development of PCs
(A) Representative plots from the flow cytometric analysis of cells from the spleen (SP) and 

bone marrow (BM) of B-Traf3−/− mice and littermate control (LMC) mice. Outlined areas 

and numbers indicate the percentages of CD138+B220low PCs. Data are representative of 

four experiments. (B) Percentages (left) and numbers (right) of CD138+B220lowPCs in the 

spleens and bone marrow of littermate control mice and B-Traf3−/− mice based on data as 

identified in (A). Each symbol represents a single mouse, and the horizontal line indicates 

the mean value of each group. (C) Left: Representative wells from the enzyme-linked 

immunospot (ELISPOT) analysis of ASCs in the spleen and bone marrow of littermate 

control mice and B-Traf3−/− mice. Right: The numbers of ASCs from the spleen and bone 

marrow of mice of each strain. Each symbol represents the mean of technical triplicate 

samples from a single mouse, and the horizontal lines indicate mean values of six mice per 

group. ***P < 0.001, **P < 0.01, *P < 0.05 by Student’s t test.
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Fig. 2. The enhanced development of PCs in B-Traf3−/− mice is IL-6–dependent
(A) Representative plots from the flow cytometric analysis of spleen and bone marrow cells 

from littermate control mice, B-Traf3−/−, IL6−/−, and B-Traf3−/− IL6−/− mice. Outlined areas 

and numbers indicate the percentages of CD138+B220low PCs. (B) Quantification of the 

percentages of PCs in the bone marrow (left) and spleens (right) of the indicated mice from 

the experiments depicted in (A). Data are means ± SEM of values from at least four mice 

from each group. *P < 0.05; ns, not statistically significant. (C) ELISPOT analysis of 

splenocytes and bone marrow cells from the indicated mouse strains. The graph shows the 

numbers of ASCs; each symbol represents a technical triplicate, whereas the lines indicate 

the mean values from three mice per group. **P < 0.01 by one-way analysis of variance 

(ANOVA). (D) Sorted PCs from the bone marrow of the indicated strains of mice were 

cultured in the presence or absence of IL-6 (50 ng/ml) for the indicated times. The 

percentage cell viability in each sample was determined by flow cytometric analysis of the 

percentage of propidium iodide (PI)–negative cells. Data are means ± SEM from three 

independent experiments. **P< 0.01, *P< 0.05 by one-way ANOVA. (E) Splenic B cells 

from the indicated mice were stimulated with LPS(10μg/ml) in the presence or absence of 

IL-6 (20 ng/ml) for 3 days before they were analyzed by flow cytometry to detect 
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CD138+B220low PCs. Numbers in the plots represent the percentages of CD138+B220low 

PCs. (F) Quantification of the percentages of CD 138+B220low PCs in the experiments 

shown in (E). Data are means ± SEM values from three independent experiments. *P < 0.05 

by Student’s t test.
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Fig. 3. TRAF3 inhibits the IL-6–dependent activation of STAT3
(A) Top: TRAF3-sufficient and TRAF3-deficient subclones of the mouse B cell line A20.2J 

(A20 and A20.T3−/− cells, respectively) were left untreated or were stimulated with IL-6 for 

the indicated times. Whole-cell lysates were then subjected to Western blotting analysis with 

antibodies against the indicated proteins. Western blots are representative of three 

independent experiments. Bottom: Densitometric analysis of the ratio of the abundance of 

pSTAT3 protein to that of total STAT3 protein, setting the maximum ratio in TRAF3-

sufficient B cells at 1. Data are means ± SD of three independent experiments. (B) 

A20.T3−/− cells were stably transfected with a plasmid encoding IPTG-inducible Traf3. 

Cells were cultured in the presence or absence of IPTG for 12 hours before being stimulated 

with IL-6 for the indicated times and then analyzed by Western blotting with antibodies 

against the indicated proteins. Western blots are from one experiment and are representative 

of three independent experiments. (C) Top: Splenic B cells from the indicated mice were left 

unstimulated or were stimulated with IL-6 for the indicated times before being analyzed by 

Western blotting as described in (A). Western blots are representative of five individual 

experiments. Bottom: Densitometric analysis of the ratio of the abundance of pSTAT3 

protein to that of total STAT3 protein, setting the maximum ratio in TRAF3-sufficient B 
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cells at 1. Data are means ± SD of five independent experiments. (D) Left: Normal human 

peripheral B cells isolated as described in Materials and Methods were transfected with the 

indicated siRNAs before being left untreated or treated with recombinant human IL-6 for 30 

min. Samples were then analyzed by Western blotting as described in (A). Western blots are 

from a single experiment and are representative of three experiments. Right: Data are means 

± SEM of the ratio of the abundances of pSTAT3 protein to total STAT3 protein from three 

experiments, setting the maximum ratio in cells transfected with control siRNA (sictrl) at 1. 

*P < 0.05 by Student’s t test. (E and F) Splenic B cells from the indicated mice were left 

untreated or were stimulated with IL-6 for 30 min before being subjected to 

immunoprecipitation (IP) of (E) Jak1 or (F) gp130. Samples were then analyzed by Western 

blotting with antibodies specific for (E) pJak1 and total Jak1 or (F) phosphotyrosines (pY) 

and gp130. Western blots are from a single experiment and are representative of four 

experiments. (Gto I) A20.2J cell lines (G) or splenic B cells (H and I) were left untreated or 

were treated with IL-6 for the indicated times. Cell lysates were then subjected to 

immunoprecipitation with antibodies against the indicated proteins before being analyzed by 

Western blotting. Blots are from a single experiment and are representative of two 

independent experiments. (J) Human B cells were left untreated or were treated with 

recombinant human IL-6 for 30 min. Cell lysates were then subjected to 

immunoprecipitation with antibody against TRAF3, and the samples were then analyzed by 

Western blotting with antibodies against the indicated proteins. Western blots are from a 

single experiment and are representative of two independent experiments. hc, heavy chain.
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Fig. 4. TRAF3 interacts with PTPN22 to inhibit IL-6R signaling and PC development
(A and B) Splenic B cells (A) and the indicated A20.2J cell lines (B) were left untreated or 

were treated with IL-6 for 30 min before being subjected to immunoprecipitation with an 

antibody specific for Jak1. An IgG control was included to control for the specificity of the 

anti-Jak1 antibody. Immunoprecipitates were then analyzed by Western blotting with 

antibodies specific for the indicated proteins. Blots are from a single experiment and are 

representative of three independent experiments. (C) Splenic B cells from the indicated mice 

were left untreated or were treated with IL-6 for 30 min. Whole-cell lysates were subjected 

to the immunoprecipitation of Jak1, and samples were then analyzed by Western blotting to 

detect PTPN22. As a control, whole-cell lysates (input) were also analyzed. Blots are from a 

single experiment and are representative of three independent experiments. (D) Left: Splenic 

B cells from the indicated mice were left untreated or were treated with IL-6 for the 

indicated times. Whole-cell lysates were then analyzed by Western blotting with antibodies 

against the indicated targets. Western blots are representative of three individual 

experiments. Right: Densitometric analysis of the ratio of the abundance of pSTAT3 protein 

to that of total STAT3 protein, setting the maximum ratio in PTPN22-sufficient B cells at 1. 

Data are means ± SD of five independent experiments. (E) Representative plots from the 

flow cytometric analysis of CD138+B220low PCs in the spleen and bone marrow of the 
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indicated mice. The outlined areas and numbers indicate the percentages of the 

CD138+B220low PCs. (F) Quantification of the percentages of CD138+B220low PCs in the 

bone marrow (top) and spleens (bottom) of the indicated mouse strains from the experiments 

depicted in (E). Data are means ± SEM of six (Ptpn22−/−), four [wild type (WT)], and three 

(B-Traf3−/−) mice. (G) ELISPOT analysis of IgM-secreting (left) and IgG-secreting (right) 

ASCs in the spleen and bone marrow of the indicated mice. The graph represents the 

numbers of ASCs from the bone marrow and spleen. Each symbol represents the mean of 

technical triplicates from a single mouse, whereas the horizontal lines indicate means from 

three mice per group. *P < 0.05, **P < 0.01 by one-way ANOVA.
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