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The cytoplasmic signaling protein TNF receptor-associated factor 5
(TRAF5) has been implicated in several biological roles in T-
lymphocyte responses. However, a clear connection between in
vivo TRAF5 immune cell functions and specific signaling pathways
has not been made. This study shows that TRAF5 associated
strongly with the viral oncogenic CD40 mimic latent membrane
protein 1 (LMP1), in contrast to weaker association with CD40, for
which it has been shown to play a modest role. LMP1 uses specific
TRAFs differently than CD40, resulting in amplified and dysregu-
lated CD40-like activation of B lymphocytes. When the cytoplasmic
domain of LMP1 is expressed as a transgenic replacement for CD40
in mouse B cells, the resulting mouse exhibits measures of B-cell
hyperactivity such as splenomegaly, lymphadenopathy, elevated
serum IL-6, elevated serum autoantibodies, and abnormal splenic
architecture. Thus, in contrast to CD40, TRAF5 may have an impor-
tant nonredundant role as a positive mediator of LMP1 signaling
and functions in B cells. To test this hypothesis, mice were created
that express mCD40LMP1 in place of CD40, and are either sufficient
or deficient in TRAF5. Results revealed that TRAF5 plays a critical
role in LMP1-mediated c-Jun kinase signaling and is required for
much of the abnormal phenotype observed in mCD40LMP1 trans-
genic mice. This is the first report showing a major requirement for
TRAF5 in signaling by a specific receptor both in vitro and in vivo,
as well as playing an important role in biological function in B
lymphocytes.

B lymphocyte � latent membrane protein 1 � TNF receptor-associated factor �
lymphocyte activation � TNF receptor superfamily

The Epstein–Barr virus-encoded latent membrane protein 1
(LMP1) is a functional mimic of CD40 expressed as a six

transmembrane receptor on the cell surface (1). LMP1 self-
oligomerizes, resulting in constitutive signaling (1, 2). Although
LMP1 can initiate signaling without a ligand, the unique nature
of its cytoplasmic domain results in sustained and amplified
activation independent of its transmembrane regions. Thus, a
hybrid molecule in which the transmembrane domains of LMP1
are replaced with the transmembrane and extracellular portions
of CD40 induces B-cell activation that is higher and more
prolonged than levels achieved by endogenous CD40 (3–5).
Expression of LMP1 by B cells also results in increased survival
(5, 6) and class switching (7). The heightened activation state
caused by LMP1 expression in mice leads to B-cell hyperactivity,
resulting in splenomegaly, lymphadenopathy, and production of
elevated serum IL-6 and autoantibodies (4). The amplified and
constitutive CD40-like signal provided by LMP1 can also con-
tribute to generation of Reed–Sternberg cells (8) and B-cell
lymphoma (9).

Like CD40, LMP1 binds and uses cytoplasmic adaptor mol-
ecules known as TNF receptor-associated factors (TRAFs).
Interestingly, LMP1 uses TRAFs 1, 2, and 3 differently than
CD40. TRAFs 1 and 2 cooperate to promote certain CD40-
mediated signals to B cells, but TRAF3 inhibits TRAF2-

dependent CD40 signaling (10, 11). In contrast, LMP1 can
activate B cells independently of TRAFs 1 and 2, but its signaling
is inhibited in the absence of TRAF3 (10, 11). LMP1 associates
with TRAF5 in cell lines (12, 13), but the role of TRAF5 in
LMP1 function has remained a mystery. Early characterization
of a TRAF5�/� mouse found only a modest contribution of
TRAF5 to CD40 signaling, so it may have been concluded that
TRAF5 also plays little role in LMP1 signaling (14). However,
because it is now appreciated that distinct receptors can use
TRAFs in different, sometimes opposing ways, we believed that
whether and how LMP1 uses TRAF5 should be directly
addressed.

TRAF5 is a putative positive regulator of a number of TNF
receptor superfamily receptors (15–17), and LMP1 associates
with TRAF5, suggesting that TRAF5 may also play a positive
role in LMP1 signaling (13). To test this, mice expressing a hybrid
mouse (m) CD40-LMP1 transgene on a CD40�/� background
were bred to TRAF5-deficient mice to generate mCD40LMP1
transgenic (LMP-tg) mice that were also TRAF5 deficient
(LMP1-tg TRAF5�/�). These mice allowed the flexibility to
study in vivo effects of TRAF5 deficiency on LMP1 biological
effects as well as the biochemical effects of TRAF5 deficiency on
LMP1 signaling in primary B lymphocytes.

Results
Effect of TRAF5 on Spleen and Lymph Node Size in LMP1-tg Mice.
Mice expressing the mCD40LMP1 transgene (LMP1-tg) have a
phenotype consistent with B-cell hyperactivity, including
grossly enlarged spleen and lymph nodes (4). As expected,
LMP1-tg (LMP1�TRAF5�/�) mice had enlarged spleens
and lymph nodes compared with littermate controls negative
for the mCD40-LMP1 transgene (Fig. 1A). However,
LMP1�TRAF5�/� mice had spleen sizes that were on average
62% smaller than spleens from LMP1-tg mice (Fig. 1 A). Simi-
larly, the average lymph node size from LMP1-tg TRAF5-
deficient mice was 76% smaller than lymph nodes from LMP1-tg
mice (Fig. 1B). Both spleen and lymph nodes from
LMP1�TRAF5�/� mice were similar in size to nontransgenic
littermate controls (LMP1�TRAF5�/�) (Fig. 1 A and B). These
results cannot be explained by decrease in surface expression of
the mCD40-LMP1 transgene (Fig. 1C) or reduced expression of
TRAFs 2 and 3 in LMP1�TRAF5�/� mice (Fig. 1D). Thus, the
LMP1-mediated increase in secondary lymphoid organ size
requires TRAF5.
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Serum IL-6, Autoantibodies, and Spontaneous Germinal Centers (GCs)
in LMP1�TRAF5�/� Mice. Replacement of CD40 with LMP1 in vivo
leads to elevated serum IL-6 and anti-dsDNA Abs (4). Evalu-
ation of serum from LMP1�TRAF5�/�, LMP1�TRAF5�/�, and
LMP1�TRAF5�/� mice showed that total anti-dsDNA Abs (Fig.
2A), IgG anti-dsDNA Abs (Fig. 2B), and IL-6 (Fig. 2C) returned
to normal levels when LMP1 was expressed in the absence of
TRAF5. LMP1�TRAF5�/� mice had substantially less serum
anti-dsDNA Abs (60% fewer IgG and 40% fewer total Ig)
compared with LMP1�TRAF5�/� littermates (Fig. 2 A and B).
LMP1�TRAF5�/� mice also had on average 70% less serum
IL-6 than LMP1�TRAF5�/� mice, with serum IL-6 values
similar to nontransgenic mice (Fig. 2C).

In addition to high levels of IL-6 and autoantibodies, LMP1-tg
mice also have spontaneous splenic GCs (4). Similar to results

for IL-6 and anti-dsDNA antibodies, LMP1�TRAF5�/� mice
had fewer GC B cells (18) than did LMP1�TRAF5�/� mice (Fig.
3). LMP1�TRAF5�/� mice also had fewer CD138� cells in the
spleen than LMP1�TRAF5�/� mice (Fig. S1).

Effect of TRAF5 on Unique LMP1-Associated Cell Subset Distribution.
An interesting feature of the LMP1-tg mouse is an expansion of
cells that are B220� but have low expression of CD23, CD21/35,

Fig. 1. Spleen and lymph node weights in LMP1�TRAF5�/� and
LMP1�TRAF5�/� mice. Spleens and lymph nodes were harvested from 3- to
4-month-old LMP1�TRAF5�/� (open squares), LMP1�TRAF5�/� (closed trian-
gles), and LMP1�TRAF5�/� (open triangles) mice and weighed. To account for
variability in mouse size, spleen weights are represented as a percentage of
overall body weight (A). Cervical, axillary, and brachial lymph nodes were
harvested and weighed, and are represented as average lymph node weight
(B). Purified splenic B cells from LMP1�TRAF5�/� mice and littermate controls
were lysed in 2� SDS lysis buffer and separated by SDS/PAGE. TRAFs, mCD40-
LMP1, and actin were detected by Western blot (C). Surface expression of
mCD40-LMP1 on purified splenic B cells was detected by using an anti-mCD40-
FITC mAb or isotype control mAb for staining by immunofluorescence flow
cytometry (D).

Fig. 2. Serum anti-dsDNA antibodies and IL-6 in LMP1�TRAF5�/� and
LMP1�TRAF5�/� mice. Serum was collected from LMP1�TRAF5�/� (open
squares), LMP1�TRAF5�/� (closed triangles), and LMP1�TRAF5�/� (open tri-
angles) mice of 3–4 months of age. The collected serum was used in ELISAs
specific for total anti-dsDNA antibodies (A) or IgG-specific anti-dsDNA anti-
bodies (B). The serum was also used in IL-6-specific ELISAs (C). The IL-6 data are
representative of two independent experiments.
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IgM, and IgD (4). We refer to this as ‘‘population L,’’ because
its expansion is seen when LMP1 is expressed in vivo. Spleens
from LMP1�TRAF5�/� mice have a marked reduction in pop-
ulation L, with occurrence of this similar in frequency to that in
spleens from mice that lack mCD40-LMP1 (Fig. 4 A and B).
Population L is heterogeneous, composed of plasmacytoid den-
dritic cells (DCs) and likely other DC subsets (Fig. S2 A),
immature B cells (Fig. S2B), and some B1 B cells (Fig. S2B).
LMP1-tg mice lacking TRAF5 showed a reduction in
CD11c�PDCA-1� cells in the spleen (Fig. S2 A). However,
TRAF5 deficiency had no effect on CD5� or AA4.1� B cells
(Fig. S2B).

Direct Role of TRAF5 in LMP1-Mediated JNK Activation and IL-6
Secretion by B-Cells. Our in vivo observations led us to ask whether
TRAF5 directly impacts LMP1 signaling in B cells or whether in
vivo effects are due to an indirect requirement for TRAF5 by
other receptors downstream of LMP1 signaling. Purified primary
B lymphocytes from LMP1�TRAF5�/� and LMP1�TRAF5�/�

mice were stimulated ex vivo with anti-mCD40 mAbs to deter-
mine the direct effect of TRAF5 deficiency on LMP1-mediated
IL-6 secretion, JNK activation, and NF-�B activation.

B cells from LMP1�TRAF5�/� mice secreted IL-6 in response
to both anti-mCD40 and CpG oligonucleotide (a TLR9 ligand),
whereas B cells from LMP1�TRAF5�/� mice were defective in
their capacity to secrete IL-6 when stimulated through mCD40-
LMP1 (Fig. 5A). However, B cells from LMP1�TRAF5�/� mice
produced levels of IL-6 similar to levels produced by B cells from
LMP1�TRAF5�/� mice when given a control TLR9 stimulus
(Fig. 5A). We also conducted a multiplex cytokine assay to ask
whether TRAF5 was involved in secretion of other cytokines
induced by LMP1 stimulation. Similar to IL-6, TRAF5 was
important in secretion of TNF-� and IL-17 by LMP1-stimulated

B cells (Fig. S3A). IL-10 and IL-12 were not significantly affected
by TRAF5 deficiency (Fig. S3B). This indicates that TRAF5 is
important in many, but not all LMP1-induced, signaling effects.

Like CD40, LMP1 activates JNK and NF-�B, important
regulators of IL-6 production (19). We thus tested whether
activation of JNK and/or NF-�B was affected in primary
TRAF5-deficient B cells expressing LMP1. Stimulation of B cells
from LMP1�TRAF5�/� mice through mCD40LMP1 led to an
accumulation of phosphorylated JNK that was maximal at 60
min. Interestingly, B cells from LMP1�TRAF5�/� mice were
unable to activate JNK when stimulated through mCD40-LMP1
(Fig. 5 B and C). As a positive control for JNK activation, B cells
from both groups were stimulated with CpG DNA for 60 min.
TRAF5�/� B cells activated JNK in response to this TLR9
stimulus to levels similar to those from TRAF5 sufficient B cells
(Fig. 5 B and C). The impact of TRAF5 deficiency on NF-�B
activation was more subtle. Degradation of I�B� was not
affected by the absence of TRAF5 (Fig. 5 A and D). However,
phosphorylation of I�B� was less prominent in B cells that were

Fig. 3. Spontaneous germinal centers in LMP1�TRAF5�/� and
LMP1�TRAF5�/� mice. Spleens were collected from LMP1�TRAF5�/� (white
bar), LMP1�TRAF5�/� (black bar), and LMP1�TRAF5�/� (gray bar) mice of 3–4
months of age. The spleens were homogenized and stained with anti-B220
PerCp mAb and GL7 mAb. *, P � 0.005.

Fig. 4. Population L in LMP1�TRAF5�/� and LMP1�TRAF5�/� mice. Spleens
were collected from LMP1�TRAF5�/� (white bars), LMP1�TRAF5�/� (black
bars), and LMP1�TRAF5�/� (gray bars) mice of 3–4 months of age. The spleens
were homogenized and stained with anti-B220 PerCp mAb, anti-CD21/35 FITC
mAb, and anti-CD23 PE mAb (A) or anti-B220 PerCp mAb, anti-IgD FITC mAb,
and anti-IgM PE mAb (B). *, P � 0.0001.
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TRAF5 deficient (Fig. 5 A and E). The alternative NF-�B
pathway was not affected by TRAF deficiency because nuclear
RelB and p52 levels were not altered in mCD40-LMP1-
stimulated primary B cells (Fig. S4).

Previous reports suggest that transforming growth factor
�-activated kinase 1 (TAK1) is important for LMP1-mediated
JNK activation (20, 21). In primary B cells, we did not observe
a substantial effect of TRAF5 deficiency on TAK1 activation
after stimulation of mCD40-LMP1 (Fig. 6 Upper). There are also
reports of LMP1 activating the protein kinase B (PKB/Akt)

pathway (22). Interestingly, Akt phosphorylation after LMP1
stimulation was inhibited in B cells lacking TRAF5 (Fig. 6
Lower). Like JNK, Akt activation by CpG was not affected by
TRAF5 deficiency (Fig. 6 Lower).

Discussion
The association between TRAF5 and the cytoplasmic domain of
LMP1 was reported a decade ago (12). However, the functional
role of TRAF5 in LMP1 signaling received little attention,
because the majority of the focus in LMP1 signaling studies has
been more well studied TRAF molecules. One possible reason
for this is that early investigation of the TRAF5�/� mouse
suggested that TRAF5 has a modest role in CD40 signaling (14).
Based on our previous work showing that LMP1 uses TRAF
molecules in different ways compared with CD40 (10, 11), we
believed it was important to address this knowledge gap, both in
vivo and in vitro.

Our results show clearly that TRAF5 is an important positive
regulator of LMP1 biological effects in vivo. Strikingly, all of the
pronounced in vivo features characteristic of transgenic expres-
sion of the LMP1 cytoplasmic domain, including enlarged sec-
ondary lymphoid organs, expansion of an interesting cell sub-
population (population L), and elevated serum IL-6 and
autoantibodies were all returned to normal levels if TRAF5 was
not available.

It is unknown whether population L influences the phenotype
of LMP1-tg mice or whether expansion of this subset results from
B-cell hyperreactivity caused by LMP1 expression. However,
B-cell stimulations in vitro, and the observation of a similar
population of cells in the spleens of an unrelated strain of
autoimmune prone mice (BXSB-Yaa) (23) suggest that B-cell
hyperreactivity is the cause rather than the result of this influx
of CD11c� cells (23). Similar to the LMP1-tg mice, BXSB-Yaa

Fig. 5. The effect of TRAF5 deficiency on LMP1-mediated JNK activation and IL-6 secretion in vitro. Splenic B cells were purified from LMP1�TRAF5�/� and
LMP1�TRAF5�/� mice of 8–12 weeks of age by negative selection (�95% purity). Purified B cells were stimulated with 5 �g/mL anti-mCD40 (HM40.3), 5 �g/mL
isotype control, or 100 ng/mL CpG-B (2084) in 48-well plates, and at 48 h their supernatants were collected for use in an IL-6-specific ELISA (A). Purified B cells
were stimulated in vitro with 10 �g/mL anti-mCD40 (HM40.3), 10 �g/mL isotype control, or 100 ng/mL CpG-B (2084) for 20–90 min and used in a phospho-JNK
Western blot (B). P-JNK was normalized to total JNK (C), P-I�B� was normalized to total I�B� (D), and total I�B� was normalized to actin (E). *, P � 0.001.

Fig. 6. TAK1 and Akt activation in B lymphocytes from LMP1�TRAF5�/� and
LMP1�TRAF5�/� mice. Purified B cells were stimulated in vitro with 10 �g/mL
anti-mCD40 (HM40.3) or 10 �g/mL isotype control for 10–90 min and used in
a phospho-TAK1 Western blot (Upper), or stimulated in vitro with 10 �g/mL
anti-mCD40 (HM40.3), 10 �g/mL isotype control, or 100 ng/mL CpG-B (2084)
for 10–90 min and used in a phospho-Akt Western blot (Lower).

Kraus et al. PNAS � October 6, 2009 � vol. 106 � no. 40 � 17143

IM
M

U
N

O
LO

G
Y

http://www.pnas.org/cgi/data/0903786106/DCSupplemental/Supplemental_PDF#nameddest=SF4


mice have high serum IL-6, which accelerates development of
CD11c� cells (24). Taken together, these results demonstrate
that TRAF5 makes essential contributions to LMP1 in vivo
function. This information is relevant to potential design of
therapies that seek to block LMP1 signaling, particularly because
TRAF5 does not appear to be highly important for signaling by
the normal counterpart of LMP1, CD40.

The in vivo findings, however, could not establish whether
TRAF5 was required for direct signals provided by LMP1. A
likely candidate that could contribute to phenotypic character-
istics of the LMP1-tg mouse is IL-6. We previously showed that,
whereas CD40 can induce B-cell IL-6 secretion when stimulated
by its membrane-bound ligand, CD154, anti-CD40 mAbs are an
insufficient stimulus (25). In contrast, hybrid molecules with a
CD40 external and LMP1 cytoplasmic domain respond equally
well to agonistic mAb and CD154 (3), and mice expressing this
molecule have elevated serum IL-6 (4), which was not found in
the absence of TRAF5 (Fig. 2C).

IL-6 overexpression induces a phenotype similar to that
observed in the LMP1-tg mouse, including splenomegaly, lymph-
adenopathy, and plasmacytosis (26). Increased IL-6 secretion
also leads to increased levels of anti-dsDNA IgG in mice (27).
Additionally, studies of the BXSB-Yaa mouse have shown that
elevated levels of IL-6 can enhance the development of CD11c�

cells (24), providing a clue that IL-6 may contribute to the
emergence of population L that is characteristic of LMP1-tg
mice. Thus, the defect in LMP1-mediated IL-6 secretion may
play an important role in the reduction in LMP1-associated
phenotypic features observed in LMP1�TRAF5�/� mice. Be-
cause CD40-mediated IL-6 production depends on the forma-
tion of AP-1 complexes composed of phosphorylated c-Jun (28),
we tested whether the activation of JNK by LMP1 was disrupted
in LMP1-tg B cells that lack TRAF5. JNK phosphorylation after
stimulation of LMP1 was severely defective in B cells that were
TRAF5 deficient (Fig. 5B), suggesting that the defect in IL-6
secretion may be due to an inability to activate JNK in TRAF5-
deficient B cells. Although TRAF5 had a profound role in
LMP1-mediated JNK activation and IL-6 production, TRAF5
deficiency had no adverse effect on TLR9-induced IL-6 secre-
tion (Fig. 5A). Similarly to JNK, LMP1, but not TLR9-mediated
Akt phosphorylation was also decreased in B cells lacking
TRAF5 (Fig. 6 Lower). We and others have also observed that
TRAF5 deficiency has no adverse effect on CD40-mediated IL-6
secretion nor JNK activation (14) (Fig. S5), suggesting that the
absence of TRAF5 specifically affects LMP1 signaling and does not
result in global disruption of JNK activation or IL-6 production.
This use of TRAF5 by LMP1 further demonstrates that LMP1
employs TRAF molecules differently than CD40. This also suggests
further promising avenues for therapeutic inhibition of LMP1
signaling, without disrupting normal CD40 function.

The mechanism by which TRAF5 regulates JNK activation
and IL-6 production by LMP1 is currently under investigation.
Because TAK1 is important for JNK activation by LMP1 via
interactions with TRAF6 (20, 21), we investigated TAK1 acti-
vation in TRAF5�/� B cells. LMP1-mediated TAK activation
was not substantially altered in B cells from LMP1�TRAF5�/�

mice (Fig. 6 Upper). JNK activation by TLR8 is TAK1 indepen-
dent (29). It is possible that TRAF5 influences JNK activation
by a TAK1-independent mechanism as well. One possibility is
that TRAF5 directly promotes JNK activation as TRAF2 does
for CD40 (30). A second, not mutually exclusive, possibility
may be that TRAF5 indirectly influences JNK activation through
the stabilization of other TRAFs. The significance of TRAF–
TRAF interactions and LMP1 signaling is part of our ongoing
investigations.

Here, we have shown a role for TRAF5 as a necessary positive
regulator of JNK activation by LMP1. The consequence of
TRAF5 deficiency for primary B cells expressing LMP1 is an

inability to secrete IL-6, providing a link between TRAF5 and
IL-6. The inability of B cells from the LMP1�TRAF5�/� mice
to secrete IL-6 in response to LMP1 may partly explain dramatic
reduction of the phenotype displayed by LMP1-tg mice. The
observed positive role of TRAF5 in production of other cyto-
kines, particularly TNF-�, may also play a role in the phenotype
of LMP1-tg mice. Although more studies are required to pin-
point the mechanism by which TRAF5 influences the exagger-
ated phenotype observed in the LMP1-tg mouse, work here
provides clear evidence that TRAF5 is a critical positive regular
of LMP1 signaling and has profound influence over B-cell
activity. This work provides us with a new understanding of the
consequences of TRAF5 deficiency for LMP1 signaling both in
vitro and in vivo, which is important information to consider in
LMP1’s pathogenic effects in humans (31–33).

Materials and Methods
Mice. TRAF5�/� mice (14, 34) were bred to CD40�/� mice to create TRAF5�/�/
CD40�/� mice. These mice were bred to CD40�/�/mCD40-LMP1-tg mice (4) to
create TRAF5�/�/CD40�/�/mCD40-LMP1-tg mice. Both TRAF5�/� mice and
mCD40-LMP1-tg mice were extensively backcrossed to C57BL/6 mice, and all
strains used in the experiments contained in this report were littermates. PCR
was used to screen for the targeted germ-line allele(s) for TRAF5 and CD40 and
for the mCD40-LMP1 transgene. Mice were maintained under pathogen-free
conditions at the University of Iowa. Use of mice in this study was in accor-
dance with a protocol approved by the University of Iowa Animal Care and Use
Committee.

Antibodies and Reagents. �-B220-peridinin chlorophyll protein (PerCp), �-IgM-
phycoerythrin (PE), �-IgD-FITC, �-CD21/35-FITC, �-CD23-PE, �-MHC class II-
FITC, �-CD11c-allophycocyanin (APC), �-CD40-FITC, PDCA-1-PE, AA4.1-APC,
CD5-APC, and GL7-Alexa Fluor 647 Abs were purchased from eBiosciences. Abs
to I�B�, phospho-JNK, phospho-TAK1, TAK1, phospho-Akt, Akt, and p52 were
purchased from Cell Signaling Technologies. The anti-JNK and RelB Abs were
purchased from Santa Cruz Biotechnology. Anti-CD40 mAb (HM40.3) was
purchased from eBiosciences, and the isotype control Ab (G235-1) was pur-
chased from BD Pharmingen.

Flow Cytometry. Whole splenocytes were depleted of erythrocytes by hypo-
tonic lysis and stained with �-B220, �-IgM, �-IgD, or �-B220, �-CD21/35, and
�-CD23, �-B220, �-MHC class II, and �-CD11c Abs. For the detection of imma-
ture and B1 B cells, ��4.1 and �-CD5 mAbs were used. DC subsets were stained
with �-B220 �-CD11c, �-MHC class II, and �-PDCA1 mAbs. For all staining, the
standard protocol described in ref. 4 was used.

Detection of Serum IL-6 and Serum Autoantibodies. Serum was collected from
unimmunized mice (12–16 weeks of age) and used in ELISAs to detect IL-6 (R&D
Systems) or anti-dsDNA Abs (Alpha Diagnostic International).

Detection of Cytokine Production In Vitro. Primary B cells were isolated by using
an anti-CD43 negative selection kit (Miltenyi Biotec) and stimulated with
anti-mCD40 mAbs (HM40.3) or isotype control Abs for 24 and 48 h (IL-6) or 4,
6, and 24 h (TNF-�). After stimulation, supernatants were collected and used
in cytokine-specific ELISAs.

Proximal Signaling Assays. Primary B cells were isolated as for the in vitro
cytokine production experiments above. Cells were stimulated with 100 nM
CpG-B (2084), 10 �g/mL anti-mCD40 mAb (HM40.3), or 10 �g/mL isotype
control Ab (G235-1) for 0, 10, 20, 40, 60, and 90 min. After stimulation, cells
were lysed in SDS lysis buffer (1% SDS, 2% �-mercaptoethanol, 62.5 mM Tris,
pH 6.8), and lysates were sonicated and boiled before separation by SDS/PAGE
(30). The proteins in the gels were transferred to PVDF membranes and
blocked in 2% milk for 2–5 h. Degradation of I�B�, characteristic of canonical
NF-�B activation, was detected by the use of anti-I�B� Abs (Cell Signaling
Technologies). JNK, TAK1, Akt, p38, and Erk phosphorylation was detected by
using Abs specific to phosphorylated forms of these proteins (Cell Signaling
Technologies).

NF-�B2 Activation. Primary B cells were isolated as described above. A total of
1 � 106 cells was stimulated with 5 �g/mL anti-mCD40 (HM40.3) or isotype
control Ab (G235-1) for 6 or 24 h in 24-well plates. After stimulations, cells
were harvested and treated as above. Nuclear RelB and p52 were detected via
Western blot.
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Statistical Analysis. P values were generated by using Student’s t test (un-
paired, two-tailed, at 95% confidence interval).
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